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Abstract

The structure and electrical properties of the ZnO-Ag (0.001-3 wt%) ceramics in air and in air with the ethanol addition are studied.
It was found that electrical parameters are sensitive to the concentration of ethanol in air due to a decrease in the barrier height at the
grain boundaries. Silver addition causes a decrease in the density of material due to the formation of Ag inclusions. This can be the main
reason of higher sensitivity to ethanol observed in ZnO-Ag ceramics in comparison with other ZnO-based ceramics.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Zinc oxide with different additives is frequently used for
the preparation of gas sensors [1,2]. The details of the
preparation and structure have a strong influence on the
physico-chemical processes related to their gas sensitivity
[3-5]. Several catalytically active metals like Pt [6,7],
Pd [8-10], Au [I11,12], Ag [13,14] can be used for the
improvement of the sensitivity and selectivity of the ZnO-
based sensors.

The ZnO ceramics with Ag addition exhibit relatively
high sensitivity to the alcohol vapors and, therefore, they
are considered as the most prospective sensor materials for
this group of gases [14]. The optimization of the produc-
tion technology of these materials needs the detailed data
about the structure, the electro-physical properties and the
mechanisms of their gas sensitivity. To date, however,
proper attention to such investigations was not given
probably due to some general difficulties in realization of
the heterogeneous experiments and in the interpretation of
the electro-physical processes in disordered materials.
A few works on ZnO-Ag materials were devoted mainly
to the study of their structure and optical properties [15-28].
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With the aim to understand the role of Ag addition, in
this paper the microstructure, the electrical properties in
air and the ethanol-sensing behavior of the ZnO-Ag
ceramics with different amount of Ag,O addition are
studied and discussed.

2. Experimental details
2.1. Samples

The ZnO ceramics were prepared by the conventional
oxide mixture method. The ZnO and Ag,O powders of
submicron size were mixed using ethyl alcohol and then
dried. The amount of Ag,O addition was varied in the
range 0.001-3 wt%. The obtained powder was pressed in
tablets of 12 mm in diameter and up to 4 mm in thickness
under the axial pressure of 100 MPa.

The sintering of ZnO-Ag,0O was performed during 1 h at
temperature 1170 K which is below the melting tempera-
ture of silver. The independent repetition of the sintering
of samples with different amount of Ag,O addition gave
reproducible parameters. For the electrical measurements
Ag electrodes at the same plane surface or at the opposite
plane surfaces were obtained. Additionally, ZnO-Ag,0,
ZnO—-Co0, ZnO-CuO (0.5 at% of added metal) and pure
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ZnO ceramics were sintered simultaneously in the furnace
with a low temperature gradient at slightly higher tem-
perature 1270 K to ensure the doping of ZnO crystallites.

2.2. Microstructure and phase composition

The scanning electron microscopy (SEM) of the surface
and the energy-dispersive X-ray (EDX) microanalysis were
performed in the microscopes Nova NanoSEM 200 (FEI
Company, USA) and REM-1061 (SELMI, Ukraine). The
X-ray diffraction (XRD) was studied in the filtered Cuk,,
(2=1.5406 A) emission using the diffractometer PANaly-
tical Empyrean. The phases were identified using X’Pert
Highscore plus and ICDD PDF-2 data.

The linear shrinkage y was calculated according to the
expression: y = (d, — d)/d,, where d, and d are the diameters
of a sample before and after the sintering, respectively. The
density p of the sintered samples was calculated according
to the expression p =m/V, where m is the mass found from
the weighting of a sample in air and V is the volume of a
sample. The relative density was defined as p/p,, where pq
is the theoretical density. For ZnO-Ag the theoretical
density was calculated taking into account the chemical
composition before the sintering. For pure ZnO the value
Po=75.66 gcm > was used.

