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1 Introduction

Zinc oxide has recently been actively used to create cathodoluminophores, elec-
troluminescent screens, acoustoelectronic amplifiers, various types of photo- and
optoelectronic devices [1], as part of composite materials for electronic equipment
[2]. Such a wide range of ZnO use is associated with the features of the surface and
grain boundaries of the material [3–5]. Zinc oxide layers are used as a transparent
conducting electrode in solar cells [6], as well as antireflection coatings in interfer-
ence optics, in photoelectronic devices, lasers, and ultraviolet radiation LEDs [7].
The electrical conductivity changes of zinc oxide thin films in an environment, with
hydrogen and oxygen-containing gases, together with their chemical resistance, non-
toxicity, and low-cost fabrication make them a promising material for the active gas
sensors elements [8–11]. The mechanisms of gas sensitivity of a material are usually
associated with its electrical conductivity special feature. In the present work, the
mechanisms of electrical conductivity in a dry air atmosphere of thin ZnO films
obtained from a zinc acetate solution with the addition of polyvinyl alcohol were
studied.

2 Methods

The variety of applications of thin films of zinc oxide is provided by a variety
of methods for their production and subsequent processing [1, 5, 12–15]. Known
methods of zinc oxide thin films forming such as atomic layer deposition technique
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(a) (b)

Fig. 1 SEM image of the studied tin oxide filmobtained by using polyvinyl alcohol, amagnification
10,000x, b magnification 30,000x)

[16, 17], magnetron sputtering in various modifications [18] require quite complex
technical support. Widely used sol–gel technologies sometimes use relatively expen-
sive and at the same time harmful reagents such as α-terpineol, 2-methoxyethanol,
2-aminoethanol.

In this work, zinc oxide films are formed by a simple method of chemical precip-
itation from zinc acetate solutions. ZnO films were obtained by immersing glass
samples in an aqueous solution of zinc acetate with the addition of a 1% of polyvinyl
alcohol (C2H4O) solution in equal proportions. The prepared solution was stirred on
a magnetic stirrer and kept for several hours. The samples were obtained by reusable
immersion of the substrates in the solution according to the technique described in
[19]. Subsequently, the prepared films were annealed in air at 400 °C for 40–50 min.

The structure of the resulting film can be seen in the image of an electronic micro-
scope shown in Fig. 1. The layers clearly show surface homogeneity and developed
porosity.

For electrical characterization and clarification of the electrical conductivity
mechanism in air, before and after several heatings to 440 K, the resistance,
current–voltage characteristics, and dark current temperature dependences were
measured.

3 Results and Discussion

The band gap of the obtained thin films was calculated in [19] from the absorption
spectrum shown in Fig. 2 and was around 3.15–3.2 eV. In the same work, we have
shown that the value of the band gap of films obtained by using polyvinyl alcohol is
higher than that of films obtained by other methods used in this work. This means
that the sizes of ZnO crystallites obtained in a zinc acetate solution with the addition
of polyvinyl alcohol are smaller than those in ZnO films obtained from a solution
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Fig. 2 Absorption spectrum of zinc oxide film

without PVA. The reason is that the polymer matrix with PVA limits the size of the
reaction volumes, where the synthesis of zinc oxide crystallites occurs and, therefore,
inhibits the growth of ZnO crystallites.

This result slightly exceeds such value for bulk material and indicates the
nanoscale level of the film crystallites formed in the bounding volumes of the PVA
polymer matrix.

The electrical conductivity of ZnO films and the type of their current–voltage
characteristics (CVC) turned out to be significantly dependent on external conditions.
The CVC of ZnO film at room temperature tends to an exponential dependency,
specific for the potential barriers influence on conductivity. Thereby, in films obtained
with PVA impurities, intercrystalline potential barriers are more pronounced, and
these barriers affect the current flow.

The average value of the interelectrode resistance calculated from the initial linear
section of the CVC on the Fig. 3 is about 2.8× 109 �. Thereby, the addition of PVA
leads to the growth of films resistance. This is explained by the fact that during
high-temperature annealing, PVA (which plays the role of a polymer matrix) decom-
poses, decomposition products evaporate, and zinc oxide films become porous with
a more developed surface. The porosity of the film can be seen on Fig. 1b. Nanoscale

Fig.3 CVC of ZnO film in
the open air (T = 293 K)
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Fig.4 CVC of ZnO film in
dry air (T = 293 K):
1—immediately after
heating the film to 440 K and
cooling in vacuum to 293 K,
2—after several
measurement cycles in air,
3—after heating to 440 K
and cooling to 293 K in air

crystallites might create a quantum well effect for carriers, which also leads to the
resistance increase.

