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Abstract

The structural, vibrational and impedance analysis for (ZnO)1�x(Sb2O3)x composite synthesized by solid state reaction technique were carried
out in the present investigation. X-ray diffraction (XRD) study showed that (ZnO)1�x(Sb2O3)x composite has hexagonal (wurtzite) crystal
structure. Variation in lattice constants with Sb-doping indicated the proper incorporation of Sb dopant in ZnO host matrix. The results of Raman
spectroscopy test suggested the signature of E2 (high) and E1 (TO) Raman modes, and verified the wurtzite structure of (ZnO)1�x(Sb2O3)x
composite. Two additional phonon bands (671, 712) cm�1 appeared in Raman spectra of composite samples due to the existence of the lattice
defects caused by Sb doping or may be other intrinsic lattice defects formed during the synthesis of (ZnO)1�x(Sb2O3)x composite. The frequency
dependent on the electrical characteristics, such as, impedance (Z), dielectric constant (ε) and AC conductivity (σ) have been studied in a range of
frequencies for different Sb concentration at room temperature. The electrical measurement results showed that the impedance increased with Sb
dopant concentration, while dielectric constant and AC conductivity decreased with Sb dopant concentration.
& 2015 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

ZnO is a group II–VI direct wide band gap semiconductor
materials (Eg¼3.37 eV at room temperature) with large
exciton binding energy (60 meV), making it to be a promising
material for optoelectronic applications such as light emitting
diodes (LED), field effect transistors, lasers diodes, and photo
detectors [1–5]. It is well known that doping with proper
element is an effective technique to manipulate structural and
optical properties of the wide band gap semiconductor
materials. The doping of ZnO may provide us with a material
having versatile characteristics. Metal oxide doped ZnO are the
10.1016/j.pnsc.2015.02.003
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multifunctional materials with co-existing optical, magnetic,
semiconducting and electromechanical properties which pro-
vides an avenue for scientific exploration [6]. Undoped ZnO
exhibit n-type behavior due to intrinsic defects, which make it
very difficult to obtain p-type ZnO because of the “self-
compensation” resulting from the donor defects such as Zn
interstitials, oxygen vacancies or hydrogen impurities gener-
ated during crystal growth environment [7,8]. p-Type ZnO are
absolutely required for effective light emitting diode (LED)
device fabrication and the reliable p-type doping of ZnO is an
obstacle for wide range of applications in photonics and
electronics devices [9]. To achieve p-type doping a range of
doping techniques have been applied and investigated. Various
p-type dopant elements of group I (K, Li, Na) and group V (N,
P, Cu, Ag, As) have been used [10–12]. However, good device
performance has not observed yet. Antimony (Sb) is a useful
group V dopant element owing to its close ionic radii Sb3þ
cess article under the CC BY-NC-ND license
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(.076 nm) with Zn2þ (.074 nm) and tune-ability of structural,
optical and electrical properties of ZnO [13]. Theoretical
calculation shows that Sb doping in ZnO can generate shallow
acceptor levels in ZnO, if Sb atom substitutes Zn atom and
connect with two Zn vacancies [14]. In this way, various
Sb-doped ZnO composite have been prepared to investigate
different features of the target samples by using X-ray
diffraction (XRD), Raman and impedance spectroscopy.
Raman spectroscopy is a powerful and nondestructive techni-
que to elaborate impurity-induced modes and their concentra-
tions effect on Raman peaks. Sb with 5s25p3 electronic
configuration is expected to modify the structural and electrical
properties of ZnO. However, the structural and optical proper-
ties of this material have been rarely reported. This motivates
us to study Sb-doped ZnO properties in bulk forms. In this
work, we have prepared (ZnO)1�x(Sb2O3)x composite samples
using the technique of solid state reaction. Our efforts were
concentrated on the structural, optical phonon scattering and
electrical characterizations to manifest the changes appear in
ZnO due to Sb doping as well as the competency of this
material for optoelectronics applications [15].

