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Abstract

In order to enhance their gas-sensing capabilities for NH; and NO,, this study demonstrates the creation
and assessment of pure SnO, and Cu-doped tin oxide (Sn0O,:Cu) nanostructured thin films produced
using the spray pyrolysis process. At 350°C, the films were formed on glass substrates with a precursor
molar concentration of 0.02 M and copper doping ratios of 1%, 3%, and 5%. X-ray diffraction (XRD)
research confirmed that there are no signs of secondary phases and that all films have a polycrystalline
tetragonal rutile structure. The size of the crystallites decreased slightly as the Cu content rose. AFM and
SEM investigations show that copper doping improved the effective surface area by increasing surface
uniformity and significantly reducing grain size and surface roughness. EDS analysis demonstrated the
effective copper assimilation and the lack of contamination. Due to quantum confinement effects,
optical tests revealed that the direct band gap increased from 3.73 eV for undoped SnO, to 3.88 eV for
5% Cu-doped films. Hall effect results showed that the doping increased the quantity of carriers and that
all of the films had n-type conductivity. The SnO, film containing 1% Cu performed the best, according to
gas-sensing evaluations, with maximum sensitivities of 19.12% toward NH5 and 96.14% toward NO, at

an operating temperature of 200°C, as well as quick response and recovery times. These findings
demonstrate that appropriate Cu doping may increase Sn0O, thin-film gas-sensing capabilities by
increasing surface activity and p—n junction formation.

1. Introduction

The growth of the population and the economy have both led to more consumption of energy. Pollution
in the air is an important factor of damage to the environmental. In addition to this, it's essential to
develop technologies that can precisely monitor pollutants and harmful gases. Gas sensors are very
essential in many fields which include monitoring the environment, utilizing them in industry, food safety,
and medical diagnostics|1, 2]. Nitrogen dioxide (NO,) is one of the most concerning pollutants because
of its strong smell and the probability of major health consequences even at extremely low
concentrations, which are expressed in parts per million (ppm) or parts per billion (ppb)[3, 4]. Ammonia
(NH,) is a widespread hazardous gas that is created by industrial, agricultural, and organic
decomposition systems. The chemical manufacturing is heavily used, especially in fertilizers. High
concentration exposure is harmful to both human health and the environment since it produces extreme
irritation and harm to the skin, eyes, and respiratory system. Therefore, it is crucial to create sensors that
can detect ammonia at low concentrations with sensitivity and selectivity to ensure industrial and
environmental safety[5—7]. Nanotechnology has provided the expansion of (small, highly) efficient gas
sensors by increasing the surface area and developing the electronic properties of nanomaterials, thus
enhancing sensor sensitivity[8, 9]. Various nanomaterials, such as Sn0O,, ZnO, graphene, and TiO,, have
been used in gas sensing after being prepared and deposited onto electrodes using modern methods,
such as distillation, printing, and spin coating. These sensors are widely used in environmental
monitoring, medical diagnostics, the food industry, home safety, and military and industrial applications
for detecting toxic and flammable gases, making them essential for protecting human health and the
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environment[10, 11]. When the sensor is activated in air, oxygen molecules on the SnO, surface are
adsorbed and capture electrons from the conduction band, resulting in the development of a greater
potential barrier and a depletion layer at the grain boundaries, thus increasing the sensor's resistance.
Metal oxide semiconductors for example SnO, are extensive used in gas sensing due to their high
sensitivity and constancy[12]. The gases interact with the adsorbed oxygen and return electrons to the
material when exposed to reducing gases, such as NHs, further reducing the resistance and lowering the
potential barrier. In contrast, oxidizing gases for instance NO, caused increasing the thickness of the
depletion layer and raised the resistance. The change in the potential barrier height at the grain
boundaries resulting from the surface interactions with the gas resulting in the change in the potential
barrier is essentially the principle of sensitivity[13].

