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ARTICLE INFO ABSTRACT

Keywords: ZnO-TiO, thin films containing 0.5 mol%, 1.0 mol%, and 5.0 mol% ZnO were synthesized by oxidative solid-
Thin film phase pyrolysis. The materials contained anatase and rutile phases with particle size of 6-13 nm, as confirmed
Zflo using X-ray phase analysis and scanning electron microscopy. When a certain number of ZnO crystallites appeared
;‘::120 composites in the TiO, film structure in the temperature range of room temperature to 220 °C, a two-level response of the
Pyrolysis P film resistance was observed, differing by approximately 10%, as obtained by electrophysical measurements. The

two-level response correlates with the formation of two donor energy levels of 0.28 and 0.33 eV in the band
structure of the ZnO-TiO, films. The donor level with a higher activation energy corresponded to the Ti vacancy
(V~1p), and that with a lower activation energy corresponded to the Zn vacancy (V™). Two levels of gas-sensitive
properties were noted for 0.5ZnO-TiO,, 1ZnO-TiO,, and 5ZnO-TiO, under the influence of 50 ppm NO,, at 250 °C.
Such two-level responses can be ascribed to the pinning of the Fermi level on ZnO and TiO, nanocrystallites.
The mechanism of the beak-shaped and two-level responses of sensors based on composite nanomaterials when

Gas sensors

exposed to various gases was elucidated.

1. Introduction

Metal-oxide nanomaterials synthesized as thin-film coatings are cur-
rently in high demand for gas-sensitive sensors [1]. The magnitude of
the sensor output signal is determined by the type of response to the
measured gas concentration with the stability and reproducibility of
measurements as important properties [2]. A typical sensor response in-
volves a monotonous increase or decrease in its output characteristics,
such as electrical resistance, current, and voltage, under constant expo-
sure to a specific concentration of the measured gas, thereby flattening
the characteristic.

Composite materials are formed when a certain amount of an oxide is
introduced into the structure of another oxide [3]. Several polymorphic
crystal modifications, disordered crystal structures, and material com-
posite structures can affect the electrophysical and gas-sensitive prop-
erties of sensors. For example, thin ZnO films with a highly disordered
wurtzite-type structure were obtained by radio frequency (RF) sputter-
ing of a Zn target in Ar with Zn and O atoms at the interstitial positions.
The high disorder of the structure leads to changes in the ZnO band
gap, appearance of luminescence peaks in the visible-wavelength range
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and an atypical sensor response to exposure to 90-640 ppm ozone at a
temperature of 350 °C [4].

Atypical responses from gas sensors have also been observed for com-
posite nanomaterials. For example, TiO,/ZnO and ZnO/TiO, compos-
ites have been synthesized using atomic layer deposition [5]. The sec-
ond oxide was applied to the first oxide in the form of nanorods; the
ZnO nanorods were found to be 8 nm in diameter, which was larger
than the grain size of TiO, (2 nm). TiO,/ZnO and ZnO/TiO, composite
nanofibers exhibited a response to 100 ppm NH; at 150 and 220 °C. The
response at 220 °C exhibits an atypical beak-like trend. In particular,
when gas was supplied, the response first sharply increased, immedi-
ately followed by a small sharp decrease.

Composite porous ZnO nanoflakes decorated with Ag nanoparticles
(NPs) were synthesized using a hydrothermal method [6]. Gas sensors
based on this material were sensitive to 500 ppm methane at 270 °C.
The higher sensitivity of the sensors was ensured by the presence of Ag
nanocrystallites. The response of such sensors and especially the recov-
ery curve, had two beaks and a beak-like characteristic. One beak was
sharper and higher at the beginning of the air supply, while the other
was less sharp and low at the end of the air supply.
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Composite ZnO-SnO, films with 0.5 mol%, 1.0 mol% and 5.0 mol%
ZnO were formed by the sol-gel method, resulting in sensitivity to 5-
50 ppm NO, at 150 °C [7]. The response of these sensors exhibited a
beak-like characteristic. The response amplitude decreased and then in-
creased with a typical flattening. The nanocomposite structures of the
ZnO-SnO, films were determined using X-ray diffraction (XRD) and
X-ray photoelectron spectroscopy. The Zn in the ZnO-SnO, films was
slightly reduced, as indicated by the presence of strong surface electric
fields. Similar beak-like response was observed for other materials:

¢ In,0;-ZnO nanocomposite films exposed to 50 ppm ethanol vapor
at 200 °C [8];

¢ ZnO/Pt nanocomposite exposed to 20-100 ppm H, at 250 °C [9];

¢ Sn0O,/TiO, nanocrystalline composites with Au and Pt NPs exposed
to 0.5-2.0 ppm formaldehyde at 200 °C [10].