2. Experimental details

High analytical grade ZnO and Sb2O3 powder were used to
prepare (ZnO)1�x(Sb2O3)x (x¼0, 1.5,2, 3, 5) composite.
Different composition of ZnO (98.5, 98, 97 and 95 mol%)
and Sb2O3 (1.5, 2, 3 and 5 mol%) were mixed by pestal and
mortar for 3 h to make solid solution. The mixtures were
pressed to form pellets and sintered at 1000 1C for 3 h in air to
avoid oxygen deficiency and to make proper incorporation of
Sb through Zn lattice sites. The synthesized samples have been
subjected to XRD, Raman and impedance spectroscopy for
structural, vibrational and electrical characterization. XRD
analysis have been carried out by a Bruker D-8, X-ray
diffractometer equipped with a CuKα-radiation (λ¼1.54186 Å).
The measurements carried out by θ/2θ scans in the 2θ angular
range of 20–801, with a step size of 0.021 and a scan rate of 21/
min. Raman spectroscopy have been performed with the help
of Dongwoo Optron MST-4000A Raman spectrometer of
532 nm He–Cd laser source. Electrical properties have been
determined by impedance spectroscopy with Alpha high
frequency analyzer and Novocontrol sample holder at room
temperature. Silver electrodes were used to connect the pellets
to the instrument.

3. Results and discussion

3.1. X-ray diffraction analysis

XRD analysis were used to examine the crystal structure,
crystallinity and plane orientation of the (ZnO)1�x(Sb2O3)x
composite. Fig. 1 shows that the crystal structure is hexagonal
(wurtzite) for all diffraction peaks that can be indexed to the
peaks of ZnO wurtzite structure (JCPDS 79-2205). The XRD
spectra show that the crystal structure is single phase with no
impurity peak of Sb or its oxide up-to 3 mol% Sb2O3 dopant
concentration. However, for 5 mol% of Sb2O3 the XRD peaks
corresponding to the Zn7Sb2O12 (JCPDS 74-1858) phase were
observed, which indicates that the structure shift from mono
phase to heterophase.
The lattice spacing for all the samples was calculated using

Bragg’s relation:

d¼ λ= 2 sin θð Þ ð1Þ

where θ is the angle between normal to diffracting plane and
incident X-ray, λ is the wavelength of X-rays, which is in our
case was CuKα radiation having wavelength 1.5405 Å. The
lattice parameters have been calculated using the following
expression for hexagonal system [16,17].

1

d2
¼ 4

3
h2þhkþk2

a2

� �
þ l2

c2
ð2Þ

The lattice parameters a and c calculated for different
samples are shown in Table 1. The lattice constants calculated
from XRD pattern for pure ZnO and composite samples are
nearly equal to the lattice constants given in the standard data
(JCPDS, 79-2205, 80-0075). There is a little increase in lattice
parameters with respect to dopant concentration, which is due
to incorporation of Sb ion at the Zn lattice sites. The change in
the lattice parameters of ZnO host material depends on the
ionic radii of the impurity that substitute the Zn ions at the
lattice site. In case of Sb doping the ionic radii of the Sb3þ

(.076 nm) is larger than Zn2þ (.074 nm). If Sb3þ ion substi-
tutes Zn2þ ion in ZnO host lattice, then the variation in the
lattice constants is expected due to ionic radii difference which
has also been reported elsewhere [18]. The small improvement
in the lattice parameters with doping concentration, leads to
believe that some of Sb3þ ions have substituted Zn2þ ions in
ZnO lattice. The average crystallite size D is calculated using
the Sherrer’s formula [16]:

D¼ 0:9λ
β cos θ

ð3Þ

where D is the crystallite size, λ is X-ray wavelength, β is full
width at half maxima and θ is Bragg’s angle in radian. The
average crystallite size (Table 1) has been decreased with the
variation in Sb doped concentration. The decrease of crystallite
size give arises to a developed surface with large boundaries
leading to larger scattering phenomena, which in turn affects
the carrier’s mobility. Thus, a resistivity increase is expected
from Sb doped samples. For further investigation, the crystal-
lite size (D) and Stoke–Wilson equation was used to calculate
the dislocation density (δ) as follow [19]:

δ¼ 15
aD

λ

D cos θ
�β

� �
1

tan θ
ð4Þ

where D is the crystallite size in nm, a is the lattice constant
and β is the full width at half maxima. The dislocation density
value increases from 2.67� 1015 to 4.62� 1015/m2 with Sb
concentration.



Fig. 1. X-ray diffraction (XRD) patterns of (ZnO)1�x(Sb2O3)x composite sintered at 1000 1C.

Table 1
Lattice parameters a and c calculated for different samples.