The electrical conductivity of ZnO films and the form of their current–voltage
characteristics turned out to be significantly dependent on the external conditions.
The cycles of heating–cooling of the films in the interval of 440–293 K were done
in vacuum and in air. Curve 1 in Fig. 4 shows the CVC of the ZnO film measured in
dry air atmosphere immediately after the cycle of heating the film to a temperature
of 440 K and its further cooling in vacuum. CVC is almost linear, as it is seen from
the figure. However, after carrying out a number of measurements on the indicated
film in air atmosphere, the interelectrode resistance of the film increases by almost
an order of magnitude, and its CVC becomes superlinear (see Fig. 4, curve 2). The
curves reconstructed in different coordinates showed that better straightening of the
CVC is observed in the coordinates ln I − U1/4 (Fig. 5, curve 1). Such coordinates
are characteristic for the barrier mechanism of current flow, in particular, over-barrier
Schottky emission through intercrystalline potential barriers of small thickness [20].

Curve 3 (Fig. 5) shows the CVC of ZnO film measured after heating the film to a
temperature of 440 K in an air atmosphere and then room temperature cooling. This
procedure leads to a further increase in the resistance of the film and an increase
in the superlinearity of its CVC (Fig. 5, curve 3). It turned out that the current–
voltage dependence is straightened in the coordinates ln I − U1/2 (Fig. 5, curve
2), which are characteristic for the above-barrier Schottky emission through “thick”
intercrystalline barriers [20].
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Fig. 5 CVC of ZnO film in
special coordinates (T =
293 K): 1—after several
cycles of measurements in
air (corresponds to curve 2 in
Fig. 4), 2—after heating to
440 K and cooling to 293 K
in air (corresponds to curve 3
in Fig. 4)

Mentioned results may have the following explanation. The porosity of ZnO films
obtained using PVA promotes the absorption of oxygen and its diffusion along the
intercrystalline boundaries. Absorbed oxygen, by capturing conduction electrons,
increases the surface locking bend of energy bands and also leads to an increase in
the height of the intercrystalline potential barriers for electrons. Heating the film in air
(where a large amount of oxygen is available) stimulates the process of chemisorption
and diffusion of oxygen, which leads to an increase in the height and thickness of
the intercrystalline barriers. The consequence of these processes is an increase in the
electrical resistance of the film and the transition of barriers from “thin” to “thick”
barrier behavior.

This explanation is consistent with the results of the temperature–current depen-
dences measurements (TCD) on the studied films (Fig. 6), carried out in vacuum
(curve 1 and curve 2) and in a dry air atmosphere (curves 3 and 4).

It can be seen that on the TCD, measured during heating in an air atmosphere, and
in the high-temperature region, there is no section with the conductivity activation
energy EA = 1.1 eV, which was present on the TCD in vacuum and which was
associated with desorption of molecular oxygen. When the film is heated in an air
atmosphere at high temperatures, on the contrary, the growth of the current with
temperature slows down, which is due to the diffusion of oxygen and an increase in
the influence of intercrystalline barriers on the current transfer process.

It is characteristic that the conduction activation energy upon further cooling
of the film (curve 4, Fig. 6) is EA = 0.43 eV. This is consistent with the height
of intercrystalline potential barriers in zinc oxide films calculated in [21] (EA =
0.45 eV) and is explained by the model of an inhomogeneous semiconductor with
large-scale potential fluctuations [22].
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Fig. 6 Temperature dependences of the current in the ZnO film in vacuum (1, 2) and in air (3, 4),
U = 50 V

4 Conclusions

The established character of current transport in vacuum is caused by the
above-barrier Schottky emission over small intercrystalline potential barriers.
Heating/cooling in the air atmosphere leads to the superlinearity of the current–
voltage characteristic specific for the above-barrier Schottky emission over “thick”
intercrystalline barriers.

The established barrier effects in the films conductivity are explained by the
adsorption and subsequent diffusion of oxygen, which, capturing the conduction
electrons, not only increases the surface locking curving of energy bands, but also
increases the intercrystalline potential barriers height for electrons. The conductivity
activation energy (0.43 eV) obtained from the TCD is consistent with the calculated
height of intercrystalline potential barriers (0.45 eV) and is explained by the model
of an inhomogeneous semiconductor with large-scale potential fluctuations.
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