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Abstract

We report on synthesis of rare earth Er doped ZnO nanoplates via low cost wet precipitation method. The effect of varying Er doping
concentration in the range from 3, 5 to 7 wt% on structural, optical and electrical properties of ZnO nanoplates has been successfully investigated.
X-ray diffraction (XRD) studies show hexagonal wurtzite phase structure of prepared Er doped ZnO nanoplates. Scanning electron microscopy
(SEM) reveals the growth of nanoplates like structures of the prepared samples. Further, the presence of Er ions doping in ZnO matrix has been
confirmed by EDS measurement. A sharp and strong peak at around 435 cm�1 was observed in Raman spectra of nanoplates which correspond
to the high frequency branch of the E2 mode of ZnO. The frequency dependence of dielectric constant (εr), dielectric loss (tan δ) and AC
conductivity of ZnO nanoplates of different Er doping concentration were measured. The dielectric properties of pure and Er doped ZnO
nanoplates follow a behavior based on Maxwell–Weigner model. The AC conductivity was found to decrease with Er doping.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

ZnO as an n-type semiconductor material has many applica-
tions such as gas sensors, varistors, piezoelectrics and as
electrodes for solar cells [1–9]. On the other hand, it is well
known that material properties change when transfers from
bulk to nanostructures form leading to recent advances in ZnO
nanostructures fabrications [10–13]. Dielectric constant and
loss tangent are the most important properties of a material.
The materials with high dielectric constant find numerous
applications in microelectronics. AC measurements are impor-
tant means for studying the dynamic properties, like conduc-
tance, capacitance, dielectric constant and dielectric loss
tangent, of the semiconducting and dielectric materials. They
provide information about interior of a material in the region of
relatively low conductivity. ZnO is one of the potential
candidates in the field of optoelectronics due to its high
excitonic binding energy (60 meV), which depends on the
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dielectric constant of the materials. It is well known that the
various properties of semiconductor material can be enhanced
and/or modified on doping with proper ions in host lattice.
Dielectric properties of ZnO have also been investigated earlier
as per reports in literature [14]. Recently, improvement in
dielectric behavior of ZnO has been reported on Co doping
[15]. Aim of the present study is (i) to synthesize Er doped
ZnO nanoplates via low cost wet precipitation method and
(ii) to investigate the effect of varying Er doping concentration
on various properties of ZnO nanoplates. The present inves-
tigations reveal that doping of rare earth Er in ZnO nanos-
tructures is effective to change various structural, optical and
electrical properties of ZnO.

2. Experiment

Er doped ZnO nanoplates with different Er doping concen-
trations of 3, 5 and 7 wt% were prepared by wet chemical
precipitation method. ZnCl2 (Sigma-Aldrich, Steinheim,
Germany) and Er(NO3)3 � 6H2O were used as Zn and Er
precursors, respectively. Separate aqueous Zn and Er precursor
ghts reserved.
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solutions of stoichiometric concentrations were prepared by
dissolving in distilled water. Each of the as-obtained solutions
were then dropped into 100 mL of 0.1 M NaOH (MERK)
solution. The pH value of all the samples was kept constant to
�13 during the synthesis, leading to formation of precipitates.
Further, the precipitates were washed several times with
distilled water up to getting a Na+ concentration below
0.66 ppm measured by atomic absorption spectroscopy. The
as-obtained washed precipitates were then kept in oven for
24 h at temperature of 80 1C for drying. Finally, the dried
powders were heat treated at temperature of 275 1C for 2 h.

The structural and surface morphology of the samples were
studied by X-ray diffractometry (Shimadzu XRD-6000,
Tokyo, Japan) and scanning electron microscopy (SEM). The
optical properties of the samples were carried out by Raman
spectrometry. For the measurement of electrical properties, the
obtained powder was pressed to cylindrical shape disc of
10 mm diameter with thickness of �2 mm and top conductive
electrodes were deposited on both sides using silver paste.
Dielectric constant and loss were measured at room tempera-
ture in wide frequency range from 100 Hz to 1 MHz, using an
impedance analyzer (4294A, Agilent, USA).

