Journal of Electronic Materials
https://doi.org/10.1007/511664-024-11404-2

28TH INTERNATIONAL CONFERENCE ON NUCLEAR TRACKS AND RADIATION q

MEASUREMENTS

Check for
updates

Synthesis and Characterization of Sn-Doped CuO Thin Films for Gas

Sensor Toward H,S Gas Sensing

Jyoti'® . Rajesh Kumar' - Ashok Kumar?

Received: 15 March 2024 / Accepted: 21 August 2024
© The Minerals, Metals & Materials Society 2024

Abstract

In this work, thin films of CuO doped with 3% SnCl, (0.97 g Cu0-0.03 g SnCl,) were deposited on glass substrates using
a sol—gel spin coating technique. The deposited thin films were annealed in a muffle furnace at 400°C for 2 h. UV-visible
spectroscopy, a two-probe setup, and x-ray diffraction were utilized to analyze the optical, electrical, and structural properties,
respectively. The optical bandgap of the doped films was identified within the range of 3.7-3.83 eV. Electrical investigation
performed by the two-probe setup revealed that the prepared samples were ohmic in nature. It was found that the resistivity
of the samples varied from 11.86 ©-m to 6.04 Q-m as the thickness of films increased from 165 nm to 570 nm. The gas-
sensing properties of the prepared films were assessed at different operational temperatures and for varying concentrations
of hydrogen sulfide gas. From the obtained data, it was observed that SnCl,-doped CuO thin films show excellent response

toward H,S gas at room temperature.
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Introduction

Gas sensors play a crucial role in detecting and monitoring
various gases in different environments, ranging from indus-
trial applications to environmental monitoring. Among the
multitude of gases of interest, hydrogen sulfide (H,S) has
garnered significant attention due to its toxic and corrosive
nature. Because of its toxic nature, high flammability, and
rotten egg-like smell, H,S gas is easily recognized. This gas
is very dangerous due to its corrosive and explosive nature.'
When hydrogen sulfide gas comes into contact with water,
an acidic solution forms which can corrode pipelines and
may result in structural failure.>* The main source of H,S
gas production is the decay of organic matter such as human
and animal waste by anaerobic digestion. Other sources of
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this poisonous gas include paper mills, oil-field and power
stations, tanneries, water sewage, and food processing.*> A
number of studies have revealed the harmful effects of H,S
on human health and environmental quality. Continuous
exposure to low concentrations of H,S gas can cause infec-
tion in the eyes and throat, and just a few tens of parts per
million of this gas may result in death.® Therefore, it is very
important to monitor its concentration for safety applica-
tions. The detection of H,S gas is essential in industries such
as petrochemicals, mining, and wastewater treatment, where
its presence can pose severe health hazards and environmen-
tal concerns. As a result, the development of efficient and
selective gas sensing materials is of paramount importance.

Methods that are effective for the detection of H,S
gas include fluorescent probe,” gas chromatography,®
and chemical methods.’ However, due to their complex
detection processes and high cost, there is vast demand
for simple and portable gas sensors. For both domestic
and industrial applications, the development of H,S gas
sensors with fast response, shorter recovery time, long
repeatability, low operating temperature, and high sensi-
tivity/stability is critical. Recently, metal oxides have gar-
nered considerable attention in gas sensing applications
because of their low cost, simple fabrication, portability,
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and compatibility.'’!* These metal oxide semiconductors
are categorized into two types on the basis of their charge
carriers, i.e. p-type (CuO, Cr,05, NiO, and Mn;0,)">"""
and n-type (WO;, TiO,, In,05, and Sn0O,).'-!

