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Abstract. In the current investigation, we report successful synthesis of well-crystalline Cd-doped ZnO nanostructures
above their miscibility range (Zn;_,Cd,O, x = 0.1, 0.2, 0.3, and 0.4) via an easy and simple low-temperature solution
method. The as-prepared samples were studied for their structural, optical and electrical behaviour as a function of Cd
doping. The X-ray diffraction reveals that the as-prepared samples possess a pure hexagonal wurtzite structure of ZnO
without any essence formation of a separate CdO phase up to 30% of Cd doping. However, on increasing the Cd
concentration i.e., > 30%, clustering of CdO (as a separate phase) is visible in X-ray pattern. Ultraviolet—visible (UV-Vis)
spectra show the effective change in the optical band gap with increase in Cd doping. Zn—O stretching modes of vibrations
are confirmed by Fourier transform infrared spectroscopy in all samples. The frequency-dependence behaviour of
dielectric constant, dielectric loss and ac conductivity of as-prepared samples were studied at room temperature. The
colossal dielectric response is found to be ~6 x 10* at 1 kHz for Cd-doped samples. The observed dielectric behaviour is

explained on the basis of Maxwell-Wagner model and Koops phenomenological approach.
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1. Introduction

Compound semiconductors, such as ZnO nanostructures
have gained much attention over the past few years in the
research community because of their attractive properties.
7ZnO is easily commercially available, non-toxic, low price
and high chemically stable material [1-3]. Scientifically,
ZnO 1is an amphoteric oxide and direct semiconductor
material with a large direct band gap (E, = 3.2-3.4 eV) at
300 K [4-7] which is useful for better optical properties.
ZnO also has an exciton binding energy (60 meV) [8] larger
than other semiconductor materials, such as ZnSe (21 meV)
[9] and GaN (22 meV) [10]. Due to these properties, ZnO
has a lot of applications in photovoltaics, optoelectronic
devices [11,12], UV-light emitters, transparent conducting
films, gas sensors, antibacterial activity, catalyst and surface
acoustic wave (SAW) device [13-21], etc. Zn is a member
of group-12 in the periodic table and just below the zinc, we
have cadmium. From the application point of view, cad-
mium oxide (CdO) is also a II-VI group n-type semi-con-
ductor and exists as a rock salt structure (FCC), which has
interesting properties for optoelectronic applications due to
its low electrical resistivity, large band gap and high optical
transmittance in the visible range of the solar spectrum.
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CdO has an optical direct band gap of about 2.2 eV and an
indirect band gap of 1.98 eV, which makes it useful for a
wide range of applications, such as solar cells, photodiodes
and transparent electrodes and sensors, etc. So, one can
expect that a composite alloy of Zn and Cd oxides should
show magnificent behaviour. Different research groups have
tried various methods to prepare the Zn;_,Cd,O alloy
nanostructures, such as sol-gel [22], sonochemical method
[17], combustion synthesis [23,24], hydrothermal method
[20], solution method [25], etc. In the semiconductor world,
doping/alloying (here, alloying means doping with a high
percentage) is an efficient means for improving physical
properties, especially, optical and electrical ones, or tuning
them as per need and applications. Also, to control the band
engineering and optoelectronics, usually, semiconductor
heterostructures are used to control carrier transport. A lit-
erature survey suggests the unusual chemical, structural and
physical changes in doped ZnO nanoparticles [24,26]. It has
also been pointed out that the doping of Cd into ZnO in the
proper amount does not give a significant change in the
crystal structure and the lattice constant of ZnO [20].
Besides, doping of Cd** ions into ZnO lattice gives
enlarged conductivity [13] and increases the carrier con-
centration. Although Zn,;_,Cd,O alloys have been
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synthesized in a different structure, such as thin-film
[27,28], nanorods [29], nanowires [30], nanosphere [31]
and nanoflowers [32]. CdO has a rock salt structure which
limits the equilibrium solubility in wurtzite ZnO to a mole
fraction of x = 0.02, means very little flexibility to tune the
properties. Further, there are many reports available in
literature related to the structural and optical studies of Cd-
doped ZnO nanostructures [17,33-35]. Ghosh et al [36]
used a high-pressure solution growth method for the syn-
thesis of Zn;_,Cd,O (x = 0, 0.021, 0.025, 0.046, 0.091)
nanostructures. They found that cubic phase of CdO was
segregated for 9% Cd-doped ZnO sample. Yue Wang et al
[17] synthesized Zn;_,Cd, O (x = 0, 0.05, 0.15, 0.4)
nanoparticles by using sonochemical method. They did not
find separate phase of CdO up to 40% of Cd doping. On
the basis of above discussed results, it can be inferred that
synthesis method strongly affects the structural and optical
properties of Cd-doped ZnO nanostructures. Apart from
this, literature survey also suggest that there are very few
reports related to dielectric study for Cd-doped ZnO
nanostructures [37,38]. So, in this work, a different
approach was adopted which is also known as chemical
solution method for the synthesis of Cd-doped ZnO
nanoparticles. Solution method is opted, because this
method is at low-temperature, needs simple equipment,
low-cost, environment friendly, short annealing time, good
control of size and a vast amount of samples can be pre-
pared at a time. In this work, it has also been tried to
prepare pure phase different Cd-doping concentrations
from 10 to 40% in a sequence order. In addition to
structural and optical studies of Cd-doped ZnO nanos-
tructures, dielectric study has also been investigated at
room temperature. Different characterization techniques
give information that doping of Cd in ZnO nanoparticles is
effective to change various structural, optical, and elec-
trical behaviours of ZnO. These changes in optical and
dielectric properties are preferred to use Cd-doped ZnO
nanoparticles in the field of optoelectronics, photocatalyst,
dynamic random-access memory and high-frequency
device applications.

2. Experiment

2.1  Chemicals

Zinc acetate (Zn(CH5;COO),-2H,0O) and cadmium nitrate
(Cd(NO3), were used as a source of zinc and cadmium,
respectively. Apart from these, methanol (CH3OH) and
distilled water were used as solvents. Sodium hydroxide
(NaOH) was used for precipitate formation and to maintain
the pH of the solution. Finally, ethanol (C,HsOH) was used
for washing the precipitates. In this experiment, all the
chemical reagents were of analytical grade and have been
used without any further purification.
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2.2 Synthesis of samples

Undoped and Cd-doped ZnO nanoparticles were synthe