2.3. Electrical measurements

The dc current—voltage characteristics and the tempera-
ture dependence of the dc low-field electrical conductivity
a(T) were obtained in air using commercial digital devices.
The nonlinearity coefficient §=(E/j)(dj/dE) was estimated
according to the expression f = log(J>/J1)/log(E>/E)),
where J;=0.4mA cm 2 and J,=4 mA cm Zare the cur-
rent densities, E; and E, are respective values of the electric
field. The o(7T) dependence was obtained at heating and
cooling of a sample with a rate of about 1.5 K/min. The
activation energy of electrical conduction E, was found
from the equation o(7') = opexp(—E,/kT), where a(T) is
the electrical conductivity at the absolute temperature 7,
g 1s a constant, k is Boltzmann’s constant. The frequency
dependence of the relative dielectric permittivity ¢and the
coefficient of dielectric losses ¢ were recorded in air using
the unit BM-560. The dc losses were not subtracted due to
they were relatively low (not more than 1%).

The sensor properties were studied in the chamber of
about 2-10*cm?® with air atmosphere. Some necessary
amount of liquid alcohol was put inside. After the
evaporation of this liquid, the necessary partial pressure
of ethanol in air was established. The temperature of the
sample was measured using the chromel-copel thermo-
couple. For the recovery after each experiment a sample
was heated at T~720 K during 30 min. The response was
calculated as (0 —0g)/0o(, where o is the conductance of a
sample in air with ethanol and o is the conductance in air
without gas. The kinetics of the response was studied by
the introducing/withdrawing of a sensor to/from the

measurement chamber. The response time ¢y 9 was defined
as the time interval for the signal to be changed between
10 and 90% of the signal amplitude (value ¢—gy). The
recovery time ¢, ;was defined as the time interval for the
signal to be decreased to the level of 10% higher than ay.
The dependence of the response on the partial pressure of
ethanol in air was obtained using the kinetic data. The
temperature dependence of the response was measured at
heating of a sample with a rate of 5 K/min.

2.4. Results processing

The degree of connection between different experimental
values was estimated using the coefficient of determination
R*(a,b) (the coefficient of linear correlation R(a,b)squared)
[29]:

n i
> (ai—a)(bi—b)

i=1
R(a,b): W (1)

where a; and b; are random quantities, @ and b are the

n
average values of these parameters defined asa=n"" Y a;.
i=1
The root-mean-square deviation s, and s;, are defined by the
expression

Sa= ¢ (n—=1)"" Z (a;—a)’ )

i=1

where i is the current number of the sampling unit, z is the
number of elements in the sampling.

3. Experimental results and discussion
3.1. Structure and electro-physical properties

The X-ray diffraction data indicate the presence only the
crystalline ZnO and the metallic Ag phase (Fig. 1). Before
the sintering the amount of Ag,O was 3 wt%. After the
sintering the amount of metallic Ag was 2.0 wt%. Therefore,
it is assumed that the reduction of silver takes place at high
temperature. This fact can be due to the partial evaporation
of Ag during sintering. Below some confirmation of this
suggestion is mentioned. Thus, obtained ceramic material is
the ZnO-Ag semiconductor-metal composite.

The ZnO-Ag ceramics exhibit slightly rose bloom. In the
optical microscope at the as-sintered surface of the sample
the dark clusters with the characteristic metallic luster are
seen. This probably can be explained by the partial
reduction of Ag at the sintering and subsequent oxidation
of Ag at cooling. The largest Ag inclusions are rather less
than 1-2 pm. The semiconductor phase of the obtained
ZnO-Ag composite is polycrystalline with the grain size D
of ZnO grains in the range 0.3-0.4 um depending on the
amount of Ag,O addition (Table 1).

The silver inclusions (clusters) were not detected by SEM/
EDX at the as-sintered surface. But the silver inclusions with
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Fig. 1. XRD pattern for the sample ZnO-3 wt%Ag,0 (+—Zn0O; 0—Ag).

Table 1
Some parameters of ZnO-Ag ceramics.

Ag,0 addition Linear shrinkage Relative density Grain size Electrical conductivity
mg (Wt%) 7 (%) o/po D (um) (at 10 Vem™") g, (Ohm~'cm™1)
0 17.6 0.79 0.38 13x 1077

0.001 13.7 0.74 0.39 1.3x 1078

0.01 13.0 0.7 0.40 22x107%

0.1 11.6 0.7 0.35 1.7x 1078

0.5 12.2 0.61 0.34 8.9x 107"

1 13.7 0.66 0.40 47x107°

1.5 9.8 0.47 0.38 1.4x107°

2 11.3 0.62 0.35 8.6x 1077

3 6.7 0.49 0.29 2.7x107°

the size 0.2—1.5 um were observed after the grinding of some
thin layer (Fig. 2a and b). This can be due to more intensive
evaporation of Ag from the surface regions during the
sintering. Therefore, the Ag inclusions are more typical for
the inner regions of this material. This result is in according
to the optical microscopy and the XRD data.