Among these various semiconductors, p-type cop-
per oxide semiconductors are widely used in gas detec-
tion, as they exhibit good response toward gases such as
ozone, CO, and H,S. CuO thin films achieve appreciable
gas sensing response due to changes in resistance that
reflect changing environmental conditions. CuO is an
exceptional promoter of H,S sensing owing to its con-
version from p-type semiconducting CuO to CuS. This
conversion of CuO makes it a degenerate semiconductor
due to ion vacancies (Cu or S).272° Copper oxide (CuO),
a well-known semiconductor with a range of electronic
and optical properties, has garnered attention in recent
years for its potential as a gas sensing material. How-
ever, to optimize its sensing performance, researchers
have explored the incorporation of dopants to enhance
its gas-sensing properties. Tin (Sn) doping, in particular,
has shown promise due to its ability to modify the crystal
structure, electronic properties, and surface chemistry of
CuO thin films, consequently influencing their gas sens-
ing behavior.

In this work, Sn-doped CuO thin films were prepared
using a sol—gel spin coating technique. The article focuses
on the synthesis and characterization of Sn-doped CuO
thin films for their application as gas sensors toward H,S
gas sensing. The integration of Sn into the CuO matrix
is anticipated to induce structural changes that could
affect the sensor’s selectivity, sensitivity, and response
time. Furthermore, investigating the interaction between
the Sn-doped CuO thin films and H,S gas will provide
insights into the underlying sensing mechanism.

This study presents a comprehensive investigation of
the synthesis process, structural analysis, and gas sens-
ing performance of Sn-doped CuO thin films. By sys-
tematically characterizing the properties of these films
and evaluating their gas sensing behavior, we aim to con-
tribute to the understanding of how Sn doping influences
the sensing capabilities of CuO-based gas sensors. This
research has the potential to advance the development of
high-performance gas sensors tailored for H,S detection,
with applications ranging from industrial safety to envi-
ronmental monitoring. The characterization of these films
was conducted using a two-probe setup, an ultraviolet
(UV) spectrometer, and the x-ray diffraction (XRD) tech-
nique. The synthesized films were employed to measure
their response to H,S gas across various concentrations
and operating temperatures. Among the films that were
prepared, the highest response was identified in films
with a thickness of 165 nm.
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Experimental Details
Chemicals

All chemicals used to synthesize Sn-doped CuO thin film
were of analytical grade. Tin(II) chloride (SnCl,), cop-
per acetate monohydrate (Cu (CO,CH;),H,0), polyethyl-
ene glycol (C,,Hy,,,0,.), isopropanol [(CH;),CHOH],
and diethanolamine (C,H,;NO,) were all obtained from
Sigma-Aldrich (99% purity) and used as received, with
no further purification.

Preparation of Sn-Doped CuO Thin Film

To create a sol with a 0.75 molar concentration, we dis-
solved 0.0225 g of SnCl, and 0.7275 g of copper acetate
monohydrate into 9 mL of isopropanol. In this solution,
we used 0.5 mL of diethanolamine as a dissolving agent
and 0.5 mL of polyethylene glycol as a stabilizing agent.
The solution was then kept at room temperature and stirred
for 5 h until a dark blue transparent solution formed. Two
drops of this solution were placed on a glass substrate
positioned in a spin coater. By applying a double spinning
program, a thin layer of the solution was evenly spread,
and this process was carried out five times to achieve the
desired film thickness. After each deposition, the sample
was heated on a hot plate at 250°C for 5 min. Four sam-
ples were prepared, with the spinning speed ranging from
1500 rpm to 3000 rpm, to observe the effects of different
spinning speeds. After the final deposition, these samples
were placed in a muffle furnace and annealed at 400°C for
2 h to facilitate recrystallization. The synthesized samples
are designated herein as 0.75MD1 for 3000 rpm, 0.75MD2
for 2500 rpm, 0.75MD3 for 2000 rpm, and 0.75MD4 for
1500 rpm for discussion.

