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This study investigated the effects of different dopants (Mn, Cu, and Sb) on the

characterization of SnO thin films prepared by pulsed laser deposition (PLD). The Keywords:
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°C for two hours. Structural analysis revealed a tetragonal structure in SnO,, and the PLD Method, Doped
addition of dopants induced lattice strain and increased dislocation density, thereby  SnO,, Gas Sensor.
enhancing the number of active sites available for gas interactions. The morphology

analysis revealed that the particles were uniformly distributed in the films and were  Article history:

almost spherical in shape. Optical measurements demonstrated a bandgap change, Received:Mar. 15, 2025
which decreased with doping from 3.83 to 2.86 eV. The higher sensitivity toward 50 Revised: Jul. 03, 2025
ppm NO; at 100°C operating temperature was 41.6% for the film doped with Sb  Accepted: Jul. 25, 2025
compared with films doped with Mn and Cu (25% and 24%). The results showed the  Published:Sep.01,2026
different impacts of different dopants in enhancing the structural and optical

properties of SnO; thin films, which affect the sensor sensitivity toward NO> gas.

1. Introduction

Transparent Conducting Oxides (TCOs) are a new class of materials that have two
paradoxical properties simultaneously, which are optical transparency and conductivity [1].
Compared to other metal oxides, tin dioxide (SnO>) is a transparent conducting oxide; it is an
n-type semiconductor with a wide direct band gap of 3.6 eV and a high exciton binding energy
of 130 meV. It has several advantages, including its availability, ease of fabrication, low cost,
and excellent optical and electrical properties, which are related to its chemical and physical
stabilities in harsh environments [2-5].

These properties make it an attractive material for several applications, such as solar
cells, planar waveguides, antireflective coatings, electronic sensors, liquid crystal displays, and
optical filters. SnO> is not limited to the research laboratory, but is used commercially in
environmental monitoring, health care, and industrial safety applications [6-7]. Thin films of
SnO; are widely utilized in gas-sensing technology, which exhibit remarkable sensitivity to a
wide range of gases [8, 9]. However, undoped SnO- has a low electron concentration, which
gives many limitations, such as poor selectivity and limited response under certain operating
conditions, and can be improved through doping [6] or achieved by forming heterostructures
[9]. There are many methods used to deposit SnO: thin films, such as the sol-gel method [10],
spray pyrolysis [11], reactive magnetron sputtering [12], chemical vapour deposition [13], spin
coating [14], and the pulsed laser deposition (PLD) method, which is a versatile and precise
thin-film fabrication method. Also, PLD offers advantages such as relatively high deposition
rate, stoichiometric transfer of the target material, and fabricating films with well-controlled
structural and compositional properties at low cost [15-17].

A key technique for modifying the structural, optical, and electrical properties of SnO>
thin films is doping, which changes the film's band gap, surface morphology, carrier
concentration, and critical gas-sensing factors [18]. Additionally, dopants create active sites
and defects on the surface of the SnO> film, enhancing the adsorption and reaction processes
with gas molecules. These defects, such as oxygen vacancies and interstitial sites, act as
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catalytic centers that increase the material's sensitivity to specific gases. Therefore, tailoring
the dopant type is essential for achieving optimal sensing performance toward a target gas [19,
20].

In this study, we investigate the influence of different dopants on the structural,
morphological, and optical properties of SnO: thin films deposited by the PLD method. A
suitable dopant, achieved through a simple technique, was used to vary SnO2 properties and
enhance gas-sensing behavior. The findings of this work contribute to the understanding of
material design for gas sensors to optimize SnO»-based gas sensors for NO> gas.

2. Experimental Part

SnO; nanoparticle powders were prepared using the sol-gel method. First of all,
3.506 g of tin tetrachloride pentahydrate (SnCl4.5H20, 98%) (Supplied from Loba Chemie Pvt.
Ltd., India), as a source of Sn** ions, was dissolved in a mixture of 45 mL deionized water and
5 mL ethylene glycol. The solution was stirred on a magnetic stirrer at 60 °C. After 2 hrs, 0.5
M aqueous ammonia solution (from Thomas Baker (Chemicals) Pvt. Ltd.) was dropwise added
to the above solution with stirring. The resulting gel was dried at 80 °C for 48 hrs to remove
water molecules. Finally, white colored tin oxide nanopowders were formed at 600°C for 2 hrs.
The same procedure was followed for the preparation of SnO> doped with 10 wt.% (Sb, Cu,
Mn) using antimony trichloride (SbCls 98.5%) (Supplied from HiMedia Laboratories), cupric
chloride dehydrate (CuCl2.2H>0 98%) (Supplied from Loba Chemie Pvt Ltd.), and Manganese
chloride (MnCl2 4H20 99%) (Supplied from Pub.Chem), respectively.

