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Abstract. In this study Cu-doped SnOg (SngggCug202) thin film was deposited on the glass
substrate by sol-gel dip-coating technique. The structural, morphological, and optical properties of
the prepared film were studied by X-ray diffraction (XRD), Optical Microscopy (OM), and Uv-visible
spectroscopy respectively. XRD analysis revealed that the structure of our deposited film is hexagonal
and the crystallite size is found to be 3.89 nm. The surface morphological studied by (OM) indicates
that the film is homogeneous. The result of optical properties shows high transmittance estimated at
73.98% and the optical band gap was found 3.961 eV. The gas sensing properties of the prepared film
were examined at different operating temperatures and different volume concentrations of liquefied
petroleum gas (LPG). It was found that Cu doped SnOg has an excellent response and recovery
time for 1.8 vol% LPG at 250 °C, their values are equal to 11s and 19s respectively, obtained sensors
presents high selectivity to LPG against HoS, NH3 and COs.
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1. Introduction

Metal oxide semiconductors (MOS) are promising for gas sensing applications because of
their high sensitivity, low fabrication cost [5], Among the (MOS), tin dioxide (SnO3) is one
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of the compound semiconductors of n-type, with a wide band gap of 3.6 eV, large excition binding
energy of 130 meV [7]], and excellent optical and electrical properties. Due to their low fabrication
cost, SnOy thin films have a large number of technological applications including a variety
of sensors for instance gas sensors [1,4,17], optical sensors [[6], and solar cells [24]]. SnO9
nanostructures had been discovered in various forms such as SnOs thin film [10], nanowires
(NWs) [12], nanorods [2], nanorings [13], and nanotubes [19]]. To develop efficient gas sensors,
SnQOs thin film has been modified by doping with metallic impurities which is a promising way
as it modifies the electronic properties of film and the gas molecule adsorption sites which in
turn affect the sensing properties [9,16,[21]]. Therefore, SnO9 thin film that was doped by Cu
has resulted in enhancing the LPG sensing performance [15,20]]. In the literature, many studies
about the response of SnO9 thin films used as a gas sensor towards various harmful gases such
as HsS, CO, CO9, and LPG [1,8,/20,23]. Among these gases, Liquid petroleum gas (LPG) is
widely used in industry and in domestic utilization as a source of energy. It is a combustible gas
composed mainly of butane and propane. It is very dangerous due to the explosion caused by a
leak [20]. Hence, it is crucial to detect it.

In the present work, we report the process for the preparation of Cu doped SnOg thin film,
from [SnCls-2H90O] and [CuCly-2H50] solution using the sol-gel dip-coating method. X-ray
diffraction (XRD), Optical Microscopy (OM), and Uv-visible spectroscopy are exploited to study
structural, morphological, and optical properties of Cu doped SnOy thin film and their LPG
sensing properties.

The rest of this paper is organized as follows. In Section [2| experimental materials and
methods are exposed. In Section [3| gas sensing results is discussed. The conclusion and future
works are given in Section

2. Experimental Materials and Methods

2.1 Materials

As a starting material, tin (IT) Chloride dihydrate [(SnCly-2H20), (Merck, = 98%)] was used.
Ethanol [(CoHgO), (purity = 99.8%, Sigma Aldrich)] and Triethanolamine [(TEA, C¢H15NOg3,
(purity = 98%, Sigma Aldrich)] were used as a solvent and stabilizer, respectively. The dopant
source of copper was Copper (II) chloride dihydrate [(CuCle-2H20), (Merck, = 98%)]. All reagents
were used without further purification.

2.2 Preparation of Cu-doped SnO, Solution

Tin (II) Chloride dihydrate (2.030g), and dopant Copper (II) chloride dihydrate (0.057g) at
concentration ratio 2% were dissolved into 30 ml of absolute ethanol at room temperature, which
corresponds to a molar concentration of 0.3 M with magnetic stirring at 70 °C. Then a volume
of 1.22ml of TEA is added with a pipette which corresponds to the molar ratio equal to 1. It is
noted directly after the addition of the TEA that the coloration of the solution becomes clear.
The solution was stirred at 70 °C for 1 h 30 min to yield a clear and homogeneous solution; which
served as a coating solution after cooling to room temperature as shown in Figure (1 The coating
was usually made 24 h after the solution was prepared, so it will become more stable.
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Figure 1. Image of prepared solution Cu doped SnO¢

2.3 Preparation of Cu-doped SnO; Film
In the formation of thin film from the prepared gel, a microscope slide was used as the substrate.
For this, the slides prepared in the dimensions of 5 cm x 2.5 cm were ultrasonically cleaned with
ethanol and acetone for 10 min, respectively, followed by rinsing with deionized water. After the
cleaning process was completed, the glass substrates were finally dried at 70 °C for 30 min.
The cleaned glass substrate was immersed in the prepared solution and withdrawn at the
rate of 60 mm/min. The deposited films were then dried at 200 °C for 10 min and finally annealed
at a temperature of 500 °C for 60 min. The procedures from coating to drying were repeated 15
times.