S.
nos.

Sb2O3

composition
(x) (mol%)

Lattice
constant
c (nm)

Lattice
constant
a (nm)

Crystallite
size (nm)

Dislocation
density δ
(m�2)

(1) 0 0.52076 0.32547 31.65 2.67� 1015

(2) 1.5 0.52081 0.32550 29.72 3.26� 1015

(3) 2 0.52086 0.325538 27.80 3.95� 1015

(4) 3 0 .52087 0.32554 24.30 4.62� 1015

(5) 5 0.52127 0.32579 21 4.16� 1015

Fig. 2. Raman spectra of the (ZnO)1�x(Sb2O3)x (x¼0, 1.5, 3, 5) composite
sintered at 1000 1C.
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3.2. Raman spectroscopy

Raman spectroscopy is a powerful tool to analyze the
crystalline quality, structural faults, and defects in the target
materials. The wurtzite ZnO P63mc belongs to the space group
with six Raman active optical phonon modes in the center
of the Brillouin zone as Γopt¼2A1þ2E1þ2E2, where E1, E2

and A1 are first-order Raman-active mode [20,21]. The E1

and A1 polar modes split into longitudinal optical (LO) and
transverse optical (TO) components, while the E2 non-polar
modes (low and high) are Raman active. The measured Raman
spectra of ZnO and (ZnO)1�x(Sb2O3)x composite in the
range 200–800 cm�1 is shown in Fig. 2. In pure ZnO, peaks
at 330, 380, 436 cm�1 have been appeared in the low wave
number region. The same Raman peaks were detected for
(ZnO)1�x(Sb2O3)x bulk, but with higher intensities. In addi-
tion, peaks at 671 and 712 cm�1 were found in the high wave
number regime for composite samples. In the low wave
number region, the peak at 330 cm�1 is related to multiphoton
process and has been assigned as E2 (high)–E2 (Low) arising
from zone boundary phonons [22]. Peak at 380 cm�1 corre-
sponds to A1 (TO) mode, which arises due to some defects like
Zn interstitials, oxygen vacancies and also their complexes
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[23,24]. One of the sharp and remarkable peaks at 436 cm�1

was detected for all samples and assigned as E2 (high) mode.
This is the strongest mode in wurtzite crystal structure and is
due to the motion of oxygen atoms in ZnO lattice [25]. The
location of the E2 (high) mode shows no obvious change with
increase in Sb contents, but intensity enhanced with Sb doping
level. In the regime of high Raman shift, a peak appears at
583 cm�1 for all samples, whose intensity increases gradually
with Sb doping and it is the signature of the E1 (LO) mode
[26]. Similar effects have been investigated in the literature
reviews for various doping impurities interpreted as an indi-
cation of oxygen deficiency [27–29]. Two additional modes
at 671, 712 cm�1 have been found in (ZnO)1�x(Sb2O3)x
samples. These modes become prominent as the doping
concentration of Sb in ZnO increases. Moreover, when doping
ion occupies the Zn sites, lattice or intrinsic host-lattice defects
are activated, leading to additional vibration modes. Therefore,
these modes may show the presence of the ZnO lattice defects
that might be caused by Sb or other intrinsic lattice defects.

3.3. Impedance spectroscopy

3.3.1. Impedance analysis
The AC electrical behavior of bulk (ZnO)1�x(Sb2O3)x

composite was studied over a range of frequencies by using
complex impedance spectroscopy. Impedance data having
capacitive and resistive components is plotted and shown (in
Fig. 3) in the form of semicircular arc representing electrical
phenomenon due to bulk (grain) material, grain boundary and
interfacial phenomenon, if any. Generally, the grains are
effective in high frequency region while the grain boundaries
are effective in low frequency region [30]. Fig. 3 shows the
Nyquist plots of (ZnO)1�x(Sb2O3)x composite at different
dopant concentrations. It is evident that all the samples show
single semicircular arc excluding (x¼2 mol%) ZnO, which
implies that grain boundary resistance contribution, affects the
total impedance with the addition of grain resistance in this
Fig. 3. Impedance spectra (Nyquest plot) of (ZnO)1�x(Sb2O3)x composite (a)
x¼1.5% (b) x¼2% (c) x¼3%.
sample. The first semicircle occurring in the high frequency
region corresponds to grain resistance while the second in the
low frequency region corresponds to grain boundaries. This
can be attributed to the decrease in grain size as a result of
doping. In literature it has been reported that the resistivity of a
polycrystalline material, in general, increases with the decrease
in grain size as depicted in XRD [31,32]. Accordingly, smaller
grains imply a larger number of insulating grain boundaries
which act as a barrier to the flow of electrons. Smaller grains
also imply smaller grain–grain surface contact area and,
therefore, a reduced electron flow. The grain size decreasing
with increasing dopant concentration resulting in more number
of grain boundaries in doped samples. Therefore, the grain
boundary contribution becomes dominant and grain contribu-
tion is not resolved for (x=3 mol%) sample and appears as one
semicircle. Moreover, the incorporation of Sb in ZnO system
increases the concentration of defect ions which tend to
segregate at grain boundaries leading to the formation of grain
boundary defect barriers [33]. The dopant concentration
increases barrier height increases which directly increase the
resistivity (impedance) [34] as revealed by Fig. 3.

