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ABSTRACT
In this work, thermal evaporation in vacuum technique was used

to prepare the ZnO thin films as pure and doped with SnO, NPs
on glass substrates. The XRD pattern showed the hexagonal
structure of ZnO with (002) preferred orientation. The EDX
technique was used to investigate the contents of the film
elements prepared which consisted of Zn, Sn and O. The
concentration of Zn, O and Sn in the nanostructure films was
different for all doping ratios. Thickness and morphology
surface of the films were calculated from cross section of the
surface films (~144 nm) using scanning electron microscopy
images. The FE-SEM images confirmed the ZnO nanaostructures
and modifications of the morphology when adding SnO,. The
pure film deposited was dense and structured; while ZnO: SnO,
(1,5 % wt) was a nanostructure. The optical band gap and
Transmittance increased with the increase in the doping ratio of
SnO;, while the absorption spectrum decreased for the prepared
thin films. The prepared films showed different responses to the
gas sensing at two different operating temperatures (100, 200
°C) and the doping ratio increased the sensor value of the gas at
an optimum temperature of (200 °C).
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1. Introduction

Due to their critical role in solving several fundamental physics issues and their prospective use as innovative
materials, nanostructured semiconductors have attracted a lot of attention in recent years [1,2,3], particularly the
wide-gap semiconductors with Eg values of (3.37 and 3.6 eV) at (300 K) for zinc oxide (ZnO) and tin oxide (SnO,)
[4,5]. Due to their wide range of uses, particularly as gas detectors or general reagents, several researchers have
expressed interest in these molecules [6,7,8]. Since it is now a significant and independent branch of solid-state
physics and deals with a thin layer of very small thickness, thin film technology is one of the most significant
methods that contributed to the development and study of semiconductors. Using a variety of methods, including
thermal vaporisation in vacuum, the solid is created in the form of thin layers that are placed on a solid foundation
known as the substrate [9]. ZnO is a transparent conduction oxide with high infrared reflectance and high
transmittance in the visible part of the spectrum [10]. Today, solid-state gas sensors are mostly utilised as
operational tools to gauge the amount of toxic, dangerous, polluting, and combustible gases present in
atmospheres. These metal oxide-based solid-state semiconductor gas sensors are widely employed. Due to the
spectrum of conduction barriers provided by materials like zinc oxide (ZnO) and tin oxide (SnOy), an n-type
material with relatively few oxygen adsorption sites accessible is useful for sensing applications [11,12]. To
improve the sensitivity, gas response, and selectivity, several additional oxides, including CdO, WO3, ZnO, SnO»,
and CeOg, have been investigated [13,14]. In this study, the thermal evaporation in vacuum (PVD) technique is
used to create the ZnO thin films as pure and doped with SnO- (0, 1, and 5 % wt). The use of XRD, SEM, EDS,
and the electrical characteristics I-V of the produced thin films analysis determines how composition changes of
ZnO and SnO affect the structural, morphological, compositional, and optical properties of films. After that, the
NO, test gas is used to gauge how the thin film samples responded to gas sensor. The study also investigates the
sample's operating temperature sensitivity, selectivity, response speed, and recovery speed.

2. Experiment

In this paper, thin films were obtained by using the vacuum thermal evaporation technique. The Edward 306
thermal evaporation system was used to prepare the ZnO thin films as pure and doped with SnO,. They were heat-
resistant in a molybdenum boat under a pressure of about (2.1 x 10~ Tor). The substrate for the boat distance was
kept at (12 cm). The thin films in this study were deposited on glass substrate made of glass strips with a thickness
of (1 mm) and dimensions (26 x 76 mm?). After the process of cleaning the glass substrates, the Zinc powder (Zn)
with a purity of (99.92) was used, mixed and milled by an agate mill with the weight ratios of tin (Sn) with a purity
of (99.99) in weight ratios (1 and 5 % wt) of Sn. Finally, the films were extracted from the vacuum thermal
evaporation after deposition and then placed in the furnace for thermal oxidation at a temperature of (450 °C) for
two hours to obtain the zinc oxide films as pure and doped with SnOx.
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Fig. 1. the interior of the thermal vaporization chamber

3. Results and Discussion

3.1 The XRD Results

The results of the XRD scan of ZnO: SnO; (0, 1, and 5 % wt) thin films on the glass substrate at room temperature
are shown in Fig. 2. The XRD pattern showed that the pure ZnO film and all doped films had a polycrystalline
structure. The XRD ZnO pattern showed several peaks (002), (110) and (201) and the preferred orientation was
(002) at 20 (34.85%). The thin film of the ZnO was of a hexagonal structure. This is consistent with the results of
[15,16]. When adding SnO,, one peak referring to SnO; at 20 of (78.15926°) at (400), the structure of SnO, was
cubic. These results were matched with the ASTM International Material Inspection Label numbered (01-075-
1526), (00-050-1429), and (00-006-0395). Peak intensity and crystal structure regularity were both improved when
the doping ratio increased by (5 %). Scherer’s formula was used to obtain the average crystallite size (D) [17]:

