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Abstract

Cadmium-tin oxide (CSO) thin films were fabricated by spray pyrolysis method
at different substrate temperatures (Ts). The results showed a significant effect of T;
on the surface morphology and the electrical properties, which in turn has a
significant effect on sensor gas sensitivity. The sample prepared at 400 °C appeared
in the form of a donut shape, which has the best ozone sensitivity. No ozone
sensitivity appeared in-dark, while showed good sensitivity when illuminated with
UV at room temperature (RT). The study showed that the photon exposure method
can substitute for the conventional method of sensors heating.

Keywords: Metal oxide, Cd-Sn oxide, gas sensor, UV-assisted sensor, Ozone
sensor.
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1. Introduction

Ozone is a strong oxidizing agent used in many aspects of a person's life for sanitization
and purification. Furthermore, it is a toxic gas that is very harmful to health. Ozone is
produced when NO; polluted air is exposed to sunlight. In the natural environment, the ozone
concentration is around 30 parts per billion. It is essential to monitor ozone concentrations to
maintain human health [1]. Metal oxides are good candidates for sensor applications. The
physical properties of metal oxides thin-film, such as electrical behaviour, depend highly on
oxygen vacancies [2] and point defects [3]. Usually, gas sensors do not work or are of low
sensitivity at room temperature(RT) but operate at higher temperatures. The sensors need a
heater to activate the reactions on the surface of the active substance [4], [5].

Many studies have been conducted to reduce the temperature at which the sensor operates
by using a large variety of nanostructures [6] in the form of nanoparticles [7], nanotubes [8],
nanobelts [9] etc., which are prepared by various techniques including hydrothermal [10],
electrospinning [11], sol-gel [12], thermal evaporation [4], etc. Also, RT gas sensor sensitivity
can be enhanced using ultraviolet radiation (UV) [1]. Many experimental studies have stated
the sensing mechanism of UV-assisted gas sensors [13]. The detection mechanism depends on
the fact that some metal oxides have good sensitivity to some types of gases, and also possess
photocatalytic properties. The electron-hole pairs created by light contribute to enhancing the
chemical reactions between the gas molecules and the anions adsorbed on the metal oxide
surface [14].

In this paper, the possibility of obtaining ternary phase CdSnOs using simple spray
pyrolysis method using the stoichiometric ionic ratio Cd/Sn was studied. The structural and
electrical behaviour of deposited samples at different substrate temperature (Ts) were
investigated. Finally, the effect of UV-radiation on ozone sensing at RT for the films
deposited at different Tswas investigated.

2. Experimental

Cadmium-tin oxide(CSO) films were deposited on glass slides by the spray pyrolysis
method. Tin(Il) chloride dihydrate (SnCl,:2H,0) of purity > 99 % (Sigma-Aldrich Co.)and
cadmium chloride (CdCl,) of purity >99 % (Sigma-Aldrich Co.) at Sn: Cd (1:1) ionic ratio
were dissolved in 1:1 alcohol to distilled water solution . The weights of powders were mixed
with the specific molar ratio and dissolved in liquid at 0.1 M by stirring at RT until all the
added powder was dissolved. In the spray pyrolysis system, the atomizer was positioned at 30
cm away from the glass substrates which were placed on a hot plate heater of controlled
temperature. 10 ml of the prepared solution was sprayed onto the glass substrates at a spray
rate of 2 ml/min. The spray was intermittent, open for 10 seconds and closed for 5 seconds,
using a controlled valve that closes the way of the compressed air at a pressure of five bar.
The thin films were deposited at different substrate temperature Ts of 300, 400, and 500 °C.

The prepared thin films were studied by X-ray diffraction, FE-SEM and Hall effect
measurements.

To fabricate the gas sensor, aluminium electrodes were deposited by thermal evaporation
as a comb-like pattern on the sample's surface of dimensions as shown in Figure 1.
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Figure 1: Electrodes dimensions for the gas sensor.

The fabricated ozone sensor was examined at RT in a homemade sealed cylindrical
chamber with a diameter of 5 cm and a height of 5 cm. The ozone sensitivity was examined
using the flow-through technique (at a constant flow of 0.5 ml/min) with the exposure of the
sensor to UV light of around 300 nm wavelength to create photo-generated electron-hole
pairs. The LED-sensor separation distance was fixed at 2 cm for all tests. Ozone was supplied
from an ozone generator and mixed with dry air using a flowmeter. The fabricated sensor was
exposed to the ozone-air mixture, and at the same time, detected by a handled ozone monitor.
The resistance variation of the sensor was measured when the sample was exposed to the
ozone-air mixture and turned off, using a multimeter connected with a computer as shown in
the schematic diagram of Figure 2.
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Figure 2: Schematic diagram of UV-assisted 0zone sensor examination.

