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Abstract The work studied the effect of various media (water vapor, ammonia, and
isopropanol in air) on the electrical characteristics of ZnO thin films. In all cases,
changes in the electrical characteristics of the films were observed, but the nature of
these changes was different. In the presence of ammonia vapor at room temperature,
the film current almost doubled. Moreover, the adsorption process is more inertial
than the desorption one. The same films at room temperature do not react to propanol
vapors in the ambient air. At a temperature of 373 K, the sensitivity to propanol
increases considerably. Films are sensitive tomoisture at room temperature.However,
in comparison with the reaction to ammonia, the reaction to water vapor is more
inertial and the sensitivity is lower. The difference in the values and temperatures of
the sensitivity of zinc oxide films to different adsorbates allows us to consider them
as sensitive elements for multisensors.

Keywords Zinc oxide thin films · Electrical characteristics of thin films ·
Ammonia sensitivity · Sensitivity to propanol · Sensitive to moisture

1 Introduction

Nanosized films are actively used as transparent electrodes for solar cells, LEDs and
other optoelectronic devices, and sensitive elements of gas sensors.

Zinc oxide nanosized films, in particular, are actively used in electronics as trans-
parent electrodes for solar cells [1], light-emitting diodes [2], lasers, photodetectors,
and other optoelectronic devices [3]. Recently, such films are actively used also as
sensitive elements for sensors of various gases [4–6]. All of these and many other
applications of zinc oxide are possible due to its physical properties. Zinc oxide is a
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wide-gap semiconductor (3.3–3.4 eV [6]) of the n-type. The advantage is the direct
band gap transition of its energy structure, a fairly high value of the binding energy
of excitons [6], and broad optical absorption band. Its insolubility, chemical stability,
and good catalytic activity are also important for applications in catalysis and gas
sensors.

Nanoscale forms of this material are actively used due to the enhancement of
interesting existing features and to the acquisition of new ones. In the nanoscale form,
its catalytic and sensory properties are intensified, which leads to a decrease in the
working temperature of such processes. Various types of zinc oxide nanoforms can
be obtained by both physical and chemical methods, among which there are enough
simple and cheap ones [3, 7–10]. The sol–gel method was chosen for producing thin
zinc oxide films as a simple and cheap method, allowing the introduction of various
additives in the production process, for an example, to change the structure, doping,
and, consequently, to improve its functional characteristics.

In thiswork, the effect of variousmedia (water vapor, ammonia, and isopropanol in
air) on the electrical characteristics of such films was studied. The ammonia vapors
impact control is important in monitoring human health, the food industry, food
trade, and agriculture. The usage of isopropanol widespread for cleaning beginning
from electronics up to the service industry also requires the control of its vapors in
such workplaces. Taking into account the effect of moisture on the components of
electronic elements based on zinc oxide is also useful in industries and everyday life.

2 Methods

The investigated zinc oxide films were obtained from aqueous solutions of zinc
acetate with the addition of polyvinyl alcohol as a structuring additive. The initial
solutions were applied to the prepared glass substrates. The resulting preparatives
were annealed in a muffle furnace. The method for producing films is described in
detail in [10].

The films had a porous nanoscale structure, which was confirmed by SEM studies
and is shown in Fig. 1. In addition to porosity, a certain fractality of the film structure
is noticeable. Zinc oxide films obtained from zinc acetate by the sol–gel method by
the authors of [11] In general, the structure looks like being composed of nanosized
agglomerates up to 50–100 nm in diameter. Such a developed porous structure with a
large surface area is preferable for adsorption-sensitive sensor elements. It provides
good contactwith the detected substances, and, therefore, a noticeable responsewhen
interacting with them.

The electrical characteristics: current–voltage characteristics (CVC), dark current
temperature dependence (DCTD), and the conductivity kinetics of the films were
measured in an atmosphere of dry air and in atmospheres containing water vapor,
ammonia, and isopropyl alcohol. The atmosphere under study was formed in the
measuring chamber by introducing a portion of the detected gas into the atmosphere
of specially dried air.
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Fig. 1 SEM image of the
studied zinc oxide film

3 Results and Discussion

Investigations of the current–voltage characteristics were carried out to elucidate the
dominant mechanism of conduction in zinc oxide films in air and with the addition
of water or ammonia vapors to the research chamber.

Figure 2 shows the current–voltage characteristics of a zinc oxide film, which
were measured in an air atmosphere at temperatures of 290 K (curve 1) and 420 K
(curve 2) and in the presence of water vapor at a temperature of 290 K (curve
3). In an air atmosphere at temperatures of 290 K (curve 1), the CV characteristic
of the studied zinc oxide film has an exponential dependence. This dependence is
typical for the barrier mechanism of current flow. The CV characteristic in an air
atmosphere at a temperature of 420 K shows the current flow values higher almost
on the order of magnitude (at the same voltage values), and in addition, the degree
of its superlinearity is less than at room temperature. This behavior indicates an
increase in the concentration of electrons in the conduction band of the ZnO film
with increasing temperature. Therefore, the effect of intercrystalline barriers on the
current flow with increasing temperature is less pronounced.

