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Abstract: Photoacoustic and AC impedance measurements of ZnO varistors with ZnO nanoparticles addition (< 150
nm) are performed by using gas-microphone detection method and precision impedance analyzer, respectively. It is
found that the energy gap E, is slightly decreased from 3.07 eV, for pure sample, to 2.96 eV with increasing ZnO
nanoparticles additions up to 50%, followed by an increase of E, up to 3.07 eV with further increase of ZnO
nanoparticles up to 100%. However, these samples have different shapes of spectrum depending on ZnO
nanoparticles addition, such as one semicircle, two semicircle, one arc as one quarter of a circle and two arcs. We
have found that the conductivity of grains is nearly about 10° times more than the conductivity of the grain
boundaries. The conduction in the grains and grain boundaries occurs in the same process for the additions with 5%,
10%, 50%, and could not be separated by the impedance spectroscopy. Although the dielectric constant is not
systematic with ZrnO nanoparticles addition, it is generally improved by the additions. Our results are discussed in
terms of the nano size of the grains which are localized at the grain boundaries of ZnO.
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1. Introduction Photoacoustic technique (PA) is a photo-thermal
Zinc oxide (Zn0O), a wide band-gap detection method that has proved to be a powerful tool
semiconductor with large exciton binding energy for investigating the optical and thermal properties of
(about 60 mV) is one of the most promising materials by measuring the non-radiative de-excitation
semiconductor materials for its applications in various processes that follow optical absorption [13-16]. One
areas such as optoelectronics [1], spintronics [2], of the significant advantages of the PA technique is
piezoelectric transducers [3], ultraviolet that it is a non-contact and non-destructive method,
optoelectronics [4]. It is commonly accepted that and requires no particular sample treatment. Moreover,
Polycrystalline ZnO ceramic with additives exhibits PA spectra are rather insensitive to light scattering
nonlinear current-voltage (I-V) characteristics due to effects in powder samples. PA technique provides the
the electrostatic potential barriers formed at grain easy and reliable method for optical absorption spectra
boundaries [5-9]. The existence of the nonlinearity of opaque samples. In this work, we have used PA
region is the most significant property of the varistors technique to study the optical absorption and measure
as a result of its conducting phase in this region. energy band gap (£,) of ZnO ceramics.
Although lot of works have been done in the I-V It is well known that electron traps, localized at
studies of ZnO varistors, a few investigations have the grain boundaries of ZnO ceramics, are adsorbed
been carried out on the optical absorption oxygen and capture the electrons coming from the
measurements because of difficulty of conventional donor states [17]. As a result of these traps, the
transmitting methods [10]. It is necessary to get Schottky barrier capacitance becomes dependent on
information about optical absorption of ZnO varistors the signal frequency of measurements. This is due to
for more investigations on their electronic states, and the finite time constants associated with the charging
also band gap determination. However, three different and discharging of the deep trap states in the depletion
values (3.1, 3.2 and 3.3 eV) have been reported for the layer [18]. One way of studying the exchange
optical band gap of ZnO single crystals at room phenomena is by following the harmonic response
temperature as well as free exciton energy of (40-60 under low ac voltages [19]. When a time dependent
mV) [11, 12]. voltage (= 300 mV) is applied across a ceramic

sample, a sinusoidal current will flow with the same
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angular frequency [20]. Ac impedance spectroscopy is
a powerful technique for the characterization of grain
boundaries in ceramic materials. It has the great
advantage over the dc techniques of being able to
separate the electric response in different regions of
ZnO ceramics, provided their electrical responses
within the range of the instrumentation and the time
constants [21]. This response in the linear region is
entirely characterized by the complex impedance Z as
a function of the frequency (w). The real and
imaginary parts of Z (Z” and Z”) with respect to the
applied voltages can be determined in the frequency
range up to GHz. The frequency of the capacitance
response can be obtained from the dielectric constant
of ZnO varistors versus frequency. Furthermore, the
resistance of both grains and grain boundaries can be
determined from Z” versus Z’ plot.

In the last few years, progress has been achieved
in synthesis, structural characterization and physical
properties of nanostructures. These nanomaterials, due
to their peculiar characteristics and size effects often
show novel physical properties compared to the bulk
samples. Today, nanoparticles of metal oxides have
been the focuses of a number of research efforts due to
the unusual properties that are expected upon entering

this size regime [22]. Recently, structural, I-V
characteristics and temperature dependent
conductivity of ZnO samples with various

nanoparticles addition are investigated [23]. In the
present work, photoacoustic and AC impedance
analyzer measurements are performed in order to
investigate the optical absorption and measure energy
band gap (£,) of ZnO ceramics with various ZnO
nanoparticles addition (5%, 10%, 30%, 50%, 75%,
and 100%).

2. Experimental details

ZnO ceramic samples with various ZnO
nanoparticles addition (5%, 10%, 30%, 50%, 75%,
and 100%) are synthesized by using conventional
solid-state reaction method [23]. Briefly, powders of
ZnO and ZnO nanoparticle size (< 150 nm) of 99.99%
purity (Sigma-Aldrich product) are thoroughly mixed
in required proportions and calcined at 900 °C in air
for a period of 12 hours. The resulting powders are
ground and pressed into pellets of 1 cm diameter and
0.3 cm thick. These pellets are sintered at
temperatures of 1000°C for 10 h in air, and then
quenched in air down to room temperature. The bulk
density of the samples is measured in terms of their
weight and volume. The phase purity and surface
morphology of all samples are examined by using X-
ray powder diffraction (XRD) at room temperature in
the angle range 26 = 10— 70° with the characteristic
Cu K, radiation and graphite monochromator. PA
measurements are carried out by gas-microphone
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detection method. A monochromatic light beam from
Xenon arc lamp through a monochromator is
modulated with a mechanical chopper and focused on
the surface of a sample placed inside a sealed PA cell.
The light absorbed by the sample is converted into
heat by non-radiative relaxation process and results in
pressure fluctuations in the air inside the cell which
can be detected by the microphone enclosed in the PA
cell. The PA signal from the microphone is measured
by a lock-in amplifier (SR 830). High-quality carbon
black has been used for signal normalization. Finally,
the ac impedance at room temperature is measured by
using precision impedance analyzer model 4295A
(40—-110 MHz). The modulus of complex impedance Z
and phase angle as a function of frequency (w) are
well recorded. From the impedance spectra, values of
the real Z’ and the imaginary Z” parts of the complex
impedance could be obtained.

3. Results and Discussion
3.1 Optical band gap

X-ray powder diffraction (XRD) pattern for ZnO
samples with different ZnO nanoparticles content (5%,
10%, 30%, 50%, 75%, and 100%) is shown in Figure
1. It is clear that the crystal structure of all samples is
hexagonal wurtzite structure, and no additional lines
could be formed with ZnO nanoparticles addition up
to 100%. The well known peaks of ZnO such as (100),
(002), (111), (102), (110), (103), (200) and (112) are
formed. ZnO behaves as n-type semiconductor, as its
conduction band arises from the 4s orbital of Zn is
wide enough to favors the effective charge transfer.
Electrons are excited from its valence state, due to the
absorption of light of this process, generates the
electron-hole pairs which starts the conduction
mechanism. Above the band gap energy limit, the
photon energy signal is due to non-radiative process
and that of below it is due to the Urbach Tail [24]. The
dependence of the optical absorption coefficient, f, of
a material on the incident photon energy, /v, has been
formulated by Tauc's relation [25] as:

Phv = C (hv - E)" (1)

The parameter C is a constant related to the
electronic transition probability and m is the power
which characterizes the type of transition process, m =
1/2 and 3/2 for direct allowed and forbidden
transitions, respectively; and m = 2 and 3 for indirect
allowed and forbidden transitions, respectively. The
best fit for our data is found to be with the value of m
= 1/2, indicating that the dominant transition is direct
allowed transition. Therefore, for band-gap energy E,
determination, we have assumed that the fundamental
absorption edge of ZnO is due to the direct allowed
transition. Accordingly, by using equation (1), £ varies
with the excitation light energy Av, and is given near
the band gap by the following expression [26]:
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(Bhv)’ = C (hv - E, )

Here E, is the direct allowed energy gap. The PA
phonon signal intensity p is directly proportional to S
and hence (phv)’ is related to hv linearly. Figure 2,
illustrates the spectral distribution of phonon signal
intensity (phv)’ as a function of the incident photon
energy, hv. The value of E, is obtained by
extrapolating the linear fitted regions to (phv)’ = 0.
The behavior of the optical band gap E, of ZnO
ceramic samples with various ZrnO nanoparticles
addition (5%, 10%, 30%, 50%, 75%, and 100%) is
shown in Figure 3. By observing this figure, it is
obvious that the energy gap F, is slightly decreased
from 3.07 eV, for pure sample, to 2.96 eV with
increasing ZnO nanoparticles additions up to 50%,
followed by an increase of E, up to 3.07 eV with
further increase of ZnO nanoparticles up to 100%.
These values are in consistent with the reported data
elsewhere [10-12, 27, 28]. Moreover, this behavior is
typically similar to the behavior of the activation
energy against doping content in the region close to
room temperature (300-420 K). Furthermore, the
value of E, for pure ZnO micro sample is the same as
of ZnO nanoscale (E; = 3.07 eV for both samples).
These results are in good agreement with the behavior
of the activation energy versus nanoparticles content
discussed in earlier work [23]. However, the optical
results are considering main evidence supporting the
electrical measurements. Based on these results, the
value of E, is around 3.0 eV for all samples, which
indicates that the probability of ZnO nanoscale
substitution into the grain boundaries is very low at
the considered sintering temperature. In fact, there are
a variety of some other intergrain conduction paths
that operate in parallel [5, 10], such as through the
bulk intergranular material or through the grain
boundary region are sensitive to the presence of ZnO
nanoparticles. These paths could be providing small
potential barriers to give linear I-V behavior for the
present varistors, in agreement with the earlier I-V
characteristics investigation [23], where we have got
linear behavior for all the nanoparticle samples.
3.2 Ac Impedance Measurements

The representation of the complex impedance
Z(®) is given by:

Z(w) =7 (w) -j Z” (v) 3)
where Z’ (w) and Z” (w) are the real and the
imaginary parts of the ac complex impedance,
respectively. However, by using Debye model, the
impedance spectrum is in semicircle centered on the
real axis and the relaxation time z, is unique. This
model is expressed by [29, 30]:

_Zoe @

Z(w) =17, + !
1+ jor |,
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Where Z;w is the impedance at infinite frequency,
* * * * *

Zy,=2y—2,, Zy=Z,(w), as >0,

where w = 2zf, and 7, can be calculated from wr, = 1

at the summit of the semicircle [31].

In case of Cole-Cole model, the impedance
representation is given by a circular arc centered
below the real axis Z'(w), and the relaxation time
constant is dispersed. Thus, there is a depression angle
0 between the real axis and the straight line defined by
the origin of axis and the center of the circle

containing the arc. This model is expressed by the
following empirical relation [29-31]:

5

ZOoo
1+ (jor )7

Where y =(26/7) and (1 > y > 0), which can be
determined experimentally, and 7, is the most probable
relaxation time which can be calculated from wz, = 1
at the summit of the arc [32]. However, it has been
found that the impedance spectra of pure nanophase
ZnO (without sintering) exhibited two arcs. The first
arc at a low frequency is interpreted due to the grain
boundary effect while the second arc at a high
frequency region is attributed to the grain's effects
[33-36]. The impedance spectra for sintered and doped
ZnO ceramics have been studied and only a single arc
is observed in all spectra [37, 38]. In literature, some
researchers [34] though the single arc spectrum means
that the conduction processes through the grain and
grain boundary had identical time constants, 7 = (1/w)
= RC, which indicates that the conduction in the grain
and grain boundary occurs in the same process and
could not be separated by the impedance spectroscopy
[39]. On the other hand, other researcher groups [37]
think that the single arc is due to the contribution from
resistive grain boundary and conducting grain cores.
Furthermore, it has been observed from complex
impedance measurements that Mrn (Mn > 0.30)
induces a grain boundary semicircle in the impedance
spectra of ZnO [40, 41]. However, the impedance
spectra of pure and 0./0 mole % Mn are devoid from
any grain boundary semicircle. This fact suggests that
excess Mn probably exists in the grain boundary
region, either as a very thin second phase or as an
amorphous film, which could benefit the grain
boundary transport for grain growth. The
measurements of the Ac impedance have been made
on nanocrystalline ZnO ceramics at frequencies
ranging from 10 Hz to 1.2 MHz at room temperature
[42]. Only one arc for resistive grain boundary is
recorded while the other arc for the grain interior is so
small to be imperceptible. Figure 4 shows the real part
of the ac impedance versus imaginary part at different
frequencies. It is clear that these samples have

Z(@)=7Z. + (5)
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different shapes of spectrum depending on ZnO
nanoparticles additions, such as one semicircle, two
semicircle, one arc as one quarter of a circle and two
arcs. From these curves, the average grain and grain
boundary  conductivities are calculated and
summarized in Table 1. As evidenced in Table 1, the
conductivity of grains is about 10° times more than the
conductivity of the grain boundaries. The conduction
mechanisms in the grain and grain boundary occurs in
the same process for 5%, 10% and 50% samples, and
could not be separated by the impedance spectroscopy
in agreement with the reported data [39]. Moreover,
the conductivity of ZnO samples with nanoparticles
addition is higher than that of pure ZrnO sample. The
dielectric constant as a function of frequency (In f) for
pure and with ZnO nanoparticles addition samples is
represented in Figure 5. Although the dielectric

constant values are not systematic with the ZnO
concentration, it is generally improved by the
nanoparticles addition, in good agreement with the
results of conductivity for these samples, Table 1.
Based on these results, we can gather conclude that
the probability of ZnO nanoscale substitution into the
grain boundaries is very high at the considered
sintering temperature. The nanosize grains are able to
localize at the grain boundaries, and helps for
producing some other sensitive intergrain conduction
paths. These conduction paths can operate in parallel
[12, 43] through the grain boundary region and
completely deformed the potential barriers of ZnO
varistors. These results are in good agreement with I-
V characteristics, where we have got linear behavior
for all ZnO nanoparticle samples.

Table 1: Optical band gap versus ZnO nano content for ZnO samples

ZnO nanoparticles E, Average cond. Grain cond. Grain boundary cond.
addition (eV) | (chm.cm)’ (ohm.cm)™! (ohm.cm)™!
0.0% 307 [ 254x107 0 | s | el
5% 3.05 58x107 10x10° 34x10°
10% 3.01 31x107 6.25x10° 1.74x10°°
30% 2.98 27x107 9.09x10° 1.67x10°
50% 2.96 A —
75% 2.97 169x107 4x107 94.3x10°
100% 3.07 49x107 11.77x10° 3.17x10°
ZnO nano g
10099 a - . g g ;’T
ZnOnmc; ) g 5" —_
5004 =81 & = '.é ':'T
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Figure 1: XRD pattern for ZnO samples with different
ZnO nanoparticles content
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Figure 4: Cole- Cole measurements for ZnO samples
with different ZnO nanoparticles content.
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4. Conclusion

Photoacoustic and AC impedance measurements
of ZnO varistors with ZnO nanoparticles addition (<
150 nm) are performed by using gas-microphone
detection method and precision impedance analyzer,
respectively. For band-gap energy E, determination, it
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is found that the fundamental absorption edge of ZnO
is due to direct allowed transition. Values of the
energy gap £, have been found to strongly depend on
ZnO nanoparticle's content. Moreover, Cole- Cole
measurements have different shapes of spectrum
depending on ZnO nanoparticles additions. Ac
impedance shows only one arc for resistive grain
boundary while the other arc for the grain interior is so
small to be imperceptible. Based on the fact that the
values of E, is around 3.0 eV for all samples, make us
to believe that the probability of ZnO nanoscale
substitution into the grain boundaries is very low and
there are a variety of some other intergrain conduction
paths could provide small potential barriers to give the
linear I-V behavior for the present varistors. We have
found that the conductivity of grains are nearly about
10’ times more than the conductivity of the grain
boundaries as well as the conduction in the grains and
grain boundaries occurs in the same process for the
addition with 5%, 10%, 50% and could not be
separated by the impedance spectroscopy. As a
general behavior, values of the dielectric constant are
improved by ZnO nanoparticles addition in agreement
with the results of the conductivity for these samples.
These results are discussed in terms of the nano size of
grains which are localized at the grain boundaries of
ZnQ.
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