3. Results and Discussions

Figure 3 shows the XRD patterns for the prepared CSO thin films on glass slides at
different temperatures(Ts)300, 400, and 500 °C. Polycrystalline structure of mixed phases
appeared in the three samples, matched with SnO, tetragonal crystal structure, CdO cubic
structure, and an additional minor phase of CdSnO3; appearing at the highest temperature,
corresponding to the JCPDS file numbers 41-1445, 75-0594, and 34-0758, respectively. The
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peaks width (FWHM) decreased with increasing the deposition temperature indicating an
increase of the crystalline size (C.S), as shown by Scherrer’s equation [15]:

C.§=—224 (1)

" FWHM .cos(6)
Where: 4, 6, and FWHM are the monochromatic X-ray wavelength (1 =1.5406 A),
diffraction angle and full width at half maximum of the diffraction lines. The FWHM for the
peaks was measured by Lorentzian fitting using XPowder software.
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Figui’e 3: XRD patterns for SnO,:CdO thin films deposited at different substrates
temperatures.

The inter-Planar spacing (dnk) was calculated by Bragg’s formula : [16]

nA=2dnsin@ . (2)

where n is the diffraction order.
Table 1 displays the diffraction peaks parameters including 20, FWHM, dn, crystallite size

(C.S.) and corresponding Miller indices for the thin films prepared at different Ts. It appears
that the calculated crystallite size decreased with increasing Ts.
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Table 1: XRD peaks parameters for CSO thin films prepared at different substrate

femperatures

26 (Deg.) FWHM (Deg.) Phase

26.6809 TetragonalSnO,
32.9122 0.4994 2.7192 16.6 Cubic CdO (111)
33.8758 0.4424 2.6440 18.8 TetragonalSnO, (101)
37.9872 0.4800 2.3668 175 TetragonalSnO, (200)
51.7345 0.6351 1.7656 13.9 TetragonalSnO, (211)
54.8822 0.6700 1.6715 134 TetragonalSnO, (220)
61.9486 0.6540 1.4967 14.2 TetragonalSnO, (310)
64.8394 0.5700 1.4368 16.5 TetragonalSnO, (112)
65.9957 0.6500 1.4144 14.6 Cubic CdO (311)
26.5468 0.3597 3.3550 22.7 TetragonalSnO, (110)
30.2158 0.4316 2.9554 19.1 CdSnO; (104)
32.4460 0.3597 2.7572 23.0 CdSnO; (110)
32.9496 0.2518 2.7162 32.9 Cubic CdO (1112)
33.8489 0.3597 2.6461 23.1 TetragonalSnO, (101)
37.9137 0.2877 2.3712 29.2 TetragonalSnO,  (200)
39.1367 0.5396 2.2999 15.6 TetragonalSnO, (111)
51.7266 0.3957 1.7658 22.3 TetragonalSnO, (211)
54,7122 0.3597 1.6763 24.9 TetragonalSnO, (220)
55.2518 0.2878 1.6612 31.2 Cubic CdO (202)
57.8417 0.5036 1.5928 18.0 TetragonalSnO, (002)
61.8345 0.3597 1.4992 25.7 TetragonalSnO, (310)
64.7482 0.3598 1.4386 26.1 TetragonalSnO, (112)
65.9712 0.4676 1.4149 20.3 Cubic CdO (311)
71.2590 0.3957 1.3223 24.7 TetragonalSnO, (202)
78.7050 0.5396 1.2148 19.0 TetragonalSnO, (321)
26.5468 0.2877 3.3550 28.4 TetragonalSnO, (110)
30.1799 0.4677 2.9589 17.6 CdSnO; (104)
32.4460 0.3597 2.7572 23.0 CdSnO; (110)
32.9856 0.2518 2.7133 32.9 Cubic CdO (1112)
33.8489 0.2878 2.6461 28.9 TetragonalSnO, (101)
37.9137 0.2518 2.3712 33.4 TetragonalSnO,  (200)
38.3094 0.2158 2.3476 39.0 Cubic CdO (200)
39.0288 0.5396 2.3060 15.6 TetragonalSnO, (111)
51.7626 0.3237 1.7647 27.3 TetragonalSnO, (211)
54.7122 0.2878 1.6763 31.1 TetragonalSnO, (220)
57.8058 0.3237 1.5937 28.0 TetragonalSnO, (002)
61.8345 0.3597 1.4992 25.7 TetragonalSnO, (310)
64.7482 0.3598 1.4386 26.1 TetragonalSnO, (112)
65.9712 0.4317 1.4149 21.9 Cubic CdO (3112)
71.3309 0.3957 1.3212 24.7 TetragonalSnO, (202)
78.7050 0.4676 1.2148 22.0 TetragonalSnO, (321)
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The surface morphology of the CSO thin films deposited at different Ts was examined
using FE-SEM. Figure 4 shows the FE-SEM images, at two magnification powers, for the
CSO sample prepared at a Ts of 300 °C. The images show clusters, of diameters around 300
nm, composed of small spherical particles of diameter between (63 — 85) nm, highly
connected to each other.