Characterization Techniques

A UV spectrometer was employed to investigate the bandgap
within the prepared samples, shedding light on their elec-
tronic properties. In addition, XRD analysis played a crucial
role in revealing details about the crystalline nature, showing
both the crystallite size and crystallinity of the samples. For
electrical characterization, a two-probe configuration was
selected, using a silver metal contact arrangement. This
arrangement facilitated the measurement of essential param-
eters including the current—voltage (I-V) characteristics,
resistivity, and conductivity of the sample. The metallic con-
tact ensured accurate readings and a comprehensive under-
standing of the sample's electrical behavior, contributing to
a holistic analysis of its physical and electronic properties.
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The weight difference method was employed to quantify Results and Discussion
the thickness of the samples, as follows:

f= (Wy = W,) /(o % A), O XRD Analysis
XRD was used to evaluate the crystalline features including
average size, lattice, structure, orientation, strain, and phase
in the synthesized samples, providing essential details. Fig-
ure 1 depicts the XRD patterns of tin-doped CuO thin films.
Analysis of the graphs reveals that the resulting films possess a
polycrystalline structure. In the XRD pattern, distinctive peak
positions are observed at 29.69°, 38.69°, 44.82°, 64.97°, and
77.89°, coinciding with the values specified by JCPDS card
no. 89-5899. This correspondence confirms the crystalline
nature of the films and their specific crystallographic phases.

where ¢ is the thickness of the sample, W, is the weight of
the sample before the deposition of layers, W, is the weight
of the sample after the deposition of layers, A is the area of
the sample, and p is the density of copper oxide.

Fig. 1 XRD pattern of Sn- 4.5
doped CuO thin films: (a) E
sample 0.75MD1 with thickness 4.0
of 337 nm and (b) sample
0.75MD2 with thickness of
461 nm.
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The identified peaks correspond to specific crystal planes
and orientations within the material. This characterization
underscores the film’s well-defined crystallinity and provides
insights into its structural properties.

The Debye—Scherrer equation was used to determine the
size of the crystallites (D) of the synthesized materials.2®

_ Ka
" Bcos@’ @

where D represents the crystallite size of the nanoparticles,
k stands for the Scherrer constant (k=0.89), 1 signifies the
wavelength of the x-ray source (Cu-Ka) (1=1.542 A), P rep-
resents the full width at half maximum (FWHM) in radians,
and @ is the diffraction angle.

Crystallite sizes of 14.32 nm and 16.28 nm were deter-
mined for samples 0.75MD2 and 0.75MD?3, respectively. This
trend indicates that as the sample thickness increases, the crys-
tallite size also increases. This phenomenon contributes to the
enhancement of crystal imperfections, leading to improved
structural properties. These findings are consistent with the
results reported by Shaaban et al.?’

Optical Properties

The optical properties of the Sn-doped CuO thin film were
examined using UV-Vis spectroscopy. The energy bandgap
values of the prepared CuO thin films doped with 3% Sn
impacted by crystallite size and structural deformation were
estimated using Tauc's relation as depicted in Eq. 3.2%%

(@hv)" = A(hv — E,). 3)

For a direct transition, n =2, whereas for an indirect transi-
tion, n=1/2. In addition, « is the absorption coefficient, hv
is the energy, and E, is the bandgap energy.

The energy bandgap of the synthesized samples (E,) is
determined by linearly extrapolating the curve between (ahv)?
and hv as depicted in Fig. 2. The absorption coefficient («)
plays a crucial role in measuring the quantity of light absorbed
by a substance relative to its energy (hv). This method is
intrinsically linked to the bandgap energy (E,), which signi-
fies the minimal energy required for an electron to shift from
the valence band (VB) to the conduction band (CB) within a
material. The bandgap energy (E,) holds considerable signifi-
cance as it governs the optical and electrical properties of the
material. In optical properties, synthesized samples obey direct
transition (n=2), and these results are consistent with results
obtained by Chackrabarti et al.*

The absorption coefficient (a) was derived using Lambert’s
law?31:32

a = (1/t) = In(1/7T), 4)
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where ¢ represents the thickness of the prepared films, and T
stands for transmission.