2.4 Characterization and Gas Sensing Measurements

The crystallinity of SnO9 film was measured using an X-ray diffractometer Equinox 100
with CuKa (A = 1.54059 A) radiation. The image was captured by optical microscope model
euromex (ME2660-2665) with camera euromex CMEX5000. The Optical properties of the film
were studied using Jasko V-750 visible spectrophotometer. The sensing performance of the
synthesized Cu doped SnOg film was investigated. For measurement of the electrical resistance
by two Ag electrodes printed on the surface.

The sensing element was kept directly on contact with a heater inside the gas chamber
in a temperature range which varies from 150 °C to 300 °C. The electrical resistance of the
sensing element was measured before (R,) and after exposure to LPG (R;) using a digital
multimeter linked to personal computer. LPG (reducing gas) response% presented in term
[(Rq —Rg)/R,1x 100.

3. Results and Discussion

3.1 X-ray Diffraction Analysis

Figure |2[shown XRD patterns of Sng 9gCug 9202 film after 1h of annealing at 500 °C. All peaks
at angles (260) of 26.681°; 33.856°; 37.976°; 51.885° and 65.913° correspond to (110), (101),
(200), (211), and (301) planes respectively, with preferential orientation in (110) direction. The
observed peaks are well indexed to the tetragonal phase of SnOg which are in good agreement
with JCPDS data card 41-1445.
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No extra peak corresponding to Cu or any other impurity such as metallic Sn or other oxide
phases of SnO and CuO were detected confirming a good dilution of the Cu atoms in the SnO»
structure.

(110)

Intensity (a.u)

2theta (degree)

Figure 2. X-ray diffraction spectra of Cu doped SnOg thin film

The size crystallite of ZnO in (110) orientation is calculated from the Scherrer equation (3.1J),

using XRD results [3]:
0.91
D=——, (3.1)
PcosO

where 0.9 is the shape factor, A is the x-ray wavelength, § is the full width at half maximum
of the peak in radian, and 6 is the Bragg angle. The value of size crystallite Cu doped SnO2
(Sno.98Cuo_0202) is 3.89 nm.

The lattice constants (a = b and c) were calculated by the relation between inter-planar
spacing (d) and Miller indices (k&) from eq. (3.2) [11]]:

1

- = [(R2 +E®)a®1+[12/c]. (3.2)
The dislocation density (0) defined as the length of dislocation lines per unit volume of the
crystal, and was calculated from D using eq. (3.3) [11]:

1
The Lattice strain (¢) is given by eq. (3.4) [11]:
cosf
¢ = Peost (3.4)
4
The crystallinity parameters are summarized in Table
Table 1. Crystallinity parameters of Sng ggCug g202 thin film
Cu doping Lattice constant Crystallite size | Dislocation density () | Lattice strain
(wt.%) | (a=0b)nm) | (c)(nm) (D)(nm) (x101* lines/m?) (e)
2 0.4789 0.3262 3.89 660.846 0.0089
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3.2 Optical Microscopy Analysis

Figure [3| shows the image captured by optical microscopy (X1000 magnification); this image
reveals that the structure depicts a profile of a homogeneous and dense surface.

Figure 3. Optical image of Cu doped SnOg thin film

3.3 Optical Analysis

The optical transmission spectrum of Cu doped SnOs (Sng 9gCug g202) thin film was shown in
Figure [4. The curve reveals that the film has an abrupt absorption edge near 380 nm and shows
a high optical transmission of about 73, 98%.

~ Sng43Cu, 0,0

2

T - v T v T v T v T v
300 400 500 600 700 800
Wavelength(nm)

Figure 4. Transmittance curve of Cu doped SnOg thin film

The optical band gap energy (E) of the film can be obtained by plotting (ahv)? verses hv
and extrapolating the straight-line portion of this plot to the energy axis as shown in Figure [5
The photon energy at the point where (ahv)? is zero is bandgap energy (E ¢ =3.961eV) .
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Figure 5. Variation of (ahv)? versus hv for Cu doped SnOg thin film

3.4 Gas Sensing Analysis

The LPG (reducing gas) sensing mechanism in the case of n-type SnOg semiconductor is depicted
in Figure [6| When the Cu doped SnOy, film is exposed to air, atmospheric oxygen molecules get
adsorbed on the surface of the film in the form of ionic species i.e. oxygen ions O, (ads) and O~

(ads) depending on operating temperatures by capturing electrons from the conduction band of
SnOs following the given equations:

Oz(ads) + e(_SNz surface) < i(ads) [T <100°C] > (3.5)
OZ(ads) + e(_SN2 surface) < 2O£(ads) [100°C < T < 300°C]. (3.6)
(a)In Air (h) In LPG

Figure 6. Schematic of sensing mechanism (a) In air; (b) In liquefied petroleum gas (LPG)

When the sample exposed to air, oxygen ions get adsorbed on the surface of Cu doped SnO,
by capturing electrons, there is a formation of a depletion region of large width, where the
electrical resistance of the sample increases as shown in Figure [6(a). But upon exposure to LPG
(reducing gas), these oxygen ionic species react with LPG forming CO9 and HoO as shown in
eqs. and [18], The electrons returned to the Cu doped SnOg9 surface resulting in a
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decrease in the width of the depletion region and hence a decrease in electrical resistance [14]
as shown in Figure [6(b).

