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Abstract

Ag-doped and pure zinc oxide (ZnO) nano-plates were successfully synthesized via low cost wet precipitation method. The crystalline phases
and the morphological features of the synthesized samples were assessed by X-ray diffraction (XRD) and scanning electron microscopy. These
techniques coupled with Energy-dispersive X-ray spectroscopy (EDS) measurements confirmed the incorporation of Ag element into the ZnO
matrix. The dielectric loss and ac conductivity were studied as a function of frequency and composition. A detailed analysis of the dielectric loss
and ac conductivity as a function of composition were done in a wide frequency range at room temperature. In addition, the charge transport
mechanism through the grain and grain boundary regions were investigated using impedance spectroscopy analysis.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

ZnO is a wide band gap semiconductor (Eg¼3.3 eV) with large
free exciton binding energy (60 meV), which makes it a good
candidate for semiconductor device applications such as piezo-
electric transducers, short wavelength optical devices, transparent
conductive films, solar cell windows, optical waveguides and
varistors [1–5]. On the other hand, the nanostructures of ZnO have
attracted much attention due to their unique properties [6,7]. So far,
ZnO nanostructures with different shapes have been widely
fabricated because of their easy formation and their potential
applications in many important areas [8–12].

A unique feature of nanostructures is the large surface to volume
ratio available in these systems. They consists of grains, grain
boundaries and grain interfaces which play important roles in the
determination of the electrical properties [13,14]. The grain boun-
daries having high density of defects like dangling bonds,
vacancies, micropores etc., can control the transport properties of
the material in a decisive manner. Dielectric behavior is one of the
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most important properties of material, which markedly depends on
the preparation conditions. Furthermore, the high excitonic binding
energy of ZnO depends on the dielectric constant of the material
and material with high dielectric constant has numerous applica-
tions in microelectronics. Many researchers have investigated the
dielectric properties of ZnO nanostructures in the near past
[13,15,16].
A very elegant experimental method to study transport in grain

interior (bulk) and at interfaces is impedance spectroscopy, which
has emerged over the past several years as a powerful technique
for the electrical characterization. In this paper, we have success-
fully investigated the electrical properties of pure and Ag-doped
ZnO nano-plate synthesized by precipitation technique. Further-
more, the various phenomena owing to its enhanced electrical pro-
perties have been discussed and correlated with various experi-
mental results viz. X-ray diffraction, dielectric and impedance
spectroscopy.

2. Experimental procedure

2 mol% Ag-doped ZnO nanoplates were prepared by wet
chemical precipitation method. High purity Zn(NO3)2 � 6H2O
(Aldrich, Germany) and Ag(NO3) (Aldrich, Germany), were
ghts reserved.
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chosen as the source material for zinc and silver, respectively, and
dissolved in de-ionized water. The obtained precursor solutions
were dropped into100 mL of NaOH (MERK) (0.1 M) solution to
obtain pure and Ag-doped ZnO precipitates. The alkalinity of all
precipitated suspensions was kept constant at pH �13. Finally, the
precipitated particles were separated by centrifugation and washed
several times with distilled water for the complete removal of
sodium ions. The washed precipitates were then dried at 80 1C for
24 h followed by further heat treatment at 275 1C for 2 h to obtain
the powders. The chemical reactions that occurred during prepara-
tion were as follows:

Zn(NO3)2  + 2 NaOH Zn(OH)2  +  2NaNO3

ZnO + H2O

2AgNO3  + 2 NaOH 2AgOH   +   2NaNO3

Ag2O  + H2O
Fig. 1. X-ray diffraction patterns of pure and Ag-doped ZnO nanoplates.
The structure and morphology of the samples were studied by
X-ray diffractometry (Shimadzu XRD-6000, Tokyo, Japan) and
scanning electron microscopy (SEM). The composition of Ag-
doped sample was studied by EDS. The optical properties of the
samples were carried out by Raman spectrometry. For the mea-
surement of electrical properties, cylindrical disks with 10 mm
diameter and �2 mm thickness were prepared by dry pressing
under 1 t pressure, and top conductive electrodes were deposited
on both sides using silver paste. Dielectric constant and loss were
measured at room temperature in wide frequency range from
100 Hz to 1 MHz, using an impedance analyzer (4294A,
Agilent, USA).