_ KA
D= i (1)

Where the wavelength XRD is (A = 1.5406 &), K is a constant,  is the Full Width at Half Maximum (FWHM)
which equals (0.94). The size of pure ZnO crystals (15.784 nm) decreased when the doping ratio increased as (1

and 5 % wt).
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Fig. 2. the X-ray diffraction patterns of ZnO films doped with SnO, (0,1,5) % wt prepared by using the thermal
evaporation in vacuum technique

3.2 The AFM results
The AFM images of the ZnO: SnO; (0, 1, and 5 % wt) films prepared by using the thermal evaporation in
vacuum technique at different doping ratios on glass substrate are shown in Fig. 3 (a,b,c), were measured
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throughout a (5 um x 5 um) region of the film surface. The 3D images of ZnO: SnO; thin films clearly showed
that the grain size of the as-prepared thin films reduces with increasing the doping ratio. This result further validates
the SEM findings. In comparison to the other films, ZnO: SnO, (1 % wt) from SnO; contained particles with a big
size. As for the results of root mean square (RMS), the surface roughness of the ZnO: SnO; films was sensitive to
the doping ratio. The films roughness increased with the increase in their doping ratio. In fact, the doping ratio has
a clear effect on the surface topography of the prepared films [18].

Table 1. the value of the root mean square (RMS) values of surface roughness and grain size for the ZnO films
pure and doped with SnO2 (0,1,5) %wt

Sample Roughness Average (nm) Root Mean Square (hm) Diameter size (nm)
Pure ZnO 701.9 128.8 112.7
1% SnO; 366.6 10.90 8.597
5% SnO; 233.6 8.440 6.351

(©)
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Fig. 3 (a, b, c). the three-dimensional AFM images for the ZnO films pure and doped with SnO; (0, 1, & 5 % wt)
prepared by using the thermal evaporation in vacuum technique

3.3. The FE-SEM results

Figure (4-a) shows the SEM cross sectional views of pure ZnO film on glass substrate with a thickness of
about (144 nm). Figure (4-b) shows the statistical distribution of film thickness by the cross section. Figure (4-c)
shows the SEM images of ZnO thin films doped with (0, 1, & 5 % wt) of SnO, nanocomposite films. The SEM
images of pure ZnO show dispersed agglomerated nanoparticles with stone-like shapes. However, the SEM images
of ZnO: SnO; (1 and 5 % wt) show a porous agglomerated nanoparticle shows pure ZnO. Such morphologies are
beneficial because they produce an electron-conducting channel through interconnected nanoparticles [19,20,21].
Figures 4(e, f, and g) show the ZnO thin films as pure and doped with SnO; (0, 1, & 5 % wt) analysed by using
EDX. The EDX analysis confirmed that the thin films consisted of zinc (Zn), (Sn) and oxygen (O) only.
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Fig. 4. (a) a cross sectional image of pure ZnO film; (b, ¢, and d) the FE-SEM image and statistical distribution
of nanoparticles; (e, f, and g) the EDX result for the ZnO films as pure and doped with SnO> (0, 1, & 5 % wt)
prepared by using the thermal evaporation in vacuum technique

4.3. The Optical properties results

Fig. 5(a) shows the absorbance spectrum of ZnO film as pure and doped with (1 & 5 % wt) of SnO,. The UV-Vis
spectra of ZnO thin films are shown in Fig. 5(a). It can be seen that the maximum absorbance of (494 nm) for (5
%) disappeared completely. The absorption spectrum showed an opposite behaviour to permeability due to the
logarithmic relationship, as the absorbance of the films decreased by increasing the distortion with tin oxide at the
two distortion ratios (1 & 5 % wt). In addition, the absorbency of all films decreased with increasing the wavelength
due to the low energies of the incident photons and their inability to raise electrons from the valence band to the
conduction beam because of the inverse relationship between the wavelength and the photon energy [22,23]. Fig.
5(b) depicts the optical transmittance properties of the films measured using an UV-Vis spectrophotometer in the
range of (300-1100 nm). All films exhibited good transmittance properties at the visible region, showing a sharp
band edge at approximately (400 nm) for pure ZnO, at (392 nm) for ZnO: SnO- (1 % wt) and at (443 nm) for ZnO:
SnO2 (5 % wt). The transmittance increased with increasing the doping ratios. The values of optical energy gap
(Egopt) for the ZnO films as pure and doped with SnO- deposited on glass substrate were used to find the type of
optical transition by plotting the relations (chv)? versus photon energy (hv) (where (o) represents the absorption
coefficient, (h) is the Planck constant, and (v) is the frequency of photon), and selecting the optimum linear part.
Eg was found for all thin films. From fig. 5(c), it can be observed that increasing the SnO; content from (1%) to
(5 % wt) led to increasing the optical band gap from (3.261 eV) to (3.801 eV). This result is consistent with the
results of previous studies [24]. Doping led to the decreased levels of localized near valence band (decreasing tails
in the optical energy gap as a result of crystallinity enhancement increases the optical band gap [25].
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Fig. 5 (a, b, and c). the optical properties complying with the spectrum of absorption, transmittance and optical

energy gap, respectively, of the ZnO films as pure and doped with SnO; (0, 1, & 5 % wt) prepared by using the
thermal evaporation in vacuum technique

5.3. Results of electrical characteristics

The electrical properties for the ZnO films as pure and doped with SnO, at different ratio deposited on glass
substrate include the 1-V obtained from the examination of the thin films of ZnO as pure and doped with SnO..
Figures 6(a, b, and c) show the properties of the current voltage of the ZnO films, pure and doped with SnO- (0,
1, & 5 % wt) deposited on the pure glass at room temperature with front and reverse bias. In this regard, the current
increased with the voltages applied and the current was almost the same in biases, but the intensity of lighting (0.3
watt) on the thin film had a small effect. However, as it is clear from the figures of the sample doped with (1 %)
of tin oxide that in the dark state, the current was stable and constant with increasing voltages. While the
appropriate light intensity with the temperature falling with the light worked to change the current behaviour
observed in the dark. This indicates that the distortion ratio improved the results of the electrical properties of the
prepared material. Figures 6(a,b, and c) clarify the relationship of current with voltages that revealed the connection
Ohmc between the film and the electrodes [26,27].
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Fig. 6 (a, b, and c). the electrical properties (I-V) of the ZnO films as pure and doped with SnO2 (0, 1, & 5 % wt)
prepared by using the thermal evaporation in vacuum technique

6.3. The Gas sensing results

The majority of simple metal oxide sensors struggle with a long-range instability and sensitivity-cross junction. In
order to overcome these subjective or innate challenges, the chemical composition of the sensitized layer is
adjusted by doping. Moreover, the effective surface dopants enhance the sensor performance.

To investigate and compare the gas sensing properties of ZnO: SnO; thin films (0, 1, & 5 wt %), the sensors were
tested at different temperatures of (100 and 200 °C). Responses were measured with NO». As shown in Fig.7(a, b,
¢, d, e, and f), temperature had a clear effect on the response of the NO, gas sensor. Through the passage of time,
the resistance to the membrane-based sensor structure of pure ZnO films was varied at an operating temperature
of (100 °C) with about (86 %) sensing for NO2 gas. When introducing the target gas (NO2) into the chamber, the
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film resistance increased due to the oxidizing behaviour of the NO; gas. The sensing value of the gas decreased to
(55 %) when the operating temperature increased to (200 °C). When adding (5 %) of SnO;, the thin film showed
a good response at a temperature of (100 °C), and the gas sensing response was (64.7 %) compared to the rest of
the previous films. But with high temperatures, this percentage of the films showed an increase in the response
rate until it reached (88.6 %) at a temperature of (200 °C). The reason is mostly because the crystal structure in
these films was regular and intertwined, as explained by the results of XRD as being the most regular than other

films [28,29].
N s ) Ny —erreeey | )]
& Raeponss TIMe=1 & 32778 & rsa _Ruponu Time=851538
[
B sl Recovary Time=1274821 3
- = -1
& \ g € .l Recovery TIme=150458
A Pt
3 - o) L B T
Tomea |
—..:lll\.:f'.in.:g-"‘\'--"\.'l.'l\.:ll |I3|
-
[ I
g P 5pones TIme=22 52 807 g
E g
.. =
& Recovery TIMe=i228476 | 2 =
- - =5 = -4 - - =
Tema|sac)
recadh recirton, 1 o ()
i
“Fise pones TIme=27.01333
e Rt npon b2 Thmpe="1 L 4504a
5. 5
& = Recovery TIma=20. 15223
-
-
— —_
) P 3 B 4 k- s .- - r B - by L]
Time| e Timseac

Fig. 7 (a, b, ¢, d, e, and f). the response and recovery time at two operating temperatures of (100 and 200 °C) for
the ZnO thin films as pure and doped with SnO; (0, 1, & 5 % wt) deposited by using the thermal evaporation in
vacuum technique

7. Conclusions

This work demonstrated the use of thermal evaporation method in synthesizing the ZnO: SnO; (0, 1, & 5 % wt)
films nanostructures for gas sensing applications. The performance of the various nanostructures for gas sensing
was examined and compared using the ZnO: SnO; films. Comparative gas sensing experiments revealed that the
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ZnO: SnO; films performed better than other materials, which might be ascribed to the materials' high porosity,
increased number of active sites, and incorporation of core-outer junctions. The ZnO: SnO; nanostructures created
thus far have a lot of potential for use in gas sensor applications. Additionally, the synthesis of additional
nanostructures based on metal oxide materials, such as: ZnO: CdO, ZnQ: In,03, ZnO: WO3, and ZnO: TiO,, may
be accomplished using the method provided by this study.
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