The produced powder samples were converted into pellets under a pressure of 10 Tons
to be used as targets of 2 cm in diameter and 0.5 cm in thickness. After the targets' preparation,
the sintering process was done at 600 °C for 1 hr. Pure and doped SnO2 thin films were
deposited on glass slides using the PLD technique with a Q-switched Nd: YAG laser
(Diamond-288) of 1064 nm wavelength, 10 ns pulse duration, and 6 Hz repetition frequency.
Film deposition was conducted in a vacuum glass chamber at 1072 mbar. The ablation target
was fixed vertically and aligned with the substrate at a 2 cm target-to-substrate distance. A Q-
switched Nd: YAG laser beam was focused onto the target at an incidence angle of 45°. The
laser source was located such that the target was at the focal point of the laser lens. The
deposition process was done using 200 pulses and an energy of 800 mJ. The prepared thin films
were annealed at 200°C for 30 minutes to enhance the samples' crystallinity.

3. Characterization Technique

The structural properties, surface morphology, optical and electrical properties of the
deposited thin film were investigated by XRD (using a 6000-Shimadzu, Japan diffractometer),
scanning electron microscopy (MIRA TESCAN), UV-visible (Metertech SP-8001)
spectrophotometer, within the 100-1100 nm wavelength range, and Van der Pauw Ecopia
HMS-3000 Hall measurement system.

Gas sensor devices were arranged by depositing mesh aluminum electrodes onto the
sample surfaces using the thermal evaporation Edward system, and then connecting them with
thin wires using silver paste. Gas sensing was examined at a controlled temperature in a closed
chamber. The sample was electrically connected to an electronic circuit connected to a
computer. The NO2-Air were mixed using two flow meters in the chamber at specific ratios.

4. Results and Discussions

The X-ray diffraction (XRD) patterns of pure and doped thin films with the three
dopants Mn, Cu, and Sb prepared by the PLD technique from the synthesized targets are shown
in Fig. 1. All samples appeared as polycrystalline structures. The peaks located at diffraction
angles of 26.57°, 33.81°, and 51.68° matched the crystallite lattice planes (110), (101), and
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(211) of the tetragonal structure of SnO. according to JCPDS Card No. 96-900-9083. Small
shifts appeared in the diffraction peaks for all doped samples due to induced strain within the
lattice by substituting with different dopants of different ionic radii than the tin cation. No
additional phase was observed in the doped samples, indicating that the incorporation of these
unusual ions into the SnO; lattice in a limited amount does not alter the entire lattice and instead
fully incorporates these additions without forming a separate phase. The broadening of the
diffraction lines indicates the nanocrystalline form.

The crystallite size (D) was calculated utilizing the Debye—Scherrer's formula as shown
in Table 1:

D = KA 1
" PBcosO 1)

where k is the shape factor (0.94), X is equal to 1.54060 A, B is the full width at half maximum
(FWHM), and 6 is the diffraction angle. The mean crystallite sizes were 15.8, 15.3, 17.7, and
17.8 nm for the pure SnO2 and the Mn, Cu, and Sh-doped samples, respectively.

The larger crystallites cause less lattice strain, which can contribute to more defined
crystalline growth and lower defect density in the films. More crystallinity causes a significant
impact on the optical and electrical properties of the thin films, mainly when applied to gas
sensors, photocatalysts, or other functional devices.

(110)

(101)

Intensity (arbitrary unit)

96-900-9083

—JCPDF No. ‘

: : : : L ‘ ‘ ‘ | . 1 1l
10 15 20 25 30 35 40 as S0 S5 60 65 70
20 (Degree)

Figure 1: XRD patterns of the pure and doped SnO; thin films with the three dopants deposited by
the PLD method.

