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Investigation of the vapor-sensitive properties of zinc oxide layers by impedance
spectroscopy
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In the field of gas sensory research, metal oxide layers are used as sensitive elements of semiconductor adsorption
gas sensors. In this work samples of ZnO were prepared by the sol-gel method with variation of the annealing
temperature from 100 to 500 °C. The microstructure of the surface of the obtained samples was investigated by atomic
force microscopy. The sensitivity of the samples to the vapors of acetone and ethanol was investigated by the method of
impedance spectroscopy. For interpretation of the obtained results an electric equivalent R-CPE circuit was used. The
ZnO sample produced by annealing at 300 °C exhibited maximum sensitivity to both vapors. Addition of Fe to the ZnO
sample annealed at 500 °C led to an increase in the sensitivity to the vapors of acetone and ethanol due to the increased

concentration of reducing vapor adsorption sites.
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INTRODUCTION

Various metal-oxide materials as SnO,, ZnO,
Fe,Os, WO3, Co030y4, etc., are used as sensitive
materials in metal-oxide semiconductor gas
sensors. Their operating principle is based on
increasing the sensitive element conductivity in the
surface region as a result of sorption of the
analyzed gas. Depending on the composition of the
sensitive layer, the sensor reacts with different
vapors and gases as CoHsOH, CO, CH4, H», O,
etc. The operating temperature is within the range
from 200 °C to 500 °C.

Sensitive layers for gas sensors are based on a
significant number of materials and technologies. In
modern sensor technology gas-sensitive layers are
prepared using metal oxides having electron
conductivity, such as SnO,, In,Os, ZnO, Fe,0s3,
CuO, TiO2, WO3 and Co304. The principle of
operation, based on metal oxide layer
semiconductor gas sensors [1— 4], is the reversible
change in the electrical properties during the
charged oxygen species adsorption and desorption
of reaction products as a result of the interaction
with the molecules of reducing gases at elevated
operating temperatures, usually within the range
from 200 °C to 500 °C. In gas sensory research tin
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dioxide is the most studied material [5]. However,
ZnO is also suitable for use in this field due to the
possibility to vary its resistance in a broad range, its
high chemical stability, and low toxicity.
Nowadays, a variety of methods is used for the
preparation of nanostructured layers of ZnO, such
as spray pyrolysis [6], chemical vapor deposition
[7], magnetron sputtering [8], hydrothermal method
[9], sol-gel technique [10—15]. The sol-gel method
allows easy control over the structure of the
obtained materials by varying the technological
conditions of the process, such as the choice of
solvent and precursor, the aging time of the sol, etc.
For example, in [14], porous layers based on zinc
oxide are produced by the sol-gel method and it is
shown that the pore size depends on the
concentration of zinc nitrate in solution.

The aim of this paper is to investigate the
sensitivity of semiconductor nanomaterials based
on ZnO prepared by the sol-gel method under the
conditions of a gaseous medium in an alternating
electric field.

EXPERIMENTAL

Four types of samples were obtained by the sol-
gel method (Table 1).
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Table 1. Conditions of preparation of sols and coresponding samples

Type of sample Composition of

Used precursors

Annealing

sample temperature, °C
I 100
I ZnO Zn(CH3CO0);- 2H,0 300
1] 500
Zn(CH3CO00);,- 2H-0,
v ZnO-Fe Fe(NO3)s: 9H,0 500
Table 2. Parameter values of relaxators in air and in the presence of reactant gases
e Atmosphere g PR G RafRas AadAge
Air atmosphere 11.233 14.17 434.1
| In the presence of acetone vapor 486.26 0.33 15.7 27.6 3.1
In the presence of ethanol vapor 46.416 3.43 125.4 3.5 15
Air atmosphere 5.094 31.24 1100
1 In the presence of acetone vapor ~ 162.975 0.98 50.9 21.6 2.0
In the presence of ethanol vapor 34.305 4.64 218.4 5.0 1.7
Air atmosphere 6.734 23.63 955
I In the presence of acetone vapor 22.051 7.22 248 3.9 11
In the presence of ethanol vapor 19.630 8.11 278 3.4 11
Air atmosphere 2.656 59.92 1150.7
v In the presence of acetone vapor 57.224 2.78 140.7 8.2 3.3
In the presence of ethanol vapor 26.561 5.99 273.3 4.2 2.9

Table 3. Sensitivity of the sample in an alternating electric field to acetone and ethanol vapors