3. Results and discussions

Fig. 1 shows the XRD patterns of pure and Ag-doped ZnO nano-
plates. Pure ZnO pattern shows well crystalline hexagonal wurtzite
phase (JCPDS no. 36-1451), whereas, Ag-doped ZnO exhibits the
same ZnO wurtzite phase and some additional peaks corresponding
to fcc metallic Ag phase (JCPDS no. 04-0783). Appearance of Ag
peaks in the diffraction pattern clearly indicates the formation of
crystalline silver clusters in the nano-plates. It is worth mentioning
that Agþ ions in ZnO lattice behave similar to other monovalent
dopant ions like Naþ and Kþ , which have the ability to occupy
both the lattice and interstitial sites [17]. However only a limited
incorporation of Agþ ions into the ZnO lattice through substitution
of Zn2þ ions is expected due to a large difference in their ionic
radii viz. Agþ (1.22 Å) as compared to Zn2þ (0.74 Å). Further,
Reitveld analyses were made to quantitatively confirm the amount
of Ag present as a cluster with ZnO in the doped sample, whose
results are tabulated in Table 1. The results suggested the
incorporation of only a 0.52% of Ag ions in the ZnO matrix and
presence of 1.48% of Ag ions as a cluster in the sample.

Fig. 2 shows the SEM images of pure and Ag-doped ZnO nano-
structures. Vertically aligned nanoplates like structures with an
average thickness of 100 nm and width in the range 300–500 nm
is evident from the SEM micro-photograph. The corresponding
selected area electron diffraction patterns showed high crystal
quality of the samples. Fig. 3 shows the EDS spectra for Ag doped
samples. From EDS spectra we observed the presence of Ag in
Ag-doped ZnO powder.
Fig. 4 shows the Raman spectra for pure and Ag-doped ZnO

nano-plates, in the range from 200 to 800 cm�1. Five different
peaks at 328, 378, 437, 580 and 658 cm�1 were observed in case
of pure ZnO sample, which correspond to 3E2H–3E2L, A1(TO),
E2H, A1(LO) and 2(E2H–2E2L) respectively. However, in case of
Ag-doped ZnO nano-plates sample, A1(LO) peak broadened and
shifts toward higher energy. Such a broadening and shift in this
phonon mode can be attributed to the scattering contributions of
A1(LO) branch outside the Brillouin zone center. The A1(LO)
phonon mode is commonly attributed to the zinc interstitials,
oxygen vacancies or defect complexes containing zinc interstitial
and oxygen vacancy in ZnO [18]. In addition, the presence of a
broad peak at about 487 cm�1 can be assigned as the interfacial
surface phonon mode as reported elsewhere [19]. The peak
appearing at �690 cm�1 has also been reported for Co-doped
ZnO [20] and the origin is not yet clear. The intensity of E2H mode
has been found to decrease discontinuously with Ag-doping, which
could be due to the breakdown of translational crystal symmetry
by the incorporated defects and impurities.
Dielectric properties of the materials are characterized by the

complex permittivity given by εn ¼ ε1þ jε2 (where ε1 and ε2 are
real part and imaginary parts of complex permittivity). Under an
application of electric field, the stored energy in any dielectric
material corresponds to real parts of dielectric constant, whereas
dissipated energy corresponds to imaginary parts of dielectric
constant. Fig. 5a and b shows the variation of real ðε1Þ
and imaginary ðε2Þ parts of dielectric constant with frequency.



Table 1
Reitveld refinement results for pure and Ag doped samples.

Sample System Space group a b c V c/a Rb Rp Rwp χ2 Fraction (%)

Pure Hexagonal P63mc 3.2506(2) 5.2063(3) 47.64 1.6017 1.15 7.27 11.3 3.948 100
Doped Hexagonal P63mc 3.2500(2) 5.2064(3) 47.62 1.602 1.1 7.56 11.8 3.422 98.52

Cubic (Ag) Fm3m 4.0865(4) 68.24 1 5.39 7.56 11.8 3.422 1.48

Fig. 2. SEM micrographs and corresponding SAED patterns of pure (a and b) and Ag-doped (c and d) ZnO nano-plates.

Fig. 3. EDS spectrum of Ag-doped ZnO nano-plates.
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A decreases in the real dielectric constant with increasing
frequency for pure and doped samples are observed. Furthermore,
beyond a specific frequency, frequency independent responses of
dielectric constant are seen.
However, two different behaviors were observed for pure and

doped samples. For frequencies below 10 kHz the value of
dielectric constant was found to be higher for pure ZnO, however,
above this frequency the situation reversed. It is well-known that
the large values of dielectric constant and dielectric loss at
frequencies below 1 kHz are due to the existence of space charge
polarization in the nano-structure. Above this frequency the
orientational polarization is the dominant mechanism [7,21,22].
This suggests that the space charge polarization is stronger in the
case of pure ZnO nano-plates whereas, orientational polarization is
stronger for Ag-doped ZnO nano-plates.
The ZnO nanostructures exhibit space charge polarization due to

