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Abstract: ZnO–SnO2 films with a thickness of up to 120 nm have been prepared on glass substrates
by pyrolysis at 550 ◦C of three spin-coated organic precursors films. Films of four compositions were
obtained on glass substrates. The prepared films were characterized by SEM, XRD, and XPS analysis.
Electrophysical studies have shown that the activation energy of the temperature conductivity for all
films is equal to 0.75 eV. While the gas-sensitive characteristics by CO treatment in low concentrations
at a temperature of 200–300 ◦C was studied, their rapid degradation was found. Studies using the XPS
method have shown that ZnO–SnO2 films contain sodium, which is diffused from the soda-lime glass
substrate during the film formation. Studies of XPS spectra after CO treatment have shown that the
film surface is almost 50% composed of adsorbed water molecules and OH groups. OH groups are
part of the sodium, tin, and zinc hydroxides formed on the surface. In addition, zinc hydrocarbonates
are formed on the surface of the films. The detected insoluble compounds lead to the degradation of
gas-sensitive properties of ZnO–SnO2 films.

Keywords: ZnO; SnO2; thin film; CO sensor; gas-sensitive properties

1. Introduction

Creating of gas-sensitive sensors for detecting environmentally hazardous gases based on
nanoscale film materials is an important task for most researchers due to increased atmospheric
pollution. Research work in this direction has been actively carried out over the past 20 years [1,2],
and it has been established that the sensitivity of gas-sensitive sensors is affected by both the nature of
the nanomaterial and its structure [3,4].

The most widespread materials for gas-sensitive-resistive sensors are semiconductor metal oxides
obtained in the film form, such as SnO2 [5], ZnO [6], In2O3 [7], WO3 [8], and others [9,10] due to their
special properties, such as stability to the environment, high sensitivity, etc. There are also frequent
cases of using nanocomposite materials based on the abovementioned oxides, among which tin dioxide
plays important role due to its high sensitivity to different hazardous gases [11]. For example, films
of the composition 40SnO2:60WO3 demonstrate the greatest sensitivity to carbon dioxide at room
temperature [12]. In [13], a one-step hydrothermal method was used to synthesize films based on
tin dioxide, in which bismuth ions were used as doping agents. It was shown that sensors based on
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films of these gas-sensitive materials demonstrate high sensitivity to benzene, and the introduction of
bismuth ions into the SnO2 structure leads to a narrowing of the effective band gap. Similar results were
obtained in [14] where gas-sensitive film material based on a mixture of three oxides (SiO2-SnOx-CuOy)
was obtained via sol–gel method.

Along with materials based on tin dioxide, materials based on zinc oxide are also of interest,
both in pure form and when doped with different modifying additives. The authors [15] studied
the gas-sensitive properties of pure zinc oxide films doped with aluminum ions, platinum ions,
and together with aluminum and platinum ions. It was shown that the best results are achieved when
doping agents are used simultaneously. The introduction of copper ions into the structure of zinc
oxide made it possible to obtain structured nanomaterials in the form of columnar structures, and the
resulting materials showed high sensitivity to carbon monoxide under different conditions [16].

Promising results obtained for materials based on zinc and tin oxides could propose the
collaborative possibility for using these oxides in the gas-sensitive sensors creation. The ZnO–SnO2

system may be of particular interest for research, since these metals have symmetrical s-orbitals, which
may explain the unique properties of composite materials based on them, such as high resistance,
gas sensitivity, unique optical properties, etc. [17,18]. In addition, a number of studies indicate the
simultaneous existence of composites and doped phases with high gas-sensitive properties [19,20].
Based on these data, we selected SnO2 and ZnO as the most promising materials in practical application.

When a branched system of nanorods using a one-step hydrothermal method was created,
where the backbone is ZnO films and the “branches” are SnO2, a higher sensitivity to ethanol vapor
was shown compared to pure zinc oxide nanofilms [21]. When hydrothermally synthesized materials
based on composite material ZnO–SnO2 were compared with pure tin oxide, it was shown that ZnO
nanoparticles were clearly observed on the surface of SnO2 hollow spheres; the chemisorption capacity
of ZnO/SnO2 composites surface was significantly higher, which allows the authors [22] to recommend
the obtained film materials as highly sensitive sensors for detecting ethanol. In addition, the authors
demonstrated the stability of synthesized materials for 200 cycles.

The synthesis of ultrathin mesoporous ZnO–SnO2 nanosheets was described in detail [23]. It was
shown that the materials form nanosheets and were highly sensitive to ethanol. Compared to pure
ZnO and SnO2, the synthesized films are more stable, sensitive, and selective and have a faster
recovery/response time. The synthesis of materials using the core–shell technology also shows
promising results, e.g., materials with high sensitivity to ethanol were obtained in [24]. The hollow
nanorods were synthesized in two steps—ZnO was applied to the electrochemically obtained SnO2

rods by hydrothermal method.
One of the most serious problems when using gas sensors is the deterioration of their parameters.

Only a few scientific groups have studied the degradation of gas sensors based on metal oxides.
These issues are studied in more detail in the works of Korotkenkov and Cho [19,25]. The authors
showed that the degradation of gas sensor parameters is influenced by use of incorrectly selected
surface-modified agents of oxide semiconductors or mixed oxides (contain two or more components).
It was shown that the degradation is also affected by the characteristics of gas sensors metal contacts [26].
However, these studies have investigated the reasons of degradation of gas-sensitive characteristics for
a sufficiently long time.

On the one hand, there are well-known processes that can be called “poisoning” (or deactivation) of
gas-sensitive material. These are usually the processes that lead to a rapid deterioration of gas-sensitive
properties. On the other hand, no relevant articles were found except [27–30] on the deactivation
of gas-sensitive properties of zinc/tin films. In this regard, we consider it necessary to publish this
material as original and relevant, which may be useful for other researchers working in this field.

The reasons for the deactivation of gas-sensitive sensors can be different, but in general, they can
be bundled into three large groups—mechanical, chemical, and thermal reasons [27]. The most
problematic group is chemical processes of deactivation, i.e., poisoning of sensors as an active sorption
result or interaction with volatile substances. As a rule, during this type of deactivation, chemosorption
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occurs on the active center of the catalyst surface, which leads to sensor poisoning; when the catalyst
surface is treated by any gas or volatile substances, compounds are formed that block the active surface.
In the case of CO sensor treatment, blocking of the active catalyst centers may occur, but more often,
it is possible that oxygen is oxidized to carbon dioxide and carbonates or hydrocarbonates are formed
on the sensor surface.

There are several possible mechanisms for this process [27–29]. Whatever the reason for the
degradation of gas sensor parameters, it is based on the processes occurring on the gas-sensitive
materials surface [30].

The purpose of this work is to study the surface processes that lead to degradation of gas-sensitive
properties of thin (up to 130 nm) ZnO–SnO2 films deposited on glass (soda-lime) substrates when they
are treated to a controlled concentration of carbon monoxide in a mixture with moist air.

2. Materials and Methods

2.1. Deposition of ZnO–SnO2 Film on Substrates

All chemicals used were of analytical grade or of the highest purity available and were purchased
from “ECROS,” Russia. Binary ZnO–SnO2 (ZTO) thin films with varying SnO2 concentrations were
grown on soda-lime glass substrate. ZTO transparent films were obtained from organic compounds of
zinc (II) and tin (IV) by pyrolysis.

The organic intermediates of zinc and tin (IV) were obtained through the reaction between abietic
acid and acetate crystallohydrates of zinc and chloride crystallohydrates of tin (IV). Then, the solutions
of organic compounds of zinc and tin (IV) were prepared with the molar ratio of Zn:Sn = 99:1 (material
1) and 95:5 (material 2). Chemical cleaning of the soda-lime glass substrates was done by treatment
with a hot mixture of potassium dichromate and concentrated nitric acid for 10 min, then washing
three times with distilled water, and finally, treating with alcohol. To remove the residual alcohol,
the substrates were washed twice in distilled water and dried. The precursor organic composition was
applied onto the glass substrates by spin-coating. After that, it was dried for 20 min at a temperature of
120 ◦C. If necessary, this operation was repeated several times. ZTO films were prepared on a substrate
by firing the solution of organic precursors. Heat treatment of the samples was carried out in air with
heating at a speed of 10 ◦C/min, with exposure for 1 h at a temperature of 550 ◦C. The films were cooled
slowly to room temperature.

2.2. Characterization

Structural properties of the synthesized materials were studied by X-ray diffraction (XRD,
ARL X’TRA diffractometer, CuKα1-radiation), operated at 35 kV and 30 mA. The mean crystallite size
(D) was evaluated according to broadening of the highest intensity peak diffraction plane using the
Scherrer equation D = kλ/βcosΘ, where k is the shape factor (k = 0.9), λ is the X-ray wavelength (λ =

0.1540562 nm), β is the full width at the half maximum of the diffraction line, and Θ is the diffraction
angle. The values of β and Θ are taken for crystal plane (101) of the ZnO wurtzite phase [31].

The surface morphology was characterized by scanning electron microscope (SEM, Nova
NanoLab 600).

To study the elemental composition and chemical state of the gas-sensitive films materials, the most
informative surface analysis method, i.e., X-ray photoelectron spectroscopy (XPS), was used [2,32–36].
In our case, the XPS analysis was carried out in an ultra-high vacuum (1,8·10−9 mbar) using K-Alpha
Thermo Scientific spectrometer with monochromatic Al-Kα X-rays source (1486.6 eV).

Before conducting the research, reference photoelectronic lines values of the reference samples,
i.e., Au 4f = 84, Ag 3d = 368.2, and Cu 2p = 932.6 eV were obtained. To neutralize the surface
charge, a calibrated (C 1s = 284.8 eV) compensating electron flood gun was used. The basic element
composition of the surface is determined from the survey spectra obtained in the mode of constant pass
energy of 200 eV at a spectral resolution of 1 eV. The signal intensity values were averaged statistically
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over 10 measurements. To determine the chemical state, high-resolution spectra with an X-ray beam
diameter of 400 µ were recorded in the energy pass 20 eV at a spectral resolution of 0.1 eV and a
statistical accumulation value of N = 20. Component analysis is performed by constructing curves
using joint Shirley and Tougaard functions to determine the peaks background; the line shape of the
plotted curves was obtained at a 30% ratio of Lorenz/Gauss mixture and the ratio of doublet peaks
intensities is determined according to the quantum number selection rule, which corresponds to 1/2 for
p-electrons and 2/3 for d-electrons. The calculation of the element atoms concentrations is carried out
by determining the curve areas of the corresponding components and their normalization as follows:

Snorm =
Speak

FxTxCx
, Nelement =

Snorm∑n
x=1 Snorm

where Nelement—x-element concentration; Snorm—normalized area under the peak of the x-element;
Fx—sensitivity factor of the x-element, which depends on the orbital; Tx—transmission function
(depends on the sensitivity factor); and Cx—attenuation length, correction for the free path length of
nonelastically scattered electrons. The values Fx, Tx, and Cx are defined from the Scofield libraries.

ZTO was deposited as thin films using pyrolysis on glass substrates. To study the electrophysical
and gas-sensitive properties, V-Ni metal contacts with a thickness of 0.2–0.3 µ were formed on top of
ZTO by vacuum thermal deposition, the distance between the contacts was 1 mm. It was measured
using an automated installation for determining the parameters of gas sensors at the Center for
Collective Use “Microsystem Technics and Integral Sensors” [37].

3. Results and Discussion

The crystal structure and the purity of the as-deposited thin film were investigated by XRD.
The results are presented in Figure 1. No additional diffraction peaks were detected in the XRD
patterns, indicating that thin films yield pure phase. It was shown that obtained materials contain
single-phase, hexagonal wurtzite structured ZnO, according to Crystallography Open Database, COD
ID 2300113 [38] (Figure 1). The presence of diffraction peaks along different planes indicates that the
film’s nanocrystalline structure is growing in different directions and is isotropic. It was found that
signals on the XRD pattern are expanded, which is typical for nanocrystalline materials. According to
Scherrer’s equation, the crystalline size was about 10–17 nm.
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The samples were investigated by SEM analysis, and also, the EDAX analysis was performed
(Figure 2). The films surface was not uniform and contained different phase inclusions of different
sizes. The film thickness was estimated programmatically using the SEM, Nova NanoLab 600 device.
The tilt of the film was considered during measurements. The thickness estimation based on SEM
measurements showed that the film on one sample has a thickness spread in the range of 140–220
nm. Figure 2c shows a typical fragment of film sample obtained from solution with a ZnO–SnO2 ratio
of 99:1.
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Figure 2. SEM images of materials 1 (a) and 2 (b) and surfaces and typical fragment (c), and EDX
spectra (d) of material 1 film.

The elemental composition of all the studied films was determined using energy-dispersive X-ray
spectroscopy (Figure 2d). The results of EDAX analysis showed the presence of Si, Na, and Mg atoms
on the spectra, which were part of the substrate. When studying samples containing zinc, the line
in the vicinity of energy 1 keV was refined and divided into Na and Zn components, which allowed
us to interpret the qualitatively and quantitatively presented components according to the method
presented in [39]. It should be noted that the depth of electron penetration in EDAX analysis was in
units of microns, and the thickness of the studied films did not exceed 220 nm. This did not allowed us
to unambiguously judge the possible diffusion, e.g., of Na atoms on the studied films surface.

The resistance dependence of the formed structures based on ZTO film grown on the soda-lime
glass substrate on the reverse temperature is shown in Figure 3. It is seen that despite the different
concentrations of modifying agent, these dependencies are very close to each other for both heating
and cooling curves. The observed identical nature of the resistance temperature dependence can be
attributed to the presence of Na atoms in the films structure which were diffused from the substrate to
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the film. It is known that the activation energy of the ZnO films conductivity doped with Na can be
equal to 0.8 eV [40]. In our case, this dependence was well approximated by the Arrhenius equation:

ρ = ρ0 exp
(Ea

kT

)
where ρ0 is preexponential factor, Ea is activation energy of conductivity, and k is Boltzmann constant.
The activation energy Ea of the conductivity deduced from the slopes of the lines fitting the curves is
0.75 eV for all films.

1 

 

 

3 

 
Figure 3. Resistance (R) dependences on reverse temperature (1000/T) of ZnO–SnO2 films with the
Zn:Sn ratios: 1—99:1 and 2—95:5.

To confirm this hypothesis, it could be noted that the same films, but formed on substrates of
aluminum oxide (polycor), showed a completely different character of the temperature dependence of
the conductivity, as shown in [18]. In addition, zinc oxide films that do not contain Na, as a rule, show
a different nature of the R on T dependence when heated and cooled [41].

Gas sensitivity studies were carried out for all the studied films materials with the Zn:Sn ratio of
95:5 in relation to CO with a concentration of 50 ppm mixed with air (humidity was about 40–60%) at
temperature range of 200–300 ◦C. In one cycle, the gas supply and air purge were performed three times
alternately with a frequency of 120 s. Studies have shown that when exposed to CO, the studied films
resistance Rg decreases. The reaction and recovery times were quite short, i.e., of about 30 and 60 s,
respectively. However, already in the first cycle of CO treatment, there was a tendency to decreasing
the sensor response (Figure 4a). It was also seen that the response of the gas sensor to CO treatment
with a concentration of 50 ppm was lower compared to the work of other authors [26,42].

After the first measurement cycle, the samples were cooled to room temperature and reheated
after 1 h. The measurement cycle was performed for the second time. Starting from the second
cycle, the measurements were not reproduced, and the sensitivity dropped sharply. This type of
measurement was observed for all studied films. This indicated that the effect of the gas-sensitive
material “poisoning” was observed.

For comparison, a similar experiment was conducted for a material with a ratio of Zn:Sn = 95:5,
which was applied on the aluminum oxide (polycor) substrate (Figure 4b). The response curve showed
that the sensitivity to CO was slightly higher. In addition, this sample did not have a rapid deterioration
in gas-sensitive properties.
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and polycor (b) substrates when exposed to CO with a concentration of 50 ppm at 300 ◦C.

In general, the “poisoning” of the gas-sensitive material surface occurs as a result of formation of
the different compounds on its surface, and this process is irreversible. The chemical composition of
the film surface before and after exposure to CO was assessed using the XPS method (Figures 5–7). 
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Figure 5. Overview spectra of ZTO before and after CO treatment.
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Figure 6. High-resolution XPS spectrum of Zn 2p (a), Sn 2p (b), and O 1s (c) for ZTO film with Zn:Sn
ratio 99:1 before and after CO treatment at T = 300 ◦C.
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Figure 7. High-resolution XPS spectrum of Na 1s (a) and C 1s (b) 2p for ZTO film with Zn:Sn ratio =

95:5 before and after CO treatment at T = 300 ◦C.
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Figure 5 shows the overview spectra of ZTO film with the Zn:Sn ratio of 95:5 before and after
CO treatment with a concentration of 50 ppm at a temperature of 300 ◦C. It can be seen that in both
cases, the film surface contains the following elements: Zn, Sn, O, C, and Na. To assess the chemical
composition of ZTO films through qualitative and quantitative analysis, high-resolution peaks spectra
of the elements Zn 2p, Sn 2p, O 1s, Na 1s, and C 1s were studied (Figures 5 and 6). Before exposure
to CO, zinc and tin oxides were present on ZTO films surface (Figure 5). The presence of carbon
on the ZTO film surface before CO treatment was associated with the film’s synthesis method from
organic precursors, as evidenced by the high-resolution spectrum of the C 1s line, whose component
composition corresponded to the C-C and C=O bonds [43–46] (Figure 6b).

High-resolution spectrum analysis of the C 1s photoelectronic line for ZnO–SnO2 after CO
treatment showed a significant increase in the amount of sorbed carbon with different chemical states
and new chemical bonds: C-C, C-H, C-O, C=O, and CO3

2− (Figure 6b). The absence of a silicon
photoelectronic signal, which is part of the glass, indicated a continuous coating of the substrate by
ZTO film with a thickness of at least 10 nm.

The presence of Na 1s peak in the survey spectrum for a sample that was not treated by CO
(Figure 7a) indicated the initial presence of sodium in the oxide film. The presence of sodium can be
explained by its diffusion from the glass into the ZnO–SnO2 film during synthesis process. In this
sample, sodium was present as interstitial defects in oxides (Na* red line component at 1071.7 eV) and
as Na-O bond at 1072.2 eV (Figure 7a). The presence of sodium in the film is also evidenced by the
obtained energy activation of conductivity, which is close to the values reported in [40]. However,
on a sample that was treated by carbon monoxide, the concentration of sodium that corresponds to
interstitial defects in oxides was decreased. At the same time, a peak of Na 1s with energy of 1074.1 eV
appeared, corresponding to the association of Na with the OH− group (Figure 7a, after CO treatment).
Probably, Na+ cations located on the surface contributed to the sorption of water molecules from the
atmosphere to form sodium hydroxide (NaOH). This was also evidenced by the high-resolution XPS
spectrum for oxygen lines 1s with an energy of 533.7 eV (Figure 6c, after CO treatment).

The obtained results do not refute the known facts of water molecules dissociation on the metal
oxides surface with the formation of OH− groups [47,48]. The presence of OH− groups on the
ZnO–SnO2 film surface leads to the formation of Zn-OH (Zn 2P peak with an energy of 1022.8 eV
(Figure 6a, after CO treatment)) and Sn-OH (Sn 3d5/2 peak with an energy of 490.5 eV (Figure 6b, after
CO treatment)) bonds.

By comparing the intensity and area of the curve components in the high-resolution spectrum
of oxygen O 1s (Figure 6c), we estimated the amount of sorbed water and the ratio of formed OH–

groups and other components of the ZTO film surface before and after CO gas treatment (Figure 8).
Their number was about 50% of the total number of the surface components (Figure 8b). It is worth
noting that the components H2O and OH− groups in the high-resolution spectra of O 1s, Na 1s, Sn
3d, and Zn 2p for the ZnO–SnO2 film before CO treatment were not detected (Figure 8a). From the
quantitative ratios of SnO2 and ZnO before and after CO treatment, it was seen that after CO treatment,
the amount of zinc oxide relative to the amount of tin dioxide decreased. This indicated that zinc
oxide interacted more actively with OH− groups and CO to form hydroxides and hydrocarbonates,
respectively, than tin dioxide.

In addition, a detailed examination photoelectronic line C 1s of the high-resolution spectrum
(Figure 7b) obtained from the ZnO–SnO2 metal oxide system after CO treatment showed a new
component at a binding energy of 291.5 eV, which corresponded to carbonate compounds. This fact
can be explained by the oxidation of carbon monoxide when exposed to oxygen, which is adsorbed
from air on the film surface [48,49].
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In the experiment, we fed CO at a concentration of 50 ppm along with atmospheric air that
contains water (humidity was about 40–60%). Water molecules are adsorbed on the surface of oxides
and then dissociate to form OH− groups [19,25,47,48]. As a result, molecular water and OH− groups
are present on the film surface. This is clearly seen from Figure 8b, where the total number of OH-

groups and water molecules are about 50% of the total amount of substance on the surface. It is known
that sodium is present in the ZnO film doped with SnO2 in the internodes [16]. It is also shown that Na+

is attracted by the OH− around the nanocrystal and forms a virtual capping layer [50]. The presence of
OH− ions on the zinc oxide surface and zinc ions located in the internodes leads to the appearance
of Zn-OH bonds. This is indicated by a decreasing of the Na peak intensity (red curve) after CO
treatment and the appearance of a peak corresponding to the Na-OH bonds (Figure 7a). The presence
of Na-OH bonds with simultaneous exposure to CO leads to the formation of zinc hydroxocarbonates
insoluble compounds, which block the active adsorption centers. A number of works show [51,52] that
the synthesis of zinc hydroxocarbonate (Zn5(CO3)2(OH)6) occurs in the presence of NaOH or during
CO treatment. These conclusions are also confirmed by the results of the XPS studies (Figure 8), i.e.,
the number of bonds corresponding to zinc oxide was about 17% before CO treatment, whereas after
CO treatment, it became about 7%. At the same time, about 10% of hydroxocarbonates were formed.
Thus, chemical processes that lead to surface poisoning can be most probably initiated by the presence
of sodium on the ZnO–SnO2 films surface, which was diffused from the substrate and able to form
Na-OH bonds.

Thus, as a result of the carbon monoxide treatment on the gas-sensitive ZnO–SnO2 film containing
sodium, which was diffused from the soda-lime glass substrate, the formation of metal hydroxides and
carbonates occurred on the film surface. As a result, the surface of the ZTO film became unable to
respond further to the carbon monoxide influence.

4. Conclusions

The discovered fact of the gas-sensitive material “poisoning” can be explained by a number of
consecutive chemical reactions, the activator of which is sodium diffused into the oxide film from the
substrate. The first step is the adsorption of water molecules on the surface areas of the ZnO–SnO2

film containing Na, which can create Na-OH bonds. The formation of Na-OH bonds on the surface
during CO treatment also leads to the formation of zinc hydroxocarbonates insoluble compounds. This
fact, as well as the formation of Zn-OH and Sn-OH bonds, leads to the blocking of the surface-active
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adsorption centers. Due to the ionic nature of the reactions occurring on the surface, the rapid decrease
of gas-sensitive properties of ZnO–SnO2 thin films grown on the glass substrate is observed.

Thus, the presence of sodium in the surface layers of the gas-sensitive ZnO–SnO2 thin films grown
on the glass substrate significantly affected the operation of the sensor and led to its “poisoning.”
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