The lattice parameters for the tetragonal structure (a and c) for the pure and doped SnO>
were determined using the diffraction lines (110) and (101) utilizing the relation [21]:
1 h2 +k? 12
= t3 (2)

2 2
di a
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Table 1 lists the (dnki), microstrain (g), and dislocation density (8) for each crystalline
direction of the prepared samples.

Table 1: XRD parameters of the pure and doped SnO; thin films with the three dopants Mn, Cu,

and Sh.
Sample 20 (9) FWHM(®) | dw(A) | D(hm) | £€x10%2 | & (nm?) hkl
26.5688 0.5400 3.3523 15.8 1.00 0.0040 | (110)
Pure SnO, | 33.8133 0.5800 2.6488 15.0 0.83 0.0044 | (101)
51.6821 0.6700 1.7672 13.8 0.60 0.0052 | (211)
26.6068 0.5573 3.3476 15.3 1.03 0.0042 | (110)
SnO2:Mn | 33.8885 0.5202 2.6431 16.7 0.75 0.0035 | (101)
51.7585 0.5201 1.7648 17.7 0.47 0.0032 | (211)
26.5697 0.4830 3.3522 17.7 0.89 0.0032 | (110)
SnO,:Cu | 33.8142 0.4458 2.6487 19.5 0.64 0.0026 | (101)
51.7214 0.5202 1.7660 17.7 0.47 0.0032 | (211)
26.4582 0.4829 3.3660 17.8 0.90 0.0032 | (110)
Sn0O2:Sb | 33.8142 0.4459 2.6487 19.5 0.64 0.0026 | (101)
51.6099 0.4459 1.7695 20.7 0.40 0.0023 | (211)

The lattice constant values of the pure SnO2 and the three dopants are listed in Table 2
and are very close to the standard value. There are slight variations in lattice constants after
doping with the three dopants.

Table 2: The variation of lattice constants of the pure and doped-SnO; thin films, prepared by PLD
with the three dopants Mn, Cu, and Sbh.

Sample a (A) c(A)
Pure SnO, 47407 3.1937
Mn-doped 47342 3.1858
Cu-doped 4.7406 3.1937
Sh-doped 4.7603 3.1878

Field Emission Scanning Electron Microscope (FESEM) analysis gives information
about the surface topography and uniformity of the samples. Fig. 2 displays the FESEM images
of undoped and doped tin oxide thin films with two magnifications (60000x and 120000x). All
samples revealed that the particles were uniformly distributed in the films and were almost
spherical in shape. The average particle diameter was 39, 45, 72, and 40 nm for pure and Mn,
Cu, and Sbh-doped SnO: films, respectively.

To estimate the thickness of SnO: thin films prepared by PLD, cross-section analysis was
used. Fig. 3 shows the cross-sectional FESEM images with two magnifications of 8 and 30 kx.
The sample appeared to have an average cross-sectional thickness of 1300 nm.
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Figure 2: Top-view FESEM images at two magnifications of (a) pure SnO,, (b) Cu-doped, (c) Mn-
doped, and (d) Sh-doped thin films.
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Fig. 4 shows the absorption coefficient spectra of the undoped SnO- and the doped thin
films deposited on glass substrates as a function of the wavelength within the range of 300 to
1100 nm. The absorption coefficient of all films decreased with increasing wavelength, and the
maximum values were in the UV region. There was a red shift in the absorption peak for the
doped tin oxide thin films. Undoped tin oxide thin films exhibited the lowest absorption
coefficient in the visible range, indicating the highest transparency. In contrast, all the doped
tin oxide thin films had lower transparency than the undoped tin oxide thin films. Because the
dopant incorporation into the tin oxide lattice decreases the transparency of the tin oxide thin
films. The 10 wt.% copper-doped tin oxide thin films showed the lowest transparency in all
wavelength regions.

8.E+04
i —e—pure Sn02
—a—doped with Mn
—a+—doped with Cu
6.E+04 doped with Sb

4.E+04

a (cm)?

2.E+04 |

og¢00 b} -~ O O O OO
300 500 700 900 1100
A (nm)

Figure 4: The relation between the absorption coefficient and wavelength of pure and doped SnO;
thin films with three types of dopants.