3.3.2. Dielectric analysis
Fig. 4 shows that the dielectric constant decreases with the

increase in frequency and becomes almost invariable at high
frequencies for all composition. This behavior can be eluci-
dated by Maxwell–Wagner interfacial model [35]. In this
model, the dielectric medium is considered to be composed
of two layers, conducting grains which are separated by
resistive grain boundaries. Under the application of external
electric field, the charge carriers can easily conduct within
grains but are accumulated at the grain boundaries. This pro-
cess can create large polarization which results high dielectric
constant. Moreover, the higher value of dielectric constant can
also be explained on the basis of interfacial/space charge
polarization due to inhomogeneous dielectric structure. And
the in homogeneity may be attributed to the porosity and
Fig. 4. Variation of dielectric constant ε0 vs. frequency and dopant concentrations.



Fig. 5. AC conductivity (σ) vs. frequency (f) for different Sb doping
concentration of (ZnO)1�x(Sb2O3)x composite.
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structure of the grains. The polarization (dielectric constant)
decreases with the increase in frequency and then maintains a
constant value owing to the fact that beyond a specific
frequency of AC field the hopping of Sb ions cannot pursue
the AC field. It has also been revealed that the value of
dielectric constant decreases with the increase in Sb dopant
concentration. It may be due to the small dielectric polariz-
ability of Sb ions compared to Zn [36]. Consequently, as the
dopant concentration increases more Zn ions will be replaced
by Sb ions and thus decreasing the polarization, which in turn
decreases the dielectric constant.
3.3.3. AC conductivity
The frequency dependent conductivity is a powerful tech-

nique for studying the hopping dynamics of the charge
carriers. The AC conductivity (σ) due to localized states is
expressed by power law [37]:

σacðωÞ ¼ σ0þAωn ð5Þ
where σ0 is the dc part of conductivity, A is temperature
dependent constant and n is a parameter depends on frequency
and temperature. With increasing frequency, the AC conduc-
tivity increased and obeyed the power law. It is depicted from
Fig. 5 that as the Sb2O3 increased; the AC conductivity
became frequency-independent, with a slight increase on the
higher frequency side. Thus, the corresponding conductivity
was close to the dc conductivity (σ). Moreover, the values of
exponent lying between 0 and 1 implies that slope of the curve
are less than 1. This suggests that the conduction mechanism is
corresponding to the translational hopping motion with suc-
cessful hops of carriers/ions [38]. It is shown from Fig. 5 that
the AC conductivity decreases as Sb concentration increases at
room temperature, which is attributed to the crystallite sizes
effect and decreases in carrier/electrons concentration. As Sb
content increases in the ZnO composite, the crystallite size
decreases as shown in XRD analysis, consequently the crystal-
lite boundaries density increases. This leads to more accumu-
lated charge at the interfaces, results the increase in bulk
resistivity [39].
4. Conclusions

In summary we have synthesized high quality (ZnO)1�x(S-
b2O3)x bulk samples by solid state reaction method and
investigated their structural, vibrational and electrical proper-
ties. The analysis of XRD indicates polycrystalline wurtzite
structure of ZnO along with proper incorporation of Sb3þ at
the Zn lattice sites. The marginal increase in lattice parameters
has been observed after Sb doping, indicating partial sub-
stitution in host matrix. The Raman spectroscopy reveals
two additional modes at 671 and 712 cm�1 which are the
indicative of the existence of the host lattice defects caused by
Sb doping or other intrinsic lattice defects that formed during
the synthesis of (ZnO)1�x(Sb2O3)x composite. The complex
impedence spectroscopy of the (ZnO)1�x(Sb2O3)x composite
samples show an increasing trend in impedance value with
increase in doping concentration. Using the impedance spec-
troscopy the dielectric and AC conductance have been studied,
and both of them follow decreasing behavior as the doping
concentration increase.
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