Sample type Atmosphere maxSge f,Hz maxSym, f, Hz
I 25.8 1384 536.0 2984

I In the presence of acetone vapor 309 5995 = 9457.7 6734

1l 3.8 1149.8 153 1385

v 7.9 2257 126.8 1707

I 3.3 1233 15,5 1385

I In the presence of ethanol vapor a7 1520 358 1592

Il 3.2 1098 124 1123

v 4.1 1707 22.2 1831

The first three types of samples were produced
from sols and Zn(CH3COQ),-2H,0 precursor [16,
17]; for the fourth type of samples,
Zn(CH3CO00),-2H,0 was used as a precursor and
Fe(NO3)3-9H,O was subsequently added [18].
Precursors were dissolved in 2-methoxyethanol.
Monoethanolamine was added as a surfactant. For
the fourth type of sample the mole fraction of iron
nitrate in the film was chosen to be 0.5%. All
films were annealed for 1 h at fixed temperatures,
as listed in Table. 1. The film thickness was kept
about 1.5 pm.

The microstructure of the surface of zinc oxide
layers, prepared by the sol-gel method, was
investigated using atomic force microscopy
(NTEGRA Therma, NT-MDT) in semi-contact
mode [19, 20].

Investigation of the electrical properties of the
produced samples was performed by the method of
impedance spectroscopy [21], which was a tool for
investigation of electrical properties on the
122

interface based on the study of the influence of an
electrical field with variable frequency.

Measurement of the frequency dependence of
the module of complex resistivity and phase shift
angle between current and voltage in the capacitor
circuit was carried out in the frequency range from
100 Hz to 500 kHz. The experiment was carried out
in a laboratory installation [22], providing
opportunities for investigation of samples by the
method of impedance spectroscopy under changing
gas environment (in an air atmosphere, in the
presence of vapors of ethanol and acetone at a
concentration of 1000 ppm at the temperature of
measurement of 300 °C).

For processing of impedance spectroscopy
experimental data, the complex plane method was
used. As a complex number, the impedance is
represented as the dependence of the imaginary
component as a function of the real one (Nyquist

plot).
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RESULTS

The results of the investigation of the surface
morphology of the samples, produced by variation
of the annealing temperature and the composition
of the material, are shown in Figures 1 and 2. It was
found that increasing the annealing temperature
from 100 °C to 300 °C resulted in an increase in the
average particle size from 10 to 100 nm and during
annealing at a temperature of 500 °C aggregation of
nanoparticles into larger objects of elongated shape
occurred.

Fig. 1. AFM images of zinc oxide layers, prepared by
the sol-gel method at various annealing temperatures: a -
100°C; b - 300°C. Scan size area of 10x10 pm?.

Fig.2a

Fig. 2. AFM images of layers, prepared by the sol-
gel method at annealing temperature of 500°C: a - ZnO;

b — ZnO with the addition of Fe. Scan size area of 10x10

pum?,

The investigations of the frequency dependence
of the real ReZ and the imaginary ImZ components
of the complex impedance were performed by
plotting it in semi-logarithmic coordinates for an
atmosphere of air and vapors of ethanol and
acetone at a detection temperature of 300 °C. As an
illustrative example, in Fig. 3 the frequency
dependence of both, ReZ (Fig. 3a) and ImZ (Fig.
3b) components is shown in an air atmosphere and
in the presence of vapors of acetone and ethanol for
a sample of Il type. On the plot of the reactive
component of the complex impedance, (shown in
Fig. 3b), a relaxation maximum is observed
satisfying the conditionwt=1, where ®is the
angular frequency for the maximum value of the
reactive component of complex impedance
(relaxation maximum point on the hodograph of the

impedance), Tis the relaxation time of polarization
(characteristic charge accumulation time). The
value of the characteristic charge accumulation
time is inversely proportional to the angular
frequency (t=1®=1/27f pax , Where fax -
frequency corresponding to the position of the
relaxation maximum).
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Fig. 3. The frequency dependence of the components
of the complex impedance of the sample of type IlI: a -
real component; b - imaginary component.
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Fig. 4. Nyquist diagrams for the sample of type I11.
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A Nyquist diagram in air and in the presence of
reducing gas vapors for the sample of type Il is
shown in Fig. 4. It reveals that the center of the
semicircle in the detection of gas shifts to higher
frequencies. This is due to the shift of the relaxation
maximum in the frequency dependence of the
reactive component of the impedance at higher
frequencies.