_ 150°-300°C
CnHgpi2 + 20(ads)

C,Hsg,:0+HsO0+e™, 3.7)
150°-300°C

CnHzy : O +004, COz +Hz0+e, (3.8)

where C,Hg, .o represents different hydrocarbons (mixture of butane and propane).

3.5x10L
() s0]® .
3.0x10]] \
_ ; ——R, 704
£ 2.5x10] _ "
S — Rg(l 8 Vol% LPG) S u
~ ~ 60
3 2.0x1 0l g
=
< E‘ 50 4
= 1.5x107 &
$ 5
* Loxto] £ —s—Sn_, Cu,_0,(1.8 Vol % LPG)
v 0.98 0.02772
5.0x10% 309
| ]
0.0 . . . . 20 T T T T
150 200 250 300 150 200 250 300
Temperature (°C) Temperature (°C)
1.8x10
2] © . ; (G) Sn,,,Cu,,,0,(1.8V01%/250°C)
1.6x107 —_— e
86 —s—Sn,,Cu, ,,0,(250°C) Laa0]
854 £
3 = o
s S 1.2x10]
S 844 1
g H
5_83 ] g 1.0x107]
2] 17
% 52+ - & 8.0x10%]
=3
581 6.0x10°
804 4.0x10°
| ] o
7] 5 Refponse Tirhe Recovery Time
T T T T T T T T Z'OXIO T T T T T T T
1.5 2.0 2.5 3.0 35 4.0 4.5 5.0 5.5 0 10 20 30 40 50 60 70 80 90
Concentration (Vol.%) Time (Seconde)
100
1 (e
00 (e)
80 = LPG
2 704
N
<
@ 60 -
172]
£
2504
£l
% 30 -
\n st
20
] NH,
0 I
Test Gases

Figure 7. (a) Variation resistances R, and Rz with operating temperatures, (b) Sensor response vs
temperature (1.8 Vol%LPG), (c) Sensor response vs LPG Vol % (@250 °C), (d) Response and recovery
times (1.8 Vol%LPG@250°C), (e) Selectivity study of Cu doped SnOg thin film at 250°C

Figure[7(a) shows the variation of resistance in the air (R,) and resistance in the presence
of LPG (R;) and Figure b) shows the sensing response of Cu doped SnO; for 1.8 Vol % LPG at
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different operating temperatures in the range of 150-300 °C. As can be clearly seen the sensor
response increased with temperature up to 250 °C beyond which is decreased and hence the
operating temperature is fixed at 250 °C. Figure [7(c) shows the variation in the sensor response
with LPG concentration at the operating temperature of 250 °C, it can be seen that the sensor
response increases with the increase in the concentration of LPG. This is attributed to the dense
surface coverage of the sample with the LPG gas molecules. Figure [7(d) shows the response-
recovery plot of the 2% Cu doped SnO2 at an operating temperature of 250°C towards 1.8 Vol %
of LPG gas. Initially, the 2%Cu doped SnOs sensor shows a stable resistance of 16 MQ which
instantaneously drops to 3.3 MQ in about 11 sec (response time). When the LPG is vacuumed
from the chamber the resistance starts increasing again to the initial value in about 19 sec
(recovery time).

The selectivity of the sample was also investigated in this work. Figure[7(e) shows the sensor
responses of 2% Cu doped SnOy towards different gases such as HoS, NHg, and CO9 with 1.8 Vol
% concentrations at an operating temperature of 250 °C. As can be seen from Figure[7[e) sensor
prepared using 2% Cu doped SnOy exhibits a higher response for LPG among the test gases
which clearly demonstrates the selective nature of the sensor.

4. Conclusion

In this paper, we have synthesized Cu doped SnOgy (Snggg Cug9202) by sol-gel dip-coating
technique and investigated their structural, morphological, optical, and gas sensing properties.
The maximum sensitivity to LPG showed at 250 °C. The correspondent response time is about
11 seconds and recovery time is around a third of a minute. The high sensitivity to LPG may be
attributed to low thickness (approximately 0.54 um), low crystallite dimension (approximately
3.89 nm calculated using Scherrer equation), and porosity. The excellent selectivity for LPG with
negligible interference from CO2 making them very promising for LPG gas sensing applications.
Our future works will oriented towards reducing operating temperature, and improving sensors

selectivity.
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