The linear shrinkage y, the relative density p/po and the
low-field electrical conductivity ¢ are decreased with Ag,O
addition though some scattering takes place (Table 1).
The reason for this fact can be related to the random
formation of pores in this material. With the aim to prove
that there is a correlation between these parameters, the
statistical analysis was applied (see Section 2.4). It was
found that between the amount of added Ag (m,) and the
relative density p/pg) exists so called “‘strong connection”
[29] because R>(map/po)=0.65. Also the “strong connec-
tion” was observed between the electrical conductivity and
the relative density (R*(log g, p/p,) = 0.68). Therefore, the
increase in amount of the Ag addition leads to the decrease

in the density and the electrical conductivity. The inclu-
sions of Ag do not form a liquid phase and do not solve
the main substance (ZnO). Therefore, such Ag inclusions
impede the mass transfer and the movement of the grain
boundaries. As a result, the material becomes more porous
and exhibit lower relative density. The similar situation
takes place in other materials [30].

The current—voltage characteristics of ZnO-Ag ceramics
are nonlinear but the nonlinearity coefficient is quite low.
The increase in Ag addition causes the shift of the current—
voltage characteristics to the high-field region and decrease
in the nonlinearity coefficient from 2.6 for pure ZnO to 2.0
for ZnO with 3 wt% of Ag,O (Fig. 3).

The frequency dependences of the relative dielectric permit-
tivity ¢(f) and the coefficient of dielectric losses & (f) exhibit
dispersion in the range of radio frequencies (Fig. 4). This
dispersion is usually related to the Maxwell-Wagner-Sillars
displacement of free electrons in the conductive phase of the
inhomogeneous material (ZnO crystallites) [31]. As it is seen,
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Fig. 2. (a) Secondary electron image and (b) energy-dispersive X-ray
spectrum obtained after the grinding of thin layer. Sample ZnO-3 wt% Ag,O.
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Fig. 3. Current-voltage characteristics (in air) of ZnO-Ag ceramics with
different Ag,O addition (Wt%): 1-0; 2-0,01; 3-0,1; 4-1 and 5-2.

at increase in Ag,O addition the shift of this dispersion to
lower frequencies is observed. In the frames of the Maxwell-
Wagner-Sillars polarization model it means the decrease in the
electrical conductivity of ZnO crystallites.
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Fig. 4. Dependences of relative dielectric permittivity ¢ and coefficient of
dielectric losses ¢ on frequency in ZnO-Ag ceramics with different Ag,O
additions (Wt%).

Taking into account that in the polycrystalline ZnO the
potential barriers at the grain boundaries can be formed
[32], the observed effects can be explained in terms of the
grain-boundary potential barriers formed in the ZnO-Ag
ceramics. The activation energy of electrical conduction
E,=0.2-0.25¢eV in the ZnO-Ag ceramics in air in the
range 290-360 K can be approximately equal to the barrier
height ¢. The barrier height is slightly increased with the
increase in Ag,O addition. The appearance of the barriers
at the interfaces between the ZnO grains and the Ag
inclusions looks less probable due to the values of the work
function (~4.2 eV) for both substances are close [33].

The atoms of silver in can create the acceptor levels
situated about 0.2 eV above the valence band edge of ZnO
[34]. Taking into consideration this information, it can be
assumed that the observed shift of the current—voltage
characteristics to the high-field region and the dielectric
dispersion region to the lower frequencies with the increase
in Ag,O addition, can be explained by the decrease in the
density of free electrons in ZnO grains due to the Ag
doping.

3.2. Gas-sensitive properties

3.2.1. Influence of water vapor on electrical conductance
For the sensor of some gas in air it is very important to
have a weak response to the water vapor in air because the
water vapor is frequently presented in the ambient atmo-
sphere. Usually H,O adsorbed at the ZnO surface at room
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temperature exhibit donor properties [35] and the resis-
tance of a sample is decreased. The increase in the relative
humidity w (partial pressure P, of H,O in air) indeed
causes a decrease in the dc resistance, however, above
about w=40% the resistance of the sensor is practically
unchangeable.