Impedance spectroscopy data obtained in this
work are interpreted in terms of “equivalent
electrical circuit”. To describe the resistive-
capacitive properties of the materials in the
equivalent circuit the constant phase element (CPE )
was used due to the fact that the centers of the
semicircles on the complex plane are lying below
the x-axis. The choice of the equivalent circuit
elements was due to the fact that the samples are
characterized by a set of relaxation times. The
impedance of a constant phase element is described

by the formula: z = 1/ A(jo) , where A is the factor
of proportionality, N is the exponential index

indicating the phase deviation within the range
-1<n<1, o is the angular frequency, j is the
imaginary unit. The pre-exponential frequency-
independent factor has the dimension of
capacitance. It was revealed that the value of the
exponential index in air and in the presence of
reactant gases is 0.82 — 0.99.

The spectroscopic data were interpreted by
using LabVIEW media with a parallel R —CPE
chain, where R is the resistance of the relaxator.
The R —CPE chain is associated with the region
characterizing the grain boundary of zinc oxide
particles.

The value of the sensitivity toward reducing
gases at a temperature of 300 °C in the detection
frequency range from 100 Hz to 500 kHz was
calculated in two ways: by the real component:

Sr. =ReZ, /ReZ ., where ReZ, is the real

component of the complex impedance in air,
ReZ,, is the real component of the impedance in

the presence of reactant gas; and by the imaginary
component: S, =ImZ,, /ImZ ., where ImZ,

is the imaginary component of the complex
impedance in air, ImZ,  is the imaginary

component of the impedance in the presence of
reactant gas.

The influence of annealing temperature and
added iron to the gas sensing properties of
nanomaterials is discussed in details in the next
section.

air

air
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DISCUSSIONS

It was revealed that the relaxation time,
associated with the contact area of the particles
(grain boundaries), was very sensitive to changes in
the environment and resulted in a 3.4 - 42.9 fold
decrease depending on the annealing temperature of
the samples (Table 2). It was established that with
an increase in annealing temperature of the samples
from 100 °C (I type samples) to 500 °C (Il type
sample) the characteristic charge accumulation time
increases 1.7 times in air, 21.8 times in the presence
of acetone vapor, and 2.4 times in the presence of
ethanol vapor (Table 2).

It is shown that on adding iron (IV type
samples) to samples annealed at 500 °C (Il type
samples), the characteristic charge accumulation
time increases 2.5 times in air, while it decreases
2.6 times and 1.4 times in the presence of vapors of
acetone and ethanol, respectively (Table 2).

In this way it was revealed that for the samples,
produced in the presence of reducing reactant
vapors the value of the frequency-independent pre-
exponential factor (the minimal and maximal
values of Aair/Ags) decreases 1.1-3.3 times, while
the resistance of the grain boundaries of the
particles (Rair/Rgass) - 3.1-27.6 times, calculated for
all samples (Table. 2). The reasons for the
decreasing values are considered to be the
combined effect of the reduction of the charge
depletion region at the grain boundary, the
modulation of current flow channels and the
recharge of surface states.

It was revealed that the maximum sensitivity is
observed for type Il samples annealed at 300 °C.
The sensitivity of this type of samples towards
acetone vapor was 30.9 at a frequency of 5995 Hz
by the real component of the complex impedance
and 9457.7 by the calculated imaginary component
at a frequency of 6734 Hz. The sensitivity was
lower towards ethanol vapor, but still significant. It
was 4.7 by the real component of the complex
impedance at the frequency of 1520 Hz and 35.8 by
the imaginary component at a frequency of 1592
Hz (Table 3).

It was established that adding of iron (IV type
samples) to the samples annealed at 500 °C (llI
type samples) increased the sensitivity to ethanol
vapor by a factor of 1.3, evaluated by the real
component of the complex impedance and by a
factor of 1.8 calculated by the imaginary
component. At the same time, the sensitivity to
acetone vapor evaluated by the real component of
the complex impedance increased by a factor of 2.1
and by a factor of 8.3 calculated by the imaginary
component (Table 3). This result could be
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explained by means of the model of interaction of
reducing gases with metal oxides developed by our
team [23].

According to our model, the increase in gas
sensitivity can be achieved by using
multicomponent metal oxides as sensor materials.
This is done by careful selection of oxide
components, taking into account their redox and
acid-base properties. The effect of increasing the
sensitivity of the composite materials based on
Zn0O-Fe,03 to the vapors of acetone and ethyl
alcohol in comparison with Fe,O3 and ZnO alone,
was investigated experimentally in our work [24]. It
was confirmed beyond any doubt that increasing of
the concentration of reducing vapor adsorption sites
(metal cations and acid OH-groups) on the surface
of the composite material is responsible for the
increase in sensitivity.