their structural inhomogeneities. The nanostrucutres contain a
number of surface defects such as dangling bonds, vacancies and
micropores at the grain boundaries due to their large surface-to-
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volume ratio. These surface defects cause a change of positive and
negative space charge distributions at the interfaces. When an
external electric field is applied these space charges move under the
field and are trapped by defects at the interfaces, forming dipoles.
At low frequencies, hopping electrons are trapped by these
structural inhomogeneities which lead to a dominant space charge
polarization at low frequencies. On the other hand, rotational
displacement of dipoles in the nanostructures at higher frequencies
results in this orientational polarization. The possible source of
orientational polarization is the existence oxygen vacancies and
zinc interstitials in the nano-sized ZnO. There is a tendency of the
occupied cations to be associated with the positive ion vacancies,
so that the associated pairs have dipole moments. When an external
field is applied, the Zn2þ ions and the O2� vacancies in the
neighborhood can exchange the positions by a single jump and try
to align along the direction of field. The presence of Ag dopant
increases the amount of oxygen vacancies and zinc interstitials in
crystal, which lead to an increase of dipole moment and, in turn, to
orientational polarization.

At higher frequencies, the space charges cannot follow the
change of the field and hence do not produce space charge
polarization. The dipoles are also unable to follow rapidly with
varying electric field. Damping of these dipoles accounts for
the reduction of dielectric constant at higher frequencies.

Fig. 6 shows the variations of dielectric loss with frequency
for both pure and Ag-doped ZnO nanostructures. The follow-
ing equation can be used to obtain loss tangent:

tan δ¼ ε2
ε1

ð1Þ
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Fig. 4. Raman spectra of pure and Ag-doped ZnO nano-plates.
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Fig. 5. Variation of real and imaginary part of dielectric constant with
frequency for pure and Ag-doped ZnO nanoplates.

1 2 3 4 5 6 7

0.2

0.4

0.6

0.8

1.0

1.2

1.4 ZnO-Ag
ZnO

log10 [f(Hz)]  

Fig. 6. Variation of dielectric loss with frequency for pure and Ag-doped ZnO
nano-plates.
Both the spectrums display one peak at certain frequency
which is shifted to higher frequency with Ag doping. This peak
represents the relaxation process and occurs when frequency of
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the applied ac field is approximately equal to the frequency of
hopping of the localized charge carrier [23]. The maximum loss
tangent can be observed in following condition [24]:

ω0τ¼ 1 ð2Þ
where τ is relaxation time and ω0 ¼ 2πf is the angular frequency.
On the other hand, hoping probability per unit time p is related to
relaxation time through the following equation:

τ¼ 1
2p

ð3Þ

The calculated relaxation times of pure and Ag-doped ZnO
nanostructures are 25� 10�5 and 39� 10�7 respectively. This
decrease in the relaxation time with Ag-doping signifies an
increase in the hopping probability. This is consistent with the
results obtained for the frequency dependence curve of real part of
dielectric constant. Moreover, from Fig. 6 it can be seen that the
loss is decreased after Ag-doping and gradually decreases in the
higher frequency regime.

The ac conductivity was found to increase with the frequency
for both of the samples. In general, total conductivity can be
expressed by the summation of the band and the hopping parts:

stot ¼ s0ðTÞþsðω; TÞ
The first term in above equation is dc conductivity due to the band
conduction, which is frequency independent whereas, the second
term is the pure ac conductivity due to migration of electric charge
carriers between the metal ions. It has been reported that the ac
conductivity gradually increases with the increase in frequency of
applied ac field because the increase in frequency enhances the
migration of electron [16,25]. Fig. 7 also reveals the decrease of
conductivity with Ag doping in ZnO matrix. It can be explained
considering that the presence of Ag ions introduce defects such as
zinc interstitials and oxygen vacancies in the ZnO crystal lattice.
These defects tend to segregate at the grain boundaries due to
diffusion process and therefore facilitate the formation of grain
boundary defect barrier leading to blockage to the flow of charge
carriers. This in turn decreases the conductivity of the system on
Ag-doping.

Impedance spectroscopy has been widely used to study
the charge transport behavior in nano-crystalline materials. This
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Fig. 7. Variation of ac conductivity with frequency for pure and Ag doped
ZnO nanoplates at room temperature.
analysis provides a correlation between the electrical and structural
properties of the material. The electrical phenomenon due to bulk
material, grain boundary and interfacial phenomenon appears in
the form of arc of a semicircle, when components of impedance
are plotted in a complex argand planes (Nyquist plots). Fig. 8
shows impedance Nyquist plots of pure and Ag doped ZnO
nanoplate samples (plotting the imaginary parts of z″ versus the
real part z′ at room temperature). Generally, the grains are effective
in high frequency region while the grain boundaries are effective in
low frequency region [26]. Single circular arc type behavior was
observed in the Nyquist plot for both pure and Ag-doped ZnO
samples, which suggests the predominance of grain boundary
resistance over the grain resistances.
The real and imaginary parts of total impedance are defined

by following equations:

Zn ¼ Z′�jZ″ ð4Þ

Z′¼ Rþ Rg

1þðωRgCgÞ2
þ Rgb

1þðωRgbCgbÞ2
ð5Þ

Z″¼ Rg
ωRgCg

1þðωRgCgÞ2

" #
þRgb

ωRgbCgb

1þðωRgbCgbÞ2

" #
ð6Þ
Fig. 8. Nyquist plots for pure and Ag-doped ZnO nano-plates.
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where Rg; Rgb; Cg and Cgb are grain and grain boundary
resistance as well as grain and grain boundary capacitance. The
capacitance and relaxation times of grain and grain boundary
(τg, τgb) are related by the following equations:

Cg ¼
1

Rgωg
ð7Þ

Cgb ¼
1

Rgbωgb
ð8Þ

τg ¼ RgCg ð9Þ

τgb ¼ RgbCgb ð10Þ

These parameters are obtained by analyzing the impedance
data on nonlinear least square (NLLS) fit method and listed in
Table 2.

According to Table 2, the grain boundary resistance Rgb

increases while the capacitance Cgb decreases after doping.
This might be due to introduction of Ag ion in ZnO matrix,
which increases the defect ions concentration tending to
segregation at grain boundaries forming grain boundary defect
barriers [27]. As dopant increases, barrier height increase
which results in decrease of Cbg as it is inversely proportional
to barrier height [28] as follows:

Cgb ¼
n1=2

∅B
1=2

ð10Þ

here Cgb is the grain boundary capacitance, n is the concentra-
tion of charge carriers and ∅B is the barrier height. Due to the
presence of large number of grain boundaries in both the
samples, grain boundary contribution becomes dominant and
grain contribution is not resolved. Due to this fact, the single
circular arc is being observed in Cole–Cole plots. Moreover, it
can be seen from Fig. 8 that total impedance increases with
doping content which is in agreement with conductivity
analysis.

The electric modulus Mn is defined by the following
equation:

Mn ¼ 1
εn

¼ 1
ε′�jε″

¼ ε′
ε02þε002 þ j

ε′
ε02þε002 ¼M′ðωÞþ jM″ðωÞ

ð11Þ

¼M1½1�
Z 1

0
e�jωt d∅ tð Þ

dt

� �
dt� ð12Þ
Table 2
Impedance parameters for pure and Ag doped ZnO nano-plates.

Sample Rgb (Ω) Cgb (nF) τgb (s)

ZnO 1.2E6 3.24E�10 3.88E�4
ZnO–Ag 2.34E8 4.34E�11 10.15E�3
where M′ and M″ are real and imaginary part of electric
modulus and ∅ðtÞ gives the time evolution of the electric field
within the dielectric. The electric modulus is a useful function
to eliminate electrode effects [29]. Fig. 9 shows the frequency
variation of the real part M′ of the electric modulus for pure
and Ag-doped samples. The values of M′ at lower frequency
for both of the samples were found to be extremely small,
demonstrating that electrode polarization can be neglected
and does not contribute to the large dielectric values. The
frequency dependence of M′ðωÞ and M″ðωÞ for pure and
Ag-doped ZnO nano-plates are shown in Fig. 9 M′ðωÞ values
are observed to tend towards M1 (the asymptotic value of
M′ðωÞ) at higher frequencies, whereas M″ðωÞ exhibits a
maximum at certain frequency. As it can be seen from
Fig. 9b, after Ag-doping the position of the peak shifted to
higher frequencies. The frequency region below peak max-
imum (M″ðωÞ) determines the range in which charge carriers
are mobile on long distances. At frequency above peak
maximum, the carriers are confined to potential wells, being
mobile on short distances. The maximum peak frequency ωm

(corresponding to Mm
00) gives the most probable relaxation

time τm from the condition τmωm ¼ 1.
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0.00

log10 [f(Hz)]  

Fig. 9. Variation of electric modulus with frequency for pure and Ag-doped
ZnO nano-plates.
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4. Conclusions

Pure and Ag-doped ZnO nano-plates have been successfully
synthesized by the precipitation method as confirmed by XRD
analysis and SEM morphological observations. Raman
spectroscopy showed that ZnO lattice was disturbed by the
Ag-doping with Ag atoms accumulating at the interstitial sites,
breaking down the translational symmetry. The dielectric
relaxation mechanism was due to space charge polarization
at low frequencies and orientational polarization at high
frequencies. The space charge polarization was found to be
stronger in the case of pure ZnO nano-plates whereas,
orientational polarization was found to be stronger for Ag-
doped ZnO nano-plates. Stronger orientational polarization
after doping, attributed to the increase of the amount of oxygen
vacancies and zinc interstitials in ZnO nanostructures, led to an
increase of dipole momentum and, in turn, to orientational
polarization. AC conductivity of the prepared samples was
found to increase with increase in frequency and complex
impedance analysis showed single circular arc type behavior,
suggesting the dominance of grain boundary resistance in all
the samples.
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