Semiconducting metal oxide sensors (MOS), for instance SnO, depended on changes in their electrical
resistance when interacting with ideal gases. Research topic focuses on enhances selectivity, sensitivity,
recovery, and response times. A sensor primarily contains a sensing layer and a transducer, both of
which directly impact performance. While most conventional MOS sensors rely on a heater, room-
temperature sensors have recently emerged, representing a significant step toward reducing power
consumption and increasing detection efficiency down to ppb concentrations[14, 15]. An n-type metal
oxide (Sn0,) is coupled with a p-doped (Cu0), consisting of an internal potential barrier at the contact
surface. Heterogeneous p-n junctions in p-doped MOS sensors significantly enhance gas detection
performance during gas interaction and enable high sensitivity to rapid response, low concentrations,
and low power consumption [16].

This study aimed to improve preparation parameters to enhance sensitivity, response speed, and
selectivity toward NH5 and NO, gases.

2. Experimental part

Pure tin oxide nanostructure thin films were deposited with tin oxide doped with copper using different
volumetric ratios of copper solution (1,3,5) using chemical spray pyrolysis technique. Solutions of the
materials were prepared from tin chloride (SnCl,.2H,0) with a molecular weight of 225.63 g/mol. This
substance is a white powder which dissolves rapidly in water and is manufactured by (OXFORD LAB
CHEM) with purity (99%), copper chloride (CuCl,: 2H,0) and its molecular weight (170.48 g/mol) and
manufactured by company (ALPHA CHEMIKA) with purity (99%). This solution was prepared at a molar
concentration of 0.02 mol/L. The substrates were cleaned with distilled water and ethanol in an
ultrasonic bath for 10 minutes to ensure that there was no contaminant on the surface. The solutions
were sprayed on glass substrates with temperature 350 KC. The carrier gas is compressed air at a
pressure of 1 bar was used with spraying processes was performed in alternating with period 5 seconds
of spraying followed by 20 seconds pause, with a deposition rate of 2.5 ml/min. The thickness of the
extracted thin films, which ranged from 350 to 450 nm, was determined using the optical method.

Page 3/23



The optical properties were checked using ultraviolet-visible spectrophotometer. On the other hand, the
structural and surface characteristics were analyzed by AFM-Atomic Force Microscopic, XRD, and SEM.
Measuring the sensor response to ammonia (NH;) and nitrogen dioxide (NO,) gases at a concentration
of 50 ppm under different temperatures was investigated using gas sensing properties. Furthermore,
aluminum electrodes were deposited onto the films to evaluate the electrical performance.

3. Results and discussion
3.1. XRD analysis

The X-ray diffraction (XRD) patterns of pure and Cu-doped SnO, thin films with doping ratios of 1%, 3%,

and 5% that were deposited on glass substrates using the chemical spray pyrolysis method at a
precursor concentration of 0.02 M, are shown in Figure (1). The polycrystalline character of the
deposited films is confirmed by the diffraction patterns of the undoped SnO, film, which show multiple
distinct peaks corresponding to various crystallographic planes. The observed diffraction peaks are
indexed to the (110), (101), (200), and (211) planes, located at diffraction angles of 26 = 26.43°, 33.96°,
38.02°, and 51.82°, respectively, with a strong preferred orientation along the (110) plane. Comparison
with the standard JCPDS card for SnO, (No. 41-1445) confirms that the films crystallize in the tetragonal
rutile structure, in good agreement with previously reported results [17, 18]. With increasing Cu doping
concentration, a noticeable reduction in the intensity of the SnO,, diffraction peaks was observed, while
the preferred orientation along the (110) plane was preserved, as shown in Figure (1). This behavior
suggests that Cu inclusion causes a little decrease in crystallinity or the emergence of lattice instability.
The Debye—-Scherrer equation was used to calculate the average crystallite size (D) [19]:

D = 0.94)\/Bcosb ()

The form factor is 0.94, the diffraction peak’s full width at half maximum (FWHM) is B, the Bragg angle is
0, and the wavelength of the Cu Ka radiation source is (A = 0.15405) nm. According to Table (1), the
average size of crystallites decreased as the concentration of Cu increased, ranging from 6.42 to 5.09
nm. Furthermore, Cu doping does not alter the crystal structure of SnO, or create any new phases, hence
the tetragonal rutile phase is unaffected by doping. Since the ionic radii of Cu2* (0.69 A) and Snz* (0.71
A) are so comparable, Cu ions can replace Sn ions in the lattice, resulting in no extra diffraction peaks.
According to earlier observations, Cu ions can occupy Sn sites within the Sn02 lattice through this
substitutional doping mechanism without generating distinct CuO or Cu,0 phases[18].