In summary, the observed dependence of the
properties of samples of type I, II, Ill, based on
pure zinc oxide gas-sensitive layer, as a function of
annealing temperature could be explained by their
specific morphological and structural
characteristics. For the sample of type | the
annealing temperature of 100 °C is not sufficient
for the formation of the crystal structure of zinc
oxide and complete evaporation of the organic
components of the initial solutions. For the sample
of type Il the annealing temperature of 300 °C
causes formation of zinc oxide particles of a size
about 100 nm. For the sample of type Ill the
annealing temperature of 500 °C causes association
of the particles in micrometer-sized objects. This
causes a reduction of the surface area available for
surface-vapor interaction.

CONCLUSIONS

The gas-sensitive properties of samples based on
zinc oxide were investigated by impedance
spectroscopy at a detection temperature of 300 °C.
It is revealed that during vapor detection the center
of the semicircle at the Nyquist diagrams shifts to
the higher frequencies region.

The data obtained by  spectroscopic
measurement were interpreted by using parallel
R — CPE - chains. Those R —CPE - chains are
associated with the region which characterizes the
grain boundaries of zinc oxide particles. It was
found that the values of the exponential index, the
relaxation time, the pre-exponential frequency-
independent factor and the resistance of the grain
boundaries of the particles are very sensitive to the
changes in air conditions.

It is shown that the sample of pure ZnO
annealed at 300 °C has the maximum sensitivity

values to acetone and ethanol vapors. That fact is
explained by the smaller particle size and structural
perfection of the zinc oxide layers obtained in these
synthesis conditions. It was found that the
sensitivity values of ZnO samples with added Fe
annealed at 500 °C to both acetone and ethanol
vapors are higher than those of pure ZnO. This can
be associated with complementary redox and acid-
base properties of ZnO and Fe;0s.
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N3CJIEABAHE HA USMEPEHU 110 METOJA HA UMIIEJAHCHA CIIEKTPOCKOIIMS HA
UYBCTBUTEJIIHUTE KbM U3ITAPEHA CBOUCTBA HA CJIOEBE OT HMHKOB OKCU/
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(Pesrome)

B oGnactra Ha ra3-ceH30pHUTE U3CICIBAHNS METAIHU OKCHUIHHU CIOEBE CE M3IIOI3BAT KaTO YyBCTBUTEIHHU €JIEMEHTH
Ha IMTOJIYIIPOBOJIHUKOBHTE aJICOPOIMOHHN Ta30BU JaTduiin. B Ta3zu pabora mpobu ot ZnO ca MoxydeHH dpe3 30J-TeIeH
METOJ| C IpOMsIHA Ha TemmeparypaTa Ha oTrpsBae oT 100 mo 500 °C. MukpocTpykTypaTa Ha HOBBPXHOCTTa Ha
MOJyYeHHUTE POOH € M3CIie/IBaHa Ype3 aTOMHO-CHIIOB MHUKPOCKOIL. UyBCTBUTEIHOCTTA Ha MPOOUTE KbM HM3NapeHHs Ha
aleTOH U €TaHOJ Ce Hu3cie/Ba MO MEeToJa Ha HUMIIEJaHCHA CHEKTPOCKOmHUs. 3a MHTEepHpeTalus Ha MOJydeHHUTE
pe3ynTaTu e u3noi3BaHa enekrpuuecka ekpuBaneHTHa R-CPE cxema. [Ipo6ara ot ZnO, nony4yeHa upe3 OTrpsBaHe mpu
300 °C mposiBsiBa MaKCMMaJIHa YyBCTBUTEIHOCT KbM H3MApEHUATA HA JBaTa OpraHUYHH pa3tBoputens. JlobaBsiHeTo Ha
Fe xpM ZnO mpobara, orrpsra mpu temmneparypa or 500 °C Boam n0 yBenM4YaBaHE Ha YYBCTBHUTEIHOCTTa KbM
M3MAapeHnsITa Ha aleToH W eraHois. IlpnumHara 3a TOBa € yBEIMYaBAaHETO HA KOHIEHTPAIWATa HA aJCOPOLMOHHUTE
LIEHTPOBE 32 PEIYKTOPHHUTE Ta30B€, KAKBATO (DYHKIMS M3MBIHABAT U3MIAPEHUATA OT €TAHOJI M alleTOH.
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