3. Result and discussion

Fig. 1 shows the XRD patterns of pure and Er doped ZnO
nanostructures with different Er doping concentrations of 3, 5
and 7 wt%. All the diffraction peaks correspond to hexagonal
wurtzite phase in agreement with the respective Joint Com-
mittee on Powder Diffraction Standards (JCPDS) card no. 36-
1451. It is worth noting that no additional peaks due to other
oxide phases are present for all the prepared samples in the
XRD pattern, indicating the phase purity of ZnO nanostruc-
tures. The absence of impurity peaks and the close matching
with the hexagonal phase structure of as synthesized powder
also suggests that the prepared samples are highly crystalline
and the most of Er+3 ions incorporated into ZnO lattice
through completely substituting instead of Zn2+ ions.

Fig. 2(a–d) shows the SEM images of prepared pure and
Er doped ZnO nanostructures. SEM images reveal growth of
Fig. 1. The XRD patterns of pure and doped samples.
rod-like structures for pure ZnO (Fig. 2a), while the rod-like
structures start getting emerged when doped with 3 wt% of Er
in ZnO (Fig. 2b). Further increase of Er doping concentration
to 5 and 7 wt% results in plate-like structural morphology
(Fig. 2(c and d)). This systematic change of morphology from
rod-like structures as observed in case of pure ZnO to plate-
like structures indicates the effect of Er substitution in ZnO
lattice. The results show the successful synthesis of plate-like
structures of ZnO on Er doping. In ZnO, the high surface
energy of the polar (0001) plane leads to faster crystal growth
in c-axis direction of ZnO nanostructure favoring the formation
of nano-rod shape structure along that direction. On the other
hand, with incorporation of Er+3 in ZnO crystal lattice, the
adsorption of hydroxide anion increased on the polar plane
(0001) due to higher q/r¼3/0.89 of Er+3 relative to q/r¼2/
0.74 of Zn+2, which leads to partial reduction of crystal growth
in c-axis. However, they can still grow sideways along ð2110Þ
directions [16–18] as observed in case of 5 and 7 wt% Er
doped samples (Fig. 2(c and d)). The presence of Er doping in
ZnO was further confirmed by taking EDS spectra of the
prepared samples. Fig. 3 shows the EDS spectra of pure and Er
doped nanostructures shown in the corresponding SEM images
(Fig. 2). The EDS spectra reveal the presence of O, Er, and Zn
for doped samples. The presence of Cu signal observed is
originated from TEM copper grid substrate used for EDS
analysis with no other impurity signals has been detected in
EDS spectra.
Raman spectroscopy was studied to see the effect of Er

doping on vibrational properties of ZnO nanostructure. Fig. 4
shows the Raman spectra of pure and Er-doped ZnO nanos-
tructures. The ZnO nanostructure with wurtzite hexagonal
shape belongs to the P63mc symmetry group. Based on group
theory it has eight sets of optical phonon modes at Γ point of
the Brillouin zone, classified as 2B1 modes (Raman silent), A1
+E1 modes (infrared active) and A1+E1+2E2 modes (Raman
active). Furthermore, the A1+E1modes are polar and split into
the longitudinal optical [LO] and transverse optical phonons.
The B1 modes are silent while E2 modes with two modes of
low and high frequencies are Raman active. The sharp and
strong peak at around 435 cm�1 has been observed in Raman
spectra (Fig. 4), which could be attributed to the high
frequency branch of the E2 mode of ZnO, and is a main
Raman mode in the ZnO wurtzite crystal structure. It is related
to the motion of oxygen atoms and sensitive to internal stress
[19,20]. While the peak at about 576 cm�1 can be assigned to
A1(LO) mode which is sensitive to changes in the free carrier
concentrations [21] and might be caused due to Zn interstitials.
The peak observed at 331 cm�1 frequency was assigned to
second order vibration mode arising from the E2 (high)–E2
(low) multiple scattering process. The peaks at 375 and
100 cm�1 correspond to A1(TO) and E2L fundamental
phonon modes of hexagonal ZnO, respectively. The peak at
204 cm�1 could be attributed to the 2E2L second-order
phonon mode. Two additional phonon modes at 160 and
620 cm�1 have been observed in case of Er doped ZnO
samples when compared to spectra of pure ZnO sample.
According to the previous reports these two peaks might be



Fig. 2. SEM images of (a) pure and (b) (3 wt%), (c) (5 wt%) and (d) (7 wt%) Er doped ZnO samples.

Fig. 3. EDS analysis of pure and Er-doped ZnO nanostructures.

Fig. 4. Raman spectra of pure and Er-doped ZnO nanostructures.
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related to the local vibration modes due to Er substitution in
the ZnO host [22–24].