3-2- AFM results
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Figure (2): Atomic force microscopy (AFM) analyses of pure and Cu-doped tin oxide thin films with
doping ratios of 1%, 3%, and 5% deposited on glass substrates at a temperature of 350°C and a molar
concentration of 0.02 M. The images reveal a uniform grain distribution over the surface. In addition, the
films are homogeneous and free of cracks.

The results also indicate that the surface topography of the doped films exhibits good crystalline
regularity and high surface homogeneity, with grains uniformly distributed over the entire film surface.
Furthermore, the Cu doping process led to a gradual reduction in both the surface roughness and the
average particle size for all doped films. Table 1 summarizes the results obtained from the AFM
measurements for the SnO, and Cu-doped tin oxide thin films.

AFM results and crystal siz;-?)tfjlr?ule and Cu-doped SnO, films.
Sample Crystallite size (D) (hnm) Roughness average (hnm) Average grain size (nm)
Sno, 6.42 21.5 88.35
Sn0,: 1% Cu  6.04 11.9 63.7
Sn0,:3% Cu  5.91 8.19 26.9
Sn0,: 5% Cu  5.09 3.73 9.1
3-3- SEM

Figure (3) shows the SEM micrographs and corresponding particle size distributions of pure SnO, and
Cu-doped SnO, thin films. The pure SnO, film exhibits relatively larger, quasi-spherical nanoparticles with
noticeable agglomeration, with particle sizes mainly distributed in the range of ~ 80-120 nm. Upon Cu
incorporation (1% Cu), a significant reduction in the average particle size was observed, with a narrower
size distribution (~ 50—90 nm) and improved particle dispersion. At higher Cu concentrations (3% Cu),
the particle size distribution becomes broader, and partial agglomeration is re-observed. For the highest
Cu content (5% Cu), the films exhibit a porous and rough surface morphology, with smaller primary
nanoparticles embedded within larger interconnected agglomerates.

Overall, Cu doping effectively tailors the microstructure of SnO, thin films by initially reducing the grain
size and enhancing uniformity at low dopant levels, whereas higher Cu concentrations induce increased
defect density, phase segregation, and porosity. These morphological modifications are expected to
increase the specific surface area and the density of grain boundaries, which are critical factors for
enhancing gas sensing performance and optoelectronic response.
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Figure (4 ) presents the cross-sectional image obtained by field-emission scanning electron microscopy
(FESEM)..It is observed that the thickness of the Sn0O, thin films is approximately 390.4 nm.

3-4- EDS analysis

Figure (5) shows the qualitative analysis of pure and Cu-doped tin oxide thin films, where the presence of
the main constituent elements, namely, tin (Sn) and oxygen (0), in addition to copper (Cu) used as the
dopant, is clearly observed. This confirms the high purity of the prepared films and the absence of any
extraneous elements within the detection limits of the measurement technique. It was observed that
copper was not detected at the 1% doping level, which can be attributed to its concentration being below
the detection limit of the analysis system. Furthermore, increasing the doping concentration leads to a
noticeable increase in the copper content in the films.

The results also indicate that the weight percentage of tin increases, whereas that of oxygen decreases
with increasing doping concentration, which results in an enhancement of the electrical conductivity of
the films. Because oxygen limits the valence electrons of tin, increasing the ratio of tin to oxygen raises
the density of free charge carriers, which enhances electrical conductivity. Additionally, Cu doping results
in a decrease in oxygen content as well as an increase in copper and tin concentrations. This may be
attributed to possible interactions between copper and tin in the presence of oxygen, which can modify
the elemental distribution and promote the formation of structural defects, such as oxygen vacancies,
playing an important role in enhancing the electrical properties of the films.