The optical band gap energy (Eg) of the undoped and doped SnO> films was determined
using the Tauc plot [22], using the relation:

(«hv) = A (hv — Eg)" 3)
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Where a is the absorption coefficient, h is the Planck constant, v is the transition frequency, A
IS a constant, Eq is the band gap corresponding to a particular transition occurring in the film,
and n indicates the transition type; n = 1/2 for direct allowed, n = 2 for indirect allowed, n =
3/2 for direct forbidden and n = 3 for indirect forbidden transitions. The fundamental
absorption, corresponding to electron excitation from the valence band to the conduction band,
can be used to determine the optical band gap energy.

Fig. 5 shows the Tauc plots for direct optical band gap energy values for undoped SnO>
and Mn, Cu, and Sb-doped SnO: films, which are equal to 3.83, 3.62, 2.86, and 3.185 eV,
respectively. The resulting value of the undoped SnO> film agrees with that of Roguai [23] and
Karmaoui [24]. It is clear that the band gap energy decreased with doping; this is due to the
introduction of impurity energy levels within the gap, effectively narrowing the energy
difference between the valence and conduction bands.

50
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45 doped with Mn
doped with Cu
2 40
—
(\j_(\ 35 -
£ 30 -
S
A 25
N 20 -
2
= 15 1
E
10 -
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Figure 5: Tauc plots of pure and doped SnO; thin films using the different dopants.

Hall effect measurements were done for undoped and doped SnO: films with Mn, Cu,
and Sb dopants. The benefits of this measurement are optimizing the behavior of a material's
conductivity to determine the sensor responsivity, the semiconductor type orders, and the
resistance variation (up or down) upon gas interaction. Undoped SnO> and doped with Mn, Cu,
and Sb films show n-type conductivity. The n-type conductivity of undoped SnO; films was
attributed to the formation of shallow donor levels occurring due to the presence of oxygen
vacancies and interstitial tin in the SnO; lattice [25]. In the n-type SnO> films, the Mn*2, Cu*?
ions replaced some of the Sn** ions, resulting in a net decrease in charge carrier concentration
[26]. Manganese and Copper have two electrons less than Sn and were compensated by the
conduction band electrons from the SnO; lattice. Antimony-doped tin oxide thin films also
showed a decrease in charge carrier concentration because Sb has five electrons and these ions
replace some of the Sn** ions; there was a net decrease in charge carrier concentration, but less
than the Mn and Cu dopants. Resistivity, conductivity, charge carrier concentration, and
mobility were obtained from the Hall measurement data. Table 3 lists the electrical parameters,
including the charge carrier concentration, mobility, conductivity, and carrier type. The highest
charge carrier concentration and lowest charge carrier mobility were 1.635 x10* cm™ and
0.759 cm?/v.s for the undoped sample.
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Table 3: Hall Effect parameters of the pure and doped samples with the three dopant types.

Sample | nux10% (cm™3) | pn (cm?% v.sec) | erT x10° (Q. cm?) | Conductivity Type
SnO:2 16.35 0.759 1.989 n-type
Mn-doped 0.679 17.79 1.935 n-type
Cu- doped 1.697 7.883 2.143 n-type
Sh- doped 7.735 1.676 2.077 n-type

Figs. 6-9 show the resistance variation with time of the fabricated sensors based on pure
and doped-SnO; thin films prepared by the PLD method when exposed to 50 ppm NO; at
different operating temperatures (RT, 100, and 200 °C). All samples demonstrated n-type
behavior as the resistance increased with the presence of NO2 gas molecules. The extracted
electrons from the sample surface by the oxidized gas that are adsorbed on the surface increase
the resistance due to variation in electron concentration as well as reduction.

The sensitivity of the sensor to gas was determined using the following equation [27]:

R,—R
S= | == | x 100% 4)
Ra
[—FT] ure — =i
240 pure 220 P
235 210
230 - 200 -
=) £
£225 1 0190
o e
X
<220 <180 |
o x
215 170
210 ! ! ! ! ! 160
0 20 40 60 80 100 120 0 o 40 6 00 100 120
t (sec) t(sec)
260 pure — T=200C
210 -

0 20 40 60 80 100 120

&w%m

t (sec)

Figure 6: Resistance variation of SnO, thin films with 50 ppm NO; at different working
temperatures.
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Figure 9: resistance variation of Sb-doped SnO; thin films with 50 ppm NO at different working
temperatures.