It can be seen that in an atmosphere containing water vapor (Fig. 2, curve 3),
the electrical conductivity shows higher values in comparison with the electrical
conductivity in dry air. Similar results obtained on zinc oxide films are known in the
literature [12] and are explained by the dissociative adsorption of water on the surface
of the ZnO film. Water is absorbed on zinc oxide in both molecular and dissociative
form. Dissociative adsorption on nanosized forms of ZnO mainly occurs on oxygen
vacancies, which adsorb and neutralize hydroxyl groups OH− [13].

In an atmosphere with ammonia vapor, the electrical conductivity of the studied
zinc oxide films also differed from this indicator in dry air. Figure 3 shows the CV
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Fig. 2 CVC of ZnO film in
air atmosphere at 290 K (1)
and 420 K (2) and in the
presence of water vapor at
290 K (3)

Fig. 3 CVC of ZnO film in
air atmosphere (1) and with
ammonia vapor (2) at 290 K

characteristic of a zinc oxide film in dry air (curve 1) and in air with ammonia vapor
(curve 2). The exponential character of the dependence, as well as its straightening
in the coordinates. ln I ~ U^(1/4), indicates the above-barrier Schottky emission
through thin intercrystalline barriers [14] as the dominant mechanism of current
transfer in the film.

In ammonia vapor, the CVC of the ZnO film (curve 2 in Fig. 3) is almost an order
of magnitude higher than in air. This is especially noticeable in the region of low
voltages.

In works [12, 15] it was shown that the stable configuration of NH3 during adsorp-
tion on the surface of zinc oxide is the binding of the nitrogen atom (N) with the
surface zinc atom (Zn). In this case, even at ambient temperature (~300 K) [15],
charge transfer to the ZnO surface is observed. Molecular chemisorption of NH3

occurs on the ZnO surface, in which ammonia molecules become donors of charge
carriers. As a result, the equilibrium surface bending of the energy bands decreases
and the conductivity of thin zinc oxide films increases.

The temperature dependences of the current of zinc oxide films were studied in
dry air, in atmospheres with water vapor, ammonia, and isopropyl alcohol in the
temperature range 290–723 K.
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Fig. 4 Current temperature
dependences in ZnO film in
air atmosphere (1–2–3) and
in the presence of water
vapor (4–5–6). (V = 200 B)

Figure 4 shows the DCTD of ZnO films in dry air (1–2–3) and in the presence
of water vapor (4–5–6). Electrical conductivity was measured both when the sample
was heated (Sections 1–2) and when it was cooled (Section 3).

In the atmosphere of dry air, the conductivity grows exponentially with temper-
ature increasing wherein the dependence shows several sections with different acti-
vation energies. The minimal growth in conductivity is observed in the temperature
range 290–320 K with conductivity activation energy of about 0.1 eV. These values
correspond to the shallow donors’ contribution to the conductivity, often caused by
surface defects. The conduction activation energies in other areas (E1,E2, andE3) are
presented in Table 1. Their numerical values (0.35–0.5) eV being close to each other
are less than half the band gap of zinc oxide. In such cases, electrical conductivity is
controlled by intercrystalline potential barriers, and its mechanism can be explained
by the semiconductor model with large-scale potential relief fluctuations described
in [16].

The current temperature dependence measured in the presence of water vapor has
some specific features. So, on DCTD, when the film is heated, there are Sects. 4
and 5, in which the electrical conductivity increases with temperature. Between
them there is a section of abnormal temperature dependence 322–395 K, where the
electrical conductivity decreases with temperature growth. A similar dependence
was observed on thin films of ZnO [17] and SnO2 [18] in a humid environment. This
anomaly can be explained by desorption of physically adsorbed water and hydroxyl
groups present on the surface of oxides in a humid atmosphere. In this case, on
the surface of the ZnO film, the number of adsorption centers for oxygen increases,
which, being adsorbed, captures electrons from the conduction band, thereby leading
to a reduction in current flow. A further rise in temperature stimulates desorption of
oxygen, and, as a consequence, an increase in conductivity. The possibility of using

Table 1 Conduction activation energies (eV) calculated from the current temperature dependences
in the ZnO film

E1 E2 E3 E4 E5 E6

0.37 0.5 0.35 0.1 0.3 0.3–0.35
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zinc oxide films as adsorption-sensitive elements of gas sensors, can be clarified by
conductivity kinetic studies during the periodic filling the measuring chamber with
dry air and gas for detection.