3.5. Optical properties

The absorbance as a function of wavelength for SnO, thin films and Cu-doped SnO, thin films with 1%,
3%, and 5% doping concentrations is shown in Figure (6). It is evident that when the concentration of
copper doping increases, the absorbance drops. This behavior is attributed to the reduction in thin film
thickness resulting from the increased copper content, which leads to a shorter optical path length
within the deposited films and consequently lower absorbance. This result is in good agreement with
those reported in Ref. [20, 21].

The results show that the direct bandgap value of undoped tin oxide before doping was approximately
3.73 eV, as shown in Fig. (7). After copper doping with three different concentrations (1%, 3%, and 5%),
the direct bandgap values were found to be approximately (3.80, 3.83, and 3.88) eV, respectively, and
this agreement with previous[22] .

The quantum confinement effect is responsible for the apparent rise in the energy band gap as the ratio
of copper content increases. This disorder increase can be attributed to two possible factors: either
copper incorporation generates energy levels near the conduction band, or the introduction of copper
into the system leads to the formation of oxygen vacancies, which in turn create energy levels close to
the conduction band[23, 24].
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3.6. Hall effect measurements

The Hall effect measurements revealed that all pure and doped SnO, films prepared by the chemical
spray pyrolysis exhibit n-type conductivity. The results also showed that the addition of different doping
concentrations leads to a noticeable increase in charge carrier concentration, accompanied by an
increase in mobility values compared to the undoped films. This behavior is attributed to the increase in
average grain size and the decrease in grain boundary density with increasing copper (Cu) doping
concentrations. Furthermore, the persistence of the negative sign of the Hall coefficient with increasing
doping levels indicates that electrons are the dominant charge carriers and are responsible for the
enhancement in electrical conductivity. Table (2) summarizes the Hall measurement results, including
mobility, conductivity, Hall coefficient, and carrier type.

Table 2
Hall effect measurements of pure SnO, and Cu-doped SnO, films.
Sample  p (cm)3 Ry(em3c™’)  o(@cm)™ H Igﬁglf:tivity
(cm?V1s”
")
Ezroez ~59x 107 —1.04x 1072 1.3x 1070 1.4x 10t "TPe
Cuth  _703x10"° -88x10"2 7.8x1072 6.9x10tt MIPe

Cus% _6.1x10M7 —1.01x10*! 7.7x10°! 7.8 n-Type

Cu 5% n-Type

-84 x 1016  _—_74x10™" 33x107' 2.4 x10*t

3.6. Gas-sensing measurements

3.6.1.NH3 gas sensor

The response of nanostructured films pure SnO, and Cu-doped SnO, gas sensors with different doping
ratios toward ammonia (NH,) gas at a concentration of 50 ppm was investigated. Figures (8) illustrates
the variation in sensitivity as a function of operating temperature for pure and Cu-doped SnO, thin films
exposed to NH; gas. Ammonia is classified as a reducing gas, whereas tin dioxide is an n-type
semiconductor. Therefore, upon exposure to NH;, a decrease in the electrical resistance of the film
occurs due to the increase in electron concentration in the conduction band, from which the sensitivity is
calculated.
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The highest sensitivity value for the pure SnO, film was 16.79% at an operating temperature of 25°C, with
a response time of 32.4 s and a recovery time of 170.1 s. When the operating temperature was increased
to 200°C, the sensitivity decreased to 5.65%, accompanied by a response time of 16.2 s and a recovery
time of 76.5 s, as shown in Figure (9). These findings show that the sensitivity decreases with
temperature, which is explained by the decreased interaction between the ammonia gas and the film
surface at higher temperatures. Compared to the pure film, doping SnO, with 1% Cu resulted in a
significant increase in sensitivity. The maximum sensitivity reached 19.12% at an operating temperature
of 200°C, with a response time of 29.7 s and a recovery time of 95.4 s. However, increasing the Cu
doping ratio to 3% resulted in a reduction in sensitivity to 8.4% at 200°C, with a response time of 25.2 s
and a recovery time of 45 s, as presented in the table. At a higher doping level of 5% Cu, the sensitivity
decreased significantly to approximately 1.1% at 200°C, with a response time of 21.6 s and a recovery
time of 45 s, as shown in Table 3. It can be concluded that Cu doping enhances the sensitivity of SnO,