The optical bandgap was determined within the range
of 3.27-3.83 eV, illustrated in Fig. 2. This variation in the
bandgap is likely attributable to the phenomenon whereby
more photons are absorbed as the thickness of the film
increases. Consequently, the transparency of the thin films
diminishes. The obtained bandgap decreased as the thick-
ness of the films increased, as indicated in Table 1.

Electrical Properties

To evaluate the electrical characteristics, two electrodes
were fashioned on the samples using silver paste, facilitating
current analysis. The linear increase in current observed with
increasing voltage indicated the ohmic nature of the pre-
pared films. These findings are visually depicted in Figs. 3
and 4, illustrating the changes in resistivity and conductivity
of tin-doped copper oxide (CuO) thin films as a function
of varying thickness. In terms of the calculated resistivity
and conductivity, the sample 0.75MD1, with a thickness of
165 nm, exhibited the highest resistivity at 11.86 €-m, while
the sample 0.75MD4, with a thickness of 570 nm, demon-
strated the lowest resistivity at 6.04 -m. Notably, the con-
ductivity of the CuO thin films displayed an upward trend
with increasing thickness. As the thickness increased up to
570 nm, the conductivity increased. Our results are consist-
ent with those reported by Visalakshi et al.*®> This phenom-
enon can be attributed to the increased presence of charge
carriers as thickness increases. This increase in charge car-
riers leads to reduced resistivity, resulting in increased con-
ductivity, as observed. The obtained results are consistent
with findings reported previously.**3>

Sensitivity
Fabrication of Gas Sensor

To analyze the sensitivity of the Sn-doped CuO thin films
toward H,S gas, a gas sensor was constructed with a stain-
less-steel homemade test chamber using a digital picoam-
meter (SES Instruments Pvt. Ltd., Roorkee, model DPM-
111) and high-voltage power supply (model EHT-11A). The
experimental setup for the gas sensor is shown in Fig. 5.

A PID-controlled oven in the range of 25-200°C was
used to control the operating temperature. Two electrodes
(1 cm apart) were constructed on each thin film sample using
silver paint. H,S gas in a concentration range of 10—40 ppm
was injected using a syringe. To measure the gas response
at different operating temperatures (25—100°C), the resist-
ance of each sample was noted before and after exposure to
the sensing gas.
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Fig.2 Bandgaps of samples (a) 0.75MD1, (b) 0.75MD?2, (c) 0.75MD3 and (d) 0.75MD4 of CuO doped with 3% Sn.

Mechanism of Gas Sensor

The sensitivity of the prepared CuO films for H,S gas was
investigated at different operating temperatures (25°C,
50°C, 75°C. and 100)°C and concentrations (10-40 ppm).
The sensing mechanism of CuO films is based on the change
in electrical resistivity and conductivity on exposure to

H,S gas.’ When this gas is injected, it then interacts with
the adsorbed oxygen at the sensor surface, which can be
explained by the following reaction:

R+ O - (ads) - RO + e—, (®)]
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Table | Optical bandgap for samples with varying thicknesses

Name of sample Thickness (nm) Optical
bandgap
(eV)
0.75MD1 165 3.83
0.75MD2 337 3.72
0.75MD3 461 3.66
0.75MD4 570 3.27
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Fig.3 -V characteristics of Sn-doped CuO thin films.
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Fig.4 Variation in resistivity and conductivity of Sn-doped CuO thin
films as a function of varying thickness.

where R is the reducing gas, O— (ads) is the oxygen ion
adsorption, and e— represents freed electrons.>”*® The CuQ/
SnCl, thin film provides a larger surface area to adsorb and
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Fig.5 Experimental setup of thin film gas sensor for measuring
response toward H,S gas.

diffuse the gas molecules. Figure 6a shows that the p-CuO/n-
SnO, interface will form a charge carrier depletion layer,
which causes high resistance of sensing materials in air.
When H,S gas is present, the p—n junction breaks down due
to the transformation of CuO to CuS. Due to this junction
breakdown, the depletion layer become thin and the sensing
materials exhibit lower resistance, as shown in Fig. 6b.