Figure 5 shows the relaxation of the current in the ZnO film with periodic admis-
sion of water vapor and dry air into the chamber. The studies were carried out at a
constant voltage of 200 V. As it can be seen, the resistance of the film decreases by
more than five times when water vapor is let into the atmosphere of the chamber.
Whendry air is let in, the resistance value is restored to its initial value.Both processes
are quite inertial and last 6–8 min. Using the classic sensitivity formula

S = Ro − R

Ro
(1)

(where Ro is the film resistance in air; R is the film resistance in water vapor), the
sensitivity of the zinc oxide film to water vapor was calculated.

Similar measurements of current relaxation and sensitivity calculations were
performed for other voltages in the range (50–320) V. The dependence of the sensi-
tivity of the ZnO film to water vapor on the applied voltage is shown in Fig. 6. It can
be seen that with an increase of the applied voltage, the sensitivity increases, reaches
a maximum at a voltage of 200 V and is 0.37 in relative units.

The relaxation of the current with periodic admission of ammonia vapor or dry
air into the measuring chamber is shown in Fig. 7. In the presence of ammonia
vapor, the current in the ZnO film almost doubles. The adsorption of ammonia is a

Fig. 5 Relaxation of current
in ZnO film at periodic
inflow into the chamber of
water vapor or dry air (V =
200 B) at T = 293 K

Fig. 6 Dependence of ZnO
film sensitivity versus
voltage to water vapor
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Fig. 7 Relaxation of current
in the ZnO film with periodic
inflow of ammonia vapor or
dry air (V = 175 V) at T =
293 K into the chamber

Fig. 8 Dependence of the
sensitivity of the ZnO film to
ammonia vapor on the
applied voltage

fairly fast-response process. The current reaches 90% of its stationary value (tresp—
response time) in about 48 s. After admitting dry air into the chamber, the current
decreases almost to its initial value. This process,which actually reflects the ammonia
desorption is more inertial than the adsorption process. The recovery time (trel is the
time during which the current falls by 90% of its stationary value) is about 180 s.

From the relaxation curves measured at different values of the applied voltage,
the sensitivity of the ZnO film to ammonia vapor was calculated. The dependence of
the sensitivity on the applied voltage is shown in Fig. 8. It can be seen that the value
of the sensitivity reaches its maximum at a voltage of 250 V and is 0.82 in relative
units.

The isopropyl alcohol vapor influence on the conductivity of the studied zinc oxide
films was additionally studied. Figure 9 shows the current relaxation measurements
in the ZnO film with periodic filling of isopropyl alcohol vapors and dry air into the
measuring chamber. As it can be seen, at room temperature (Fig. 9, curve 1), the
change in the electrical conductivity of the film in the presence of isopropanol vapor
is very small. However, when the ZnO film is heated, its sensitivity to isopropanol
vapor increases and already at a temperature of about 363 K; it reaches 0.41 relative
units (Fig. 9, curve 2). This indicator is comparable to the sensitivity of the studied
ZnO films to water and ammonia vapors. The change in electrical conductivity upon
contact of the films with ammonia, as well as the reverse process, occurs rather
quickly; the response time can be considered equal to 60–70 s. However, the kinetic
dependences show that the current does not reach its initial value during the observa-
tion time (180 s for each process). This indicates the formation of stronger chemical
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Fig. 9 Relaxation of current
in ZnO film when vapor of
propanol or dry air is let into
the chamber (V = 200 B).
Red markers—T = 293 K
and blue—T = 393 K

bonds between the isopropanol molecule and the surface at an elevated temperature
(393 K) compared to the interaction at room temperature.

The result obtained is probably due to the more complex structure of the isopropyl
alcohol (C3H7OH)molecule as compared to theH2OandNH3 molecules and requires
further study. It may be interesting for the application of the same film in the joint
control of several pollutants. In this case, local heating of a part of the sensitive
element for isopropanol detection can be used.

4 Conclusion

In the studies carried out in all cases, changes in the electrical characteristics of the
studied films were observed, but the nature of these changes differs and depends on
the nature of the interaction of the adsorbate with the previously adsorbed oxygen.

In the presence of ammonia vapor at room temperature, the current in the film has
almost doubled. Moreover, the adsorption process is quite inertial in contrast to the
desorption process. The films’ sensitivity was at the level of 0.82 relative units.

These same films at room temperature do not react to propanol vapors in the
ambient air. However, as the temperature of the layers increases, their electrical
conductivity increases. At a temperature of 373 K, the sensitivity to propanol S is
0.41 relative units.

The films have also been noticed to be sensitive to moisture at room temperature.
However, compared to the reaction to ammonia, the reaction to water vapor wasmore
inertial and the sensitivity was at the level of 0.37 relative units.

The difference in the values and temperature of the sensitivity of zinc oxide
films to different adsorbates allows considering them as a sensitive elements of the
multisensors.
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