thin films compared to the undoped film; however, the sensitivity decreases with increasing dopant
concentration. This behavior can be explained by the interaction between NH; molecules and the
adsorbed oxygen ions on the sensor surface, leading to the release of electrons into the conduction
band and consequently a decrease in the electrical resistance of the sensor, according to the following
reactions [25, 26]:

2
NHI + 3000 (ads) — 2NI + 6HIO + 6el @

)
NHI (ads) + 300 (ads) — NI 4 3HIO + 3e

These reactions require activation energy, indicating that thermal energy must be supplied to facilitate
the sensing process.
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Table 3

Sensitivity values, response time, and recovery time of pure and copper-doped
SnO, films with different doping ratios toward NH; gas at a concentration of 50

m.
Sample Operating SensitFi)\i)ity % Res.Time(s) Rec.Time (s)
Temp. °C
SnO,-Pure 50 16.79 32.4 170.1
100 3.12 25.2 90.9
200 5.65 16.2 76.5
Sn0,:Cu1% 50 1.13 26.1 133.2
100 19.12 29.7 954
200 5.86 28.8 88.2
Sn0,: Cu3% 50 2.05 23.4 94.5
100 2.66 29.7 68.4
200 8.48 25.2 45
Sn0,: Cu 5% 50 1 22.5 94.5
100 0.11 19.8 49.5
200 1.1 21.6 45

3.6.2. NO, gas sensor

Figure (10) shows how a pure SnO, film's sensitivity varies with operating temperature. While prepared
tin dioxide is an n-type semiconductor, nitrogen dioxide (NO,) is an oxidizing gas. When the SnO, sensor
is exposed to nitrogen dioxide gas, a surface chemical interaction occurs that results in electron
withdrawal and an increase in electrical resistance, from which the sensitivity is calculated. The results
show that the sensitivity of the pure SnO, film increases with increasing operating temperature, reaching
its maximum value at 200°C, as listed in Table 4. For SnO,, films doped with 1% copper, a significant
enhancement in sensitivity was observed compared with the undoped film. The highest sensitivity
reached 96.14% at an operating temperature of 200°C, with a response time of 33.3 s and a recovery
time of 92.7 s, as shown in figure (11). In contrast, increasing the Cu doping concentration to 3% led to a
noticeable reduction in sensitivity, and this decreasing trend continued when the doping level was
increased to 5%, as shown in Table 4.

The temperature-dependent sensitivity behavior can be attributed to the establishment of equilibrium
between oxygen adsorbed on the SnO, surface and atmospheric oxygen, which stabilizes the electrical

conductivity. Subsequently, chemisorption of NO, gas occurs on the oxide surface, causing electron
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transfer toward the surface and resulting in a change in conductivity and, consequently, an increase in
sensitivity. The sensor response mechanism depends mainly on two factors [27]: the rate of surface
chemical reactions on the grain boundaries and the diffusion rate of gas molecules within the oxide
layer. The increase in sensitivity with operating temperature indicates that the interaction between NO,
gas and the SnO, sensing films is a thermally activated process. Upon exposure to NO,, gas molecules

react with the oxygen species adsorbed on the surface, capturing electrons from the sensor and
increasing its electrical resistance, as described by the following reactions [28]:

NO, (g) + el — NOI (ads)

NO2 (g) + Ol (ads) + el — NO2l (ads) + 2000 (ads)

5

Overall, the sensitivity results indicate the existence of an optimum operating temperature at which the
sensor becomes active and exhibits maximum performance. Up to a certain point, the sensitivity rises
with temperature, indicating that activation energy is needed to finish the interaction between oxygen
ions and NO, gas molecules. In contrast, the sensor response at room temperature was found to be very

weak.
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Table 4

Sensitivity values, response time, and recovery time of pure and
copper-doped SnO, films with different doping ratios toward NO, gas

at a concentration of (50 ppm).