Fig. 5 shows the frequency dispersion of the dielectric
constant (εr) values of pure and Er doped ZnO nanostructure,
in the range from 1 kHz to 1 MHz measured at room
temperature. Nanostructural powders were consolidated to disc
shape for the electrical measurements without any further
sintering of the compacts. All the samples exhibited minimal
dispersion of εr as a function of the frequency. The value of εr
decreased with increase in frequency. The trend of this
decrement is rapid at low frequency and becomes slow at
higher frequencies, approaching to frequency independent
behavior. The dielectric dispersion behavior of the homoge-
neous double structure systems can be explained by Maxwell–
Weigner model [25]. In this model it is assumed that the
dielectric medium is made of well conducting grains which are
separated by poorly conducting or resistive grain boundaries.
Therefore, under application of external electric field, charge
carriers easily move from the grains but will be accumulated at



Fig. 5. The dielectric behavior of pure and Er doped ZnO nanostructures in
term of frequency. Fig. 6. Variation of loss tangent for pure and Er doped ZnO nanostructures.

Fig. 7. Variation of AC conductivity for pure and Er doped ZnO nano-
structures.
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the grain boundaries. This process causes large polarization
and high dielectric constant produced by the sample. The small
conductivity of grain boundary contributes to the high value of
dielectric constant at low frequency. The higher value of
dielectric constant can also be explained on the basis of
interfacial/space charge polarization due to inhomogeneous
dielectric structure. The polarization decreases with the
increase in frequency and then reaches at a constant value
due to the fact that beyond a certain frequency of external field
the hopping between different metal ions (Zn2+, Er3+) cannot
follow the alternating field. The large value of dielectric
constant at lower frequency is due to the predominance of
the effects like grain boundary defects, presence of oxygen
vacancies, etc. [26], while the decrease in dielectric constant
with frequency is natural because of the fact that any species
contributing to polarizability is found to show lagging behind
the applied field at higher and higher frequencies.

Fig. 6 shows the variation of corresponding dielectric loss
(tan δ) values of synthesized pure and ZnO nanostructures as a
function of frequency. Loss tangent i.e. tan δ represents the
energy dissipation in the dielectric system. It can be seen that,
tan δ values decrease with the increase of frequency for all the
samples which might be due to the space charge polarization.
On the other hand, maximum loss has been obtained for pure
ZnO sample which decreases after Er doping and gradually
decreases in the higher frequency regime. Therefore, it can be
concluded that the Er doped ZnO can be applied for high
frequency device applications.

The variation in AC conductivity of all the samples with
frequency is shown in Fig. 7. The behavior reveals an increase
of the AC conductivity of all the samples with increase of
frequency. In general, total conductivity of the sample is
described by following equation as [27]:

stot ¼ s0ðTÞ þ sðω;TÞ ð1Þ
where, first term corresponds to DC conductivity due to band
conduction which is frequency independent and the second
term corresponds to pure AC conductivity due to migration of
electric charge carriers between the Zn ions. It has been vastly
reported in the literature 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. It is also clear from Fig. 7 that the maximum
conductivity is obtained for pure ZnO which decreases with
Er doping in ZnO. This decrease in AC conductivity can be
explained by the fact that Er ions produce defects such as
oxygen vacancies and zinc interstitials in the ZnO host system.
These defects tend to segregate at the grain boundaries.
Therefore, doping increases the defect ions which 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 doping.
4. Conclusion

In summary, Er doped ZnO nanoplates have been success-
fully synthesized by wet precipitation method. SEM images
of the prepared samples clearly reveal the formation of
nanoplates like structures with change of morphology from
nanorods to nanoplates on Er doping in ZnO. The presence of



R. Zamiri et al. / Ceramics International 40 (2014) 1635–1639 1639
two additional phonon modes in Raman spectra at 160 and
620 cm�1 for Er doped ZnO samples could be attributed to the
local vibration modes due to Er substitution in the ZnO host.
Normal dielectric constants and dielectric loss behavior were
measured for the prepared nanostructures. AC conductivity of
ZnO nanostructures is found to decrease with Er doping. This
reduction in conductivity could be due to the presence of zinc
interstitials and oxygen vacancies in ZnO matrix on Er doping.
Therefore, incorporation of Er ions in ZnO lattice facilitates the
formation of grain boundary defect leading to blockage to the
flow of charge carriers. This in turn decreases the conductivity
of the system on doping.
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