Fig. 10 demonstrates the variation in gas sensitivity to NO. at different operating
temperatures for the pure and doped SnO- thin films deposited by PLD. The highest sensitivity
(41.66%) was observed for the Sh-doped SnO2 sample at an operating temperature of 100 °C.
Table 4 summarizes the sensitivity, response time, and recovery time of the pure and doped
SnO; sensors exposed to 50 ppm NO2 gas at different operating temperatures. The response
and recovery times varied depending on the dopant type and operating temperature.
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35
A Sn02:Cu
= 30 —>—Sn02:Sb
L
Z
S 20
= A
e 15
&
10
0
0 50 100 150 200 250 300

Operation temperature (°C)

Figure 10: Gas sensor sensitivity against working temperatures based on pure and doped SnO; thin
films using the three dopants.
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Among the investigated sensors, the Sb-doped SnO. sensor exhibited the highest
sensitivity of 41.66% toward 50 ppm NO: at an operating temperature of 100 °C. The sensor
sensitivity highly depends on the operating temperature due to the variation in the dominant
oxygen species contributing to the gas sensitivity. The sensitivity is limited at low temperatures
by the Oz ads ion [28]. These ions dissociate into O ags iONS With increasing temperature, causing
the extraction of additional electrons and enhancing the sensor sensitivity [29]. Higher working
temperatures cause a reduction in the adsorbed gases on the sample surface, retarding its
sensitivity. Table 4 illustrates all parameters of undoped and doped SnO> gas sensors.

Doping with Mn, Cu, and Sb modifies the surface chemistry of SnOg, altering its ability
to adsorb and react with NO2. Mn-doped samples may introduce more oxygen vacancies,
enhancing NO; adsorption and increasing sensitivity. The Mn dopants can create oxygen
vacancies in the SnO> lattice, which act as active sites for gas adsorption. These vacancies
enhance the adsorption of NO2. Cu can also act as a catalyst, enhancing the reactivity of the
surface with NO-. This increased interaction typically leads to a higher sensitivity.

Table 4: NO; gas sensor sensitivity, response time, and recovery time for sensors based on pure and
doped SnO; thin films using the three dopants at different working temperatures.

Materials | Temperature (°C) Sensitivity | Res. time (sec) | Rec. time (sec)
%
30 6.086 10.8 9.9
Pure SnO; 100 13.099 9 10.8
200 35.751 9 12.6
30 7.317 7.2 11.7
SnO,:Mn 100 25.490 10.8 7.2
200 20.930 6.3 10.8
30 16.167 7.2 9.9
SnO2:Cu 100 24.0501 6.3 12.6
200 17.964 9 10.8
30 14.876 7.2 11.7
SnO,:Sb 100 41.666 8.1 9.9
200 37.113 6.3 10.8

A comparative analysis of the NO sensing performance of this sensor with other
sensors documented in the literature is shown in Table 5.

Table 5: Comparison between the NO- sensing performance of the Sn0O,:Sh gas sensor with other
literature results.

Sensing Working Concentration Response Response— Reference

Materials | Temperature (ppm) Recovery Time
SnO, RT 0.5 50 84/320 30

Pd-ZnO 100 1 13.50 141/177 s 31
nanowires
ZnSe/lZnO 200 8 10.42 98/141s 32
Zn0O/1ny0s RT 10 29.10 78/610 s 33
SnO2/RGO 200 4 4.56 - 34
In.03: CdO 300 - 78.4 39/49 s 35

Sn0,:Sb 100 50 41.66 8.1/9.9 This work

5. Conclusions

The undoped and doped SnOz thin films with different metal dopants (Cu, Mn and Sb)
were prepared using the pulsed laser deposition method. The structural, optical, and electrical
characteristics are influenced by the different dopants, which affect the gas sensor performance
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against NOz gas. The addition of dopants created defects, such as oxygen vacancies and lattice
distortions, which enhanced the surface area and increased the active sites. The optical bandgap
of SnO; thin films was modified through doping, which altered the optical absorption and
transmittance characteristics. The creation of dopant-induced defects and active sites
significantly improved the gas sensor performance by increasing the interaction between the
film surface and gas molecules. The Sb dopants demonstrated higher sensitivity toward NO>
than the other dopants (Cu and Mn), emphasizing the importance of selecting a suitable dopant.
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