Sample Operating Sensitivity Response Recovery
Tem. (°C) (%) Time (s) Time (s)
Sn0,-Pure 50 3.52 34.2 172.8
100 5.75 22.5 94.5
200 10.72 31.5 85.5
Sn0,:Cu1% 50 49.93 29.7 132.3
100 69.81 27 72
200 96.14 333 92.7
Sn0,:Cu3% 50 12.3 24.3 98.1
100 14.87 28.8 88.2
200 10.49 19.8 52.2
Sn0,:Cu5% 50 6.49 21.6 94.5
100 5.07 22.5 67.5
200 3.2 24.3 78.3

Conclusion

This work confirms that spray pyrolysis is an effective and straightforward method for producing pure
and Cu-doped Sn0O, nanostructured thin films with improved optical, electrical, and structural
characteristics. By increasing crystallite and grain sizes and improving surface uniformity, copper doping
significantly affects the film microstructure and increases the effective surface area. All films had n-type
properties, and optical studies revealed a progressive rise in the band gap with increased Cu content,
while electrical experiments showed increased conductivity and carrier concentration. With the highest
sensitivity and selectivity for NH; and NO, gases, 1% Cu-doped SnO, films performed the best, according
to gas-sensing studies. Sensing efficiency was reduced at higher doping concentrations (3% and 5%) due
to arise in inactive defects and carrier recombination. SnO,: Cu thin films exhibit significant potential for
industrial and environmental gas-sensing applications, especially those doped with 1% Cu. The results
also establish an outline for subsequent research aimed at enhancing sensing efficacy at reduce
operating temperatures or via integration with various nanomaterials.
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XRD patterns of pure and Cu-doped SnO, thin films at different copper doping concentrations.
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Figure 2

AFM images of pure and Cu-doped SnO, thin films with different doping concentrations, 1%, 3%, and 5% .
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Figure 3

SEM images of pure and copper-doped SnO, films .
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Figure 4

Cross-sectional FESEM image of pure SnO, films.
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Figure 5

EDX images of pure and copper-doped (Sn0,) films at percentages of 1%, 3%, and 5%.
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Figure 6

Absorbance of pure SnO, and Cu-doped SnO, (Cu: 1,3,5 %) films.
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Figure 7

Optical energy gap of pure SnO, and Cu-doped SnO, films
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Figure 8

Variation in sensitivity with operating temperature for SnO, thin films, both pure and Cu-doped, with
varying doping ratios (1%, 3%, and 5%) toward NH, gas at a 50 ppm concentration.

Page 21/23




180 , 40 :
—a—Pure $n02| 35 —&—Pure Sn02
—— 1% Cu - ~—— 1% Cu
' | —¥—5%Cu__ | 344 —¥—>%Cu

40 - 9

: 32
e 8 30 !
o al Han
5120 e axrd
s = 28 -
] =
g -
E 100 = :51: 26
o -y
2z 24 -
3 80 i
g i o 22 -

20 -
60 - £
18 =
H+—r——rT—Tr—T—T T T T T L
» y 3 T T
40 60 80 100 | 120 14(?’ ‘ 160 180 200 22 20 60 % 120 1‘50 180 210
Operation Temp. (C) Operation Temp. ('C)

Figure 9

Changes in response and recovery times with temperature for pure and copper-doped tin oxide films.
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Figure 10

Variation in sensitivity with operating temperature for pure and Cu-doped SnO, thin films toward NO, gas

at a 50 ppm concentration.
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Figure 11

Changes in response and recovery times with temperature for pure and copper-doped tin oxide films.
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