The increase in temperature up to 340-360 K leads to
the desorption of H,O molecules and the response (o —ag)/
g 1s decreased (here o is the conductance of a sample in
humid air and g is the conductance in dry air). Therefore,
the most strong influence of the water vapor on the
electrical conductivity of ZnO-Ag ceramics takes place in
the narrow temperature range near room temperature.

The activation energy of electrical conduction E, near
room temperature found from o(7) dependence in humid
air (the electrical conductance is increased with the
decreasing temperature due to the adsorption of water
molecules) is in the range 1.4-3.2 ¢V for different samples.
This value can have the sense of the activation energy of
water desorption [36]. Some minor growth of the electrical
conductance at 7> 500K with the activation energy
0.4-0.65 eV can be explained by the participation of H™
ions in the conduction process. Therefore, the range 350—
550 K could be acceptable operating temperature range for
the sensor of ethanol in air because in this range its
sensitivity to water vapor is very low.

3.2.2. Sensitivity to ethanol vapor in air

In Fig. 5 the dependence of the response (6 —ag)/gy on
the partial pressure P, of ethanol in air is shown. The
response values were measured at 600 s after the change of
the gas media. It is seen from Fig. 5 that the pressure
dependence of the response is approximated by the equation
similar to the Freundlich isotherm (¢—a)o; ! = A P%, where
A and y are constants [37].

The temperature dependences of the response have a
maximum at 570-600 K and at higher partial pressures of
ethanol the response is increased (Fig. 6). This maximum
probably can be due to the competition of two general
opposite factors: at increase of temperature the interaction
of the surface with the gas ambient becomes more intensive
and the response (0—o0g)/oy is increased, however, at
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Fig. 5. Dependence of the response on partial pressure of ethanol in air at
temperature 650 K at fixed time 600 s. Sample ZnO-2 wt% Ag,0.
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Fig. 6. Temperature dependence of response in air with different partial
pressure of ethanol: 12Pa (1); 24 Pa (2) and 136 Pa (3). Sample ZnO-
0.01 wt% AgyO.

higher temperatures the conductance of material ¢ is
increased and the response (6—o0g)/og=(a/ag)—1 1is
decreased too.

The dependences of the response on the amount of
Ag,0O addition m, and the density p of ZnO-Ag ceramic
material are shown in Fig. 7. It is seen from Fig. 6 that the
response is linearly increased on logarithm of the amount
of Ag>O addition my, (the coefficient of determination is
R*((6—0¢)/00, logmy)~0.65) and is decreased on the
density p of a sample (R*((6—0¢)/00, p)~ 0.55). Taking
into account that the values m; and p are correlated
(R* (p, my)=0.65, see Table 1) it can be assumed that the
observed increase in the response on Ag,O addition accom-
panied by the decrease in the density of a sample, is attributed
to the increase in the specific surface of the ceramics.

3.3. Properties of ZnO ceramics with different additives

The ZnO ceramics without additives and with the addi-
tion of CoO, CuO, Ag,0 prepared at sintering temperature
1270 K, exhibit similar polycrystalline morphology with the
grain size of about 1 um. Some parameters of these ceramics
are presented in Table 2.

The observed increase in the relative dielectric permit-
tivity ¢ and the coefficient of dielectric losses & in
ZnO-CoO ceramics can be explained by the shift of the
dielectric dispersion region to higher frequencies due to the
increase in the electrical conductivity of ZnO grains [31]. It
can be a consequence of the increase in the free electron
density in ZnO grains doped by the donor impurity (Co) [38].

Using the acceptor impurities Cu and Ag leads to a
decrease in the density of electrons in ZnO grains and,
respectively, to a decrease in the electrical conductivity of
ZnO grains [34]. Therefore, the mentioned dielectric disper-
sion is displaced to lower frequencies. As a result, the relative
dielectric permittivity ¢ and the coefficient of dielectric losses
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¢ in ZnO—CuO and ZnO-Ag ceramics at fixed frequency
(10° Hz) are decreased (Table 2).

It is necessary to mention that ionic radius of Ag*
(0.113 nm) is higher than of Zn>* (0.083 nm). This makes
difficult the appearance of Ag in the interstitials. Some
mechanical strains can occur in the crystalline lattice of
ZnO grains in ZnO—Ag ceramics as it takes place in the
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Fig. 7. Dependences of the response of ZnO—-Ag ceramics (in air with partial
pressure of ethanol P,=55 Pa at fixed time 300 s) on the amount of Ag,O

addition my, (a) and the density p (b). T=650 K.

Table 2
Parameters of ZnO-based ceramics with different additives.
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ZnO-Ag thin films [34]. In the ZnO grains in ZnO-CuO
ceramics probably such mechanical strains can be lower
due to the lower ionic radius of Cu™ (0.098 nm) and Cu>™"
(0.080 nm). Therefore, some higher doping level of ZnO
grains in ZnO—CuO ceramics than in ZnO-Ag ceramics
(at other equal conditions) is expected.

From the view-point of the electron theory of catalysis
[39] and the barrier mechanism of gas sensitivity [40] it can
be assumed that the decrease in the free electron bulk
density would lead to the decrease in the concentration of
chemisorbed oxygen at the semiconductor surface and to
the decrease in the response. This takes place in the case of
the ZnO—CuO ceramics (Table 2). In the case of the ZnO—
CoO ceramics the response is similar to the response for
pure ZnO (Table 2). This fact can be explained by the
complete filling of the surface by the adsorbed oxygen even
in the undoped material due to the substantial concentra-
tion of the native defects [32]. Therefore, the doping by Co
does not lead to an increase in the oxygen covering and the
response (Table 2). The doping of ZnO by Ag,O probably
decreases the electrical conductivity of grains not as
strongly as in the case of CuO. However, the response in
the case of ZnO—Ag ceramics is significantly higher than
for the ZnO ceramics with other additives prepared at the
same conditions (Table 2). It can be due mainly to the
quite low density (Table 2) and the developed surface in
the ZnO-Ag ceramics. Probably silver inclusions at the
initial stages of the sintering create obstacles for the
movement of the grain boundaries. As a result the porous
material with small grains is formed. This assumption is
confirmed by the fact that the increase in the sintering
temperature leads to the increase in the density and the
decrease in the gas sensitivity of the ZnO-Ag ceramics
(Table 2).

4. Conclusion

The ZnO-Ag ceramics (0.001-3 wt% Ag,0) sintered in
air at 1170 K are suitable materials for the preparation of
the ethanol resistive sensors. The grain size is 0.1-1.3 pm.
The silver inclusions (clusters) are formed in the samples.
The concentration of silver is higher in the bulk than at the
surface probably due to the evaporation of Ag during
sintering. Even at the maximum addition (3 wt%) there is

Additive  Sintering Relative Electrical Relative dielectric Coefficient of Response

(at%) temperature (K) density  conductivity permittivity dielectric losses €” (o —0g)/0g
o/po (at10Vem Y gy, ¢ (at 10° Hz) (at 105 Hz) (P,=26Pa,

(Ohm~'em™! T=590 K)

- 1270 0.85 2.4x1077 443 135 1.6

0.5 Co 1270 0.85 79%x1078 796 187 1.1

0.5Cu 1270 0.85 33x 107" 66 54 0.24

0.5 Ag 1270 0.7 22%x1078 152 93 16

0.5Ag 1170 0.6 8.9 10710 19 2 24
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no the percolation across the Ag metallic phase. The
electrical conduction in these materials is controlled by
the grain-boundary potential barriers with the barrier
height of about 0.2-0.25eV. The response to ethanol
vapor in air depends on temperature with the maximum
in the range 570-600 K. In this range the sensitivity of the
sensor to water vapor is negligible. At fixed temperature
the response is increased with the partial pressure of
ethanol according to the Freundlich isotherm. The
observed increase in the response with the increase in
Ag,0 addition accompanied by the decrease in the density
of the ZnO—Ag ceramics, and comparison the properties of
the ZnO-based ceramics with the different additives (CoO,
CuO, Ag,0) show that the role of the Ag addition can be
mainly in the formation of the porous structure of zinc
oxide with the high specific surface.
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