Zhu et al. [11] obtained SnO,@zeolitic imidazolate framework-8
hollow nanofibers that are sensitive to formaldehyde at hundreds of
parts per billion by a chemical method. Interestingly, the gas-sensitive
properties exhibited two simultaneous sensor responses, which can be
called as two-level response.

In this study, the physicochemical and electrophysical properties and
response types of ZnO-TiO,, films based on TiO, containing 0.5 mol%,
1.0 mol%, and 5.0 mol% Zn ions are investigated. ZnO-TiO, films were
synthesized by oxidative solid-phase pyrolysis, facilitating the fabrica-
tion of thin nanocomposite films containing NPs of both oxide phases
with minimal variations in the particle sizes [3,12].

2. Materials and methods
2.1. Materials

ZnO-TiO, thin films were synthesized using (C4HqO)4Ti,
Zn(CH3COO0),2H,0, abietic acid (CyyH3y0,). All chemicals were
purchased from NPP "Akvatest" (Russia) and were of analytical grade.
1,4-dioxane was used as the solvent.

2.2. Synthesis of ZnO-TiO, thin films

The synthesis method of oxidative solid-phase pyrolysis involved two
stages, as previously described [12]. In the first stage, Zn(II) and Ti(IV)
salts were introduced into the Cy3H3,0, acid melt to obtain mixed Zn-
Ti abietates. The Zn:Ti molar ratios were 0.5:99.5, 1:99, and 5:95 for
sample 0.5ZnO-TiO,, 1ZnO-TiO,, and 5ZnO-TiO,, respectively. Pure
Ti abietate, that is, TiO,, was also obtained. The obtained melt was
cooled to room temperature and mechanically crushed for 20 min. In
the second stage, a mixture of Zn(II) and Ti(IV) abietates was dissolved
in 1,4-dioxane and applied to previously prepared substrates. For a com-
prehensive study, substrates with various properties were used, namely
Na-Ca-glass, polycor, and Si. The solution was applied to the substrate
thrice by spin-coating to ensure the desired film thickness of approxi-
mately 80-90 nm. Each layer was dried at 100 °C for 20 min. The final
heat treatment was performed in a muffle furnace at 600 °C in air for
2h.

2.3. Material characterization

The ZnO-TiO, nanomaterial structure was characterized using XRD
(ARLX'TRA, Thermo ARL diffractometer, Switzerland) operating with
Cu-Ka radiation (4 = 0.15406 nm) from 20° to 80°. The particle size
was determined using the Scherrer equation (Eq. (1)):

D = kA(f cos ), (@)

where k = 0.9 is the geometric shape coefficient, 4 is the X-ray wave-
length, g is the full width at the half maximum of the diffraction line,
and 6 is the diffraction angle. The particle sizes obtained from the XRD
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data were compared with the results of the statistical processing using
scanning electron microscopy (SEM, Nova Nanolab microscope).

The volt-ampere characteristics and temperature dependence of the
electrical conductivity were determined using a special stand for study-
ing electrophysical properties [3,7]. The activation energy (E,) was cal-
culated using the Arrhenius equation (Eq. (2)) [13]:

@

where k is the Boltzmann constant, and G, is a coefficient of the bulk
material conductivity.

The sensor response to 5-50 ppm NO, was measured using a gas
mixture generator ("Microgas-F", Russia) using a previously reported
method [3]. The responses of the ZnO-TiO, films were estimated us-
ing (Eq. (3)):

S = Rg/RO,

G = Gyexp (—E,/kT),

3

where R, and R, are the sensor resistances in synthetic air and a mixture
of synthetic air and NO,, respectively.