The response of a film toward hydrogen sulfide gas is
defined as follows:

Response = R,/R,, (6)

where R, is the air resistance and R, is the resistance of the
exposed gas.

It was found that the response increased as the con-
centration of the target gas increased. These outcomes
closely match those of Jundale et al.*® This occurs due to
decreased resistance on exposing H,S gas, allowing more
current to pass. The gas response is shown by Fig. 7a, b,
¢, and d. It can be seen that the highest gas response was
achieved for the prepared sample with thickness of 165 nm
and the lowest response for the sample with thickness of
570 nm. The value of the response decreases because of
the decreasing air resistance of the films. It was observed
that the response of the films also decreases as the operat-
ing temperature increases, which is explained by the oxy-
gen adsorption and desorption phenomenon. These results
are in close agreement with those of previous reports.*0?

CuO, in the pure form, is reported to show a revers-
ible response toward small concentrations of H,S, but
at low operating temperature (room temperature), CuO
is irreversibly converted to CuS, and the sensor loses its
response. ' >*** However, our thin film samples show bet-
ter performance characteristics than others at low tem-
perature (Table II).
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Fig.6 (a) and (b) The mecha-
nism of the gas sensor.
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Fig. 7 Gas response for samples (a) 0.75MD1, (b) 0.75MD2, (c) 0.75MD3, and (d) 0.75MD4 with varying gas concentration and operating tem-

perature.
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Table Il The sensing response of the CuO film for H,S gas in comparison with sensors reported in the literature

Sensing material Form Methodology Conc" (ppm) Operating Response R, (s) R, (s) Ref.
temperature
O

CuO-Sn0O, Thick films Precipitation and drop 50 150 6.7 30 2400 45
coating

CuO Nanobelts Wet chemical 10 135 4.7 28 80 46

Pure CuO Microsphere Facile two-step 10 80 4.4 - - 47
method

CuO/CuFe,0, 10 120 44.8 196  >3000 (20% recov-

ery)

ZnO/CuO Nanorods Spray pyrolysis and 20 50 21% 122 Could not recover 48
chemical bath
method

ZnO/CuO Nanorods Two-stage solution 100 100 42 120 120 (70% recovery) 49
process

Pristine CuO Nanoparticles Microwave-assisted 5 100 7 45 900 50
method

CuO/WO, Thin films Electron beam evapo- 150 300 30 10 750 51
ration

CNT/SnO,/CuO Composite films Sol-gel spin coating 40 RT 441 24 60 52

Sn-doped CuO  Thin films Sol—gel spin coating 40 RT 74.5 5 160 This work

The H,S sensing properties of the samples were measured repeatedly over a period of 1-3 years at different temperatures and gas concentrations

and found to be highly stable.

Conclusion

Tin-doped copper oxide (CuO) thin films were fabricated
using a sol-gel spin-coating technique, and served as a gas-
sensing material for hydrogen sulfide (H,S) detection. The
synthesized films were crystallized through annealing at
400°C for 2 h. The electrical conductivity observed spanned
from 0.08 Q7 '-m~! t0 0.165 Q~'-m~!. The incorporation of
Sn led to the creation of a p—n heterojunction, resulting in
reduced conductivity. Notably, the introduction of Sn into
the semiconducting CuO facilitated effective H,S response,
transforming the semiconducting CuO into conductive cop-
per sulfide (CuS). Sensor responses to different H,S con-
centrations were recorded at varying operating tempera-
tures. The best response occurred at 25°C. As the operating
temperatures increased, the response diminished due to the
adsorption and desorption of oxygen, influencing the film's
interaction with the gas.
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