WO 4808 sun 3 I MRICAD TESCAN SRS MUAGE 155 s W 488 mm I ] ) MAGAD TR SCAN

SEM WV 150 WY 2 Det: SE SEM WV 150 WV M nm

Figure 4: FE SEM |mages at two magnlflcatlons for CdO SnOz thln fllms prepared at 300 °C
Ts

The sample prepared at 400 °C appeared in the form of a donut shape with a diameter of
approximately 500 nm, consisting of small particles with a diameter of (47 to 81) nm
compacted together. These nanoscale shapes were randomly distributed on the surface
separated by spaces. Such an arrangement possesses large effective surface area that can
interact with the surrounding gas molecules, which enhances the gas sensitivity properties, as
great surface area to bulk ratio. The charge carrier depletion layer, that usually forms near the
surfaces [17], decreases the concentration of charge carriers, causing a significant change in
the sample conductance when interacting with the target gas. There are many studies that have
shown the possibility of preparing pure and doped tin oxide with different nanostructures.
Umar reported, for the first time, the formation of donut-shaped crystalline SnO,
structures[18].

Flgure ' FESEM |mages at t mglcatlonsfoerO SnOz deposned at400 TS
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The sample prepared at 500 °C appeared as adherent flakes, with a diameter of up to 300 nm,
randomly distributed on sample surface. This sample has less surface area than the previous
sample. The FE-SEM examinations showed a significant variation in the topography of the
prepared samples, which affected the gas sensing [19]. The deposition temperature has a high
effect on the final nanostructure shapes due to variation of growth mechanism with
temperature [20].

SEM MAG 20.0 kx WD 5.04 mm 1 Ly MRAI TESCAN]  sin wascs: 700 kx WU .04 mam (10 MRAD TESCAN
Dot SE SEM WV 150 kY mn Det SE SEMHZ L0 Y
Date{mid iy} 027321 Br 15.20 Perfonmance m nanosgace Dateimedyy 022321 Bt 1500 PrtforIiancs 15 AABOAPNCe

Figure 6: FESEM images at two magnifications for CdO:SnO; thin films deposited at 500 °C
After deposition, appropriate aluminium electrodes were deposited on the sample by thermal
evaporation. Hall Effect measurements, including Hall coefficient (Ry), carrier concentration
(Np), Hall mobility (pn), and conductivity (o), were done to determine the electrical
properties for the CSO thin films at different T, as shown in Table 2. All films were proved to
be n-type semiconductor due to oxygen vacancies. Usually, the presence of oxygen vacancies
in some wide bandgap metal oxides, such as SnO,, cause it to behave as n-type semiconductor
[21].

Table 2: Hall parameters for the CdO:SnO, thin films prepared at different T,

T, (°C) o( Q cm)™* x10™* Ry (cm®/C) x10° Ny cm®x10" Hy cm?/V.s Type
300 4.2 -3.20 1.953 134 n
400 6.3 -2.54 2.461 160 n
500 10 -2.71 2.306 271 n

The variation of 6, Ny and uy with Ts are shown in Figure 7. It appears that T highly
affects the electrical behaviour of the CdO:SnO, composite film. The conductivity increased
from 4.2x10™ to 1x10° Q™ .cm™ with increasing the temperature from 300 to 500 °C. The
increment in conductivity can be explained by the increase of crystallite size with increasing
Ts, thus reducing the grain boundary scattering and increasing conductivity due to increased
carrier mobility. The carrier concentration increased as Ts increased from 300 to 400 °C. This
increase in carrier concentration may be due to an increase in the diffusion of Sn atoms into
CdO lattice, which acts as donors due to the Sn atom valence of 4, and 2 for the Cd atom.
Hence, the increase of electron concentration with increasing Ts. At high Ts, the carrier
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concentration was found to decrease, may be due to a decrease in oxygen vacancies with
improving crystallinity [22].
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Figure 7: Changes of Ny, py and ¢ with Ts

The sensitivity of the sensor samples, deposited at different temperatures, to ozone gas as
well as to other gases (NO, and NH3) was tested at RT without exposure to the UV, the sensor
showed no sensitivity to the gasses. The sensor samples showed good sensitivity to ozone
with the presence of an ultraviolet source at RT. Figure 8 illustrates the resistance fluctuation
of CdO:SnO, composite thin films sensor, prepared at 400 °C when the samples were cyclic
exposed to ozone gas and clean air successively. The figure shows a good stability of the
sensor at multiple cycles, with close values of resistance change for the same concentration (5
ppm).
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Figure 8: Resistance variation with time for the CdO:SnO, thin film sensor sample prepared

at 400 °C when exposed to 5 ppm o0zone concentrations with UV exposure.
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Figure 9 shows the resistance variation with time for SnO,:CdO sensor samples prepared at
different temperatures, at different ozone concentrations, at room temperature with UV
exposure. The resistance was found to increase with different values of gas exposure which is
proportional to the ozone concentration. The sensor sample prepared at 400 °C appeared to
have better sensitivity than the other two samples because of its large surface area.
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Figure 9: Resistance variation with time for SnO,:CdO thin film sensor samples prepared at
(@) 300 °C, (a) 400 °C, and (a) 500 °C when exposed to different ozone concentrations with
UV-exposure.
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Figure 10 illustrates the sensitivity of the SnO,:CdO sensor, based on CSO films
deposited at different Ts, as a function of ozon concentration assisted by UV light exposure at

in an exponential manner as
the equations of y = 10.684x%3% 'y = 16.834x%*" and y = 26.542x%% for the samples

prepared at 300, 400, and 500 °C Ts, respectively. The fitting lines have an acceptable value

RT. The sensitivity was found to increase with gas concentration

of R? (greater than 0.9).

100 ] <500 °C y = 16.834x04419
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R2 = 0.9727
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Figure 10: Variation of sensitivity with gas concentration for samples prepared at different T,

The response and recovery times are distinct as the required period for the sensor to reach
90% of the total signal change when exposed to ozone with UV exposure, and when return to
10% of the original baseline after ozone flow closed, respectively, as shown in Figure 11.
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Figurell: The response time (5 s) and recovery time (30 s) for
sensor prepared at 300°C when exposed to 2 ppm ozone at RT.
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Figure 12 shows the variation of response and recovery times for the sensor prepared at 300
°C Ts with UV assistance at RT, with the change of the gas concentration. The period of
response was shorter than the recovery at all concentrations, which means that traps and other
defects are involved in the process.
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Figure 12: Variation of response time and recovery time for the UV assisted-SnO,:CdO
sensor prepared at 300°C with ozone concentration at RT.

The mechanism of ozone sensing with the UV-assistance can be clarified as: First, the
surface of the active layer exposed to air adsorbed oxygen molecules, which will capture the
electrons from the conduction band, causing the formation of depletion layer at the sample
surface and oxygen anions on the surface. The dominant species at RT is O, which is
adsorbed from ambient oxygen [17]. The O, anion on the sensor surface can be considered
thermally stable at RT, so it is non-reactive in dark conditions owing to its high absorption
energy. The sensitivity is improved by UV illumination as the exposed samples to ultraviolet
radiation generates hole-electron pairs, followed by migration of the holes to the sample
surface that interacts with the O and desorbs these from the sample surface as the reaction
(h* + O, ads — O,) [23] forming an active surface. The adsorbed O3 on the surface and grain
boundaries act as traps for photo-excited electrons, causing the increase in the potential
barrier height at grain boundaries; therefore, the resistivity increases [24]. The mechanism of
photo-assisted sensitivity for metal oxides to ozone gas has been explained in many studies
[25, 26].

4. Conclusions

A room temperature UV-assisted ozone sensor was fabricated from cadmium-tin oxide
(CSO) thin films by a low-cost spray pyrolysis technique. The structural measurements,
surface topography and electrical properties were significantly affected by the deposition
temperature. The deposition temperature changed the nanostructure shapes, their crystallinity
and the charge carrier density, which affected their gas sensitivity.

The prepared samples show no response to ozone under dark condition, while showing
good sensitivity to ozone when exposed to ultraviolet light at RT. The resistance fluctuation
for the CSO thin films showed good stability of the sensor, and the best sensitivity appeared
for the sample prepared at 400 °C Ts. The sensitivity varied according to surface morphology,
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where the best samples appeared at 400°C T due to the novel shape of donut nanoparticles.
The UV source generated free charge carriers, which made the samples sensitive to ozone gas.
This means that the photon exposure method can substitute the conventional method of
heating the sensors. The results were promising to realize a good specification ozone sensor
operating at RT.
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