3. Results and discussion
3.1. XRD

The particle size of TiO,-based films containing various amounts
of ZnO was estimated using coherent scattering regions and XRD. Ac-
cording to the XRD results, the obtained films are poorly crystallized
with two crystalline modifications of TiO,, namely anatase and rutile
(Fig. 1), which have a tetragonal structure [14]. Peaks corresponding
to other phases are not observed. Moreover, peaks attributed to ZnO
are not detected, which can be ascribed to the small particle size of the
wurtzite crystallites beyond the detection limits of the device (approxi-
mately 3 nm).

For the coherent scattering regions calculated using the Scherrer
equation, the smallest average particle size was noted for materials con-
taining low ZnO concentrations, that is, 6 nm for the anatase phase with
a Zn:Ti ratio of 0.5:99.5 (Table 1). The largest average particle size, that
is, 12 nm for the anatase phase, was estimated for materials containing
the highest Zn?* amount (5 mol%).

3.2. SEM

The SEM analysis revealed a homogeneous surface morphology
(Fig. 2). Nanocrystallites are evenly distributed over the surface and
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Fig. 1. XRD patterns of TiO, (curve 1), 0.5ZnO-TiO, (curve 2), 1ZnO-TiO,
(curve 3), 5ZnO-TiO, (curve 4), anatase (A), and rutile (R).
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Fig. 2. SEM images and particle-size distribution (insets) of the surface (a)(c)(e)(g) and cracks (b)(d)(f)(h) of 0.5ZnO-TiO, (a)(b), 1ZnO-TiO, (c)(d), 5ZnO-TiO,
(e)(f), and TiO, (g)(h).

316



V.V. Petrov, M.G. Volkova, A.P. Ivanishcheva et al.

Table 1
Average crystallite size for ZnO-TiO, films synthesized by oxidative pyrolysis
according to XRD data.

Material Anatase particle size (nm) Rutile particle size (nm)
TiO, 9 13
0.5ZnO-TiO, 6 8
1ZnO-TiO, 6 7
5Zn0O-TiO, 12 10
10.0-1010

8.0-1010
e
@
g 60100
g
2
3
& 40100

201010

200

150

0 5 100

Temperature (°C)

Fig. 3. Temperature dependence of the resistance of the ZnO-TiO, films ob-
tained by solid-phase pyrolysis: TiO, (curve 1), 0.5ZnO-TiO, (curve 2), 1ZnO-
TiO, (curve 3), and 5ZnO-TiO, (curve 4). The approximation of the two-level
response is given for 1ZnO-TiO, (dashed lines).

thickness of the film with a porous structure. The average crystallite
size is correlated with the sizes of the coherent scattering regions ob-
tained from XRD. The particle sizes of the ZnO-TiO, materials increased
slightly with an increase in the amount of ZnO introduced; the particle-
size distributions are shown in the histograms in Fig. 2. The average
thickness of the films is 80 + 20 nm. Although films were formed by
applying three layers of the intermediate product, no boundaries are
observed between the layers in the SEM images. This indicates the high-
quality technology employed for the formation of ZnO-TiO, thin films
of various thicknesses. Thus, the proposed method can obtain nanoscale
ZnO-TiO, thin films with metal oxide NP sizes of 5-17 nm depending
on the material composition. From the XRD and SEM results, the parti-
cle size decreased by approximately 35% when ZnO was introduced to
TiO,.

3.3. Electrophysical properties

The temperature dependence of the resistance of the ZnO-TiO, films
obtained by solid-phase pyrolysis is shown in Fig. 3. As the tempera-
ture was increased from 20 to 300 °C, the resistance of the ZnO-TiO,
films decreased by 1.5-2.0 orders of magnitude (Fig. 3). The maximum
change in resistance with temperature were observed for the 1ZnO-TiO,
film, which has a temperature-insensitive resistance zone of 30-150 °C.
Such temperature-insensitive resistance zone widened when ZnO was
added to TiO,.

0O, vacancies in metal oxides, including TiO,, form donor levels in
the bandgap of semiconductors, which are used to determine E, [15].
0O, molecules adsorbed on the surface of metal oxides from air are neg-
atively charged because they capture electrons from the near-surface
regions of the semiconductors, as follows [16]:

Oz(gas) < OZ(ads)’ (4)
Osads) + € < Oy7(ags)s T < 200 °C, 5)
057 (ags) + € © 20745, T > 200 °C. 6)
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The charge carries of the near-surface regions of metal oxides are
depleted, resulting in gas sensors based on n-type semiconductors with a
high electrical resistance (R) [3,4,6,8,10,11]. In this case, the resistance
of gas sensors depending on the sensor design is higher than 1-10 MQ.

The addition of a small number of ZnO crystallites to the TiO, struc-
ture slightly increased the resistance of the film. TiO, and ZnO have a
band gap of 3.2 eV [17]. The work function and electron affinity of TiO,
are approximately 4.2 eV [17], whereas ZnO has the work function of
5.2-5.3 eV and electron affinity of 4.4 eV [18,19]. As the Fermi energy
level of TiO, is higher than that of ZnO because of its lower work func-
tion, electron transfer occurs from the TiO, conduction band to the ZnO
conduction band upon contact between TiO, and ZnO crystallites. ZnO
is more active in reactions (4)—(6), resulting in an overall increase in the
depletion zone and slight increase in the resistance of the films. At tem-
peratures above 150 °C, the resistance of the TiO, films decreases owing
to the effects of the thermal generation of charge carriers. However, be-
cause electrons are more strongly bound in films containing ZnO, the
thermal generation of the charge carriers in ZnO-TiO, films occurs at
higher temperatures, as shown in Fig. 3.

The temperature dependence of the resistance indicates the existence
of different E, values for different and similar temperature ranges. The
E, values of 0.10 + 0.01 eV calculated using the Arrhenius equation
were similar for all material compositions in the temperature range of
30-150 °C. This level corresponded to the O, adsorption on the surface.
In the temperature range 170-220 °C, there are two E, values in the
samples with 1.0 mol%-5.0 mol% ZnO content: the first level (0.33 eV)
corresponds to TiO, sample, and the second level is lower (0.28 eV) be-
cause a Zn* donor level is formed in the film. This corresponds to donor
levels in ZnO [20] and TiO, [21]. The O, molecules are sensitive to the
appearance of adsorption centers with the indicated ZnO donor levels.
A two-level signal was observed in curves 2, 3, and 4. At temperatures
above 250 °C, O ions were formed according to reaction (3), and their
formation in both crystalline phases formed a donor level of 0.41 eV.
The appearance of a two-level response on the curves of the tempera-
ture dependence resistance is clearly visible for 1ZnO-TiO, film with a
resistance of 1.05 x 1011 and 1.15 x 10!! Q (dashed lines on the curve
3 in Fig. 3). The differences in the resistance at these levels were less
than 10%. This can be explained by the pinning effect of the Fermi level,
which occurred in semiconductors with low doping levels and numerous
surface states in both TiO, and ZnO crystallites [22]. As both materials
are n-type semiconductors and form a nanocomposite structure with a
crystallites size of 6-14 nm, the presence of a large number of surface
states in the nanocrystallite ensure the “pinning” of the Fermi level on
each of the semiconductor materials.

Fig. 4 shows the responses of the ZnO-TiO, films to 50 ppm NO,
at an operating temperature of 250 °C. The responses of 0.5ZnO-TiO,,
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Fig. 4. Response of ZnO-TiO, films: 1 (TiO,), 2 (0,5ZnO-Ti0,), 3 (1ZnO-TiO,),
4 (5ZnO-TiO,) to 50 ppm NO, (operating temperature: 250 °C).
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Fig. 5. Formation mechanism of two-level and beak-shaped responses.

1Zn0O-TiO,, and 5ZnO-TiO, have a complex two-level appearance. Con-
sequently, the presence of two oxides in the ZnO-TiO, composite ma-
terial can be determined, excluding the entry of Zn into the TiO, struc-
ture. The maximum response value is approximately 30% higher than
the minimum value.

As the operating temperature of the gas sensor is 250 °C, O~ is present
on the surface, as shown in Eq. (6). When exposed to NO,, the following
reactions may occur, resulting in an increase in the films [23,24]:

NOZ (gas) t+te — NOZ (ads) O_(ads) + NO (gas), @)

NO (gas) +e - 0" (ads) +1/2N2(gas). (8)

These reactions proceeded through a donor level equal to E,.

The Fermi level can also be pinned by the adsorption of adsorbate
atoms (molecules) on the surface of low-doping semiconductor oxides
[25]. The analysis of the responses to NO, exposure is shown in Fig. 4.
A beak-like response is shown in the TiO, films. As shown in Table 1,
there are two crystalline phases in the structure of TiO, — anatase and
rutile. Such phases provide a beak-like response in TiO, films. For the
types of responses to the effects of various gases in nanocomposite ma-
terials [3,4,6,8,10,11], the mechanism of beak-shaped formation sensor
responses to gas exposure was simulated (Fig. 5).

The formation of two-level and beak-shaped responses of gas sensors
is based on pinning the Fermi level on two oxide phases in the nanocom-
posite, forming two types of active adsorption centers on the two oxide
phases with lower E,;;, and higher E, .. values. For the same concen-
tration of adsorption centers, a two-level response of the gas sensor was
observed, as shown in Figs. 4 and 5. However, this has rarely been shown
in previous works [11] or by this study. The concentration of one of the
adsorption centers was lower than that of the other. If the concentration
of the adsorption centers with E,;, is less than that with E, .., the ad-
sorption centers with E, ;. is occupied first. According to Eq. (2), the
resistance (response) of the sensor was large. After the occupation of
all the adsorption centers with E,;,, the adsorption centers with E, ..
began to be engaged. In this case, the resistance of the sensor response
decreased. A beak was formed on the response curve of the gas sensor
(arrows in Fig. 5).

In our case, the same concentration of adsorption centers with E,;,
and E, .« can be estimated from the similar sizes of nanocrystallites of
two oxide phases of a gas-sensitive material, as shown in Table 1. As
shown in Fig. 5, a two-level sensor response, explaining the formation
mechanism of two-level and beak-shaped responses of gas sensors.

In polycrystalline gas-sensitive materials, the response depends on
the crystallites size [26]. As the grain size decreased and the number
of grains increased, the sensor response to the effect of gas molecules
increased. The maximum response values were observed in samples
with low ZnO content, namely 0.5ZnO-TiO, and 1ZnO-TiO,, which had
small crystallite sizes of 6-8 nm. The maximum calculated sensitivity co-
efficient of 2.5 was obtained for 5ZnO-TiO, (Fig. 6), which is 2.5 times
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Fig. 6. Dependence of the gas sensitivity coefficient of ZnO-TiO, films on the
Ti content in the film at a temperature of 250 °C.

higher than those for TiO, and 5ZnO-TiO,. By For the sensor responses
with the grain sizes, the response of the gas-sensitive material increases
as the grain size decreases. Thus, the two-level response arises from the
existence of Fermi level pinning on two nanocrystallites phases, namely
ZnO and TiO,.

4. Conclusions

Sensor responses to various gases based on the composite nanomate-
rials were analyzed. An atypical type of sensor response with a beak re-
sponse curve was noted. ZnO-TiO, composite film nanomaterials were
synthesized by solid-phase oxidative pyrolysis. The obtained films con-
tained two crystalline modifications of TiO,, namely anatase and rutile,
whereas peaks of other phases were not observed. The formed films
exhibited unique electrophysical properties. First, they exhibited an in-
sensitivity zone to the electrical resistance, which is atypical character-
istic for semiconductor metal oxides. Second, when a certain number
of ZnO crystallites appeared in the TiO, film structure in the temper-
ature range from room temperature to 220 °C, a two-level response of
the film resistance values was observed. The differences in the resis-
tances at these levels for the 1ZnO-TiO, film were slightly less than
10%. The two-level response was correlated with the formation of two
donor levels of 0.28 and 0.33 eV in the band structure of ZnO-TiO,
films. The donor level with a higher E, corresponded to the Ti vacancy,
and that with a lower E, corresponded to the Zn vacancy. Third, the
0.5ZnO-TiO,, 1ZnO-TiO,, and 5ZnO-TiO, films exhibited a two-levels
gas-sensitive response. The maximum response level was approximately
30% higher than the minimum value. The two-level responses were as-
cribed to the pinning the Fermi level on ZnO and TiO, nanocrystallites.
Finally, a mechanism was determined to explain the occurrence of the
beak-shaped and two-level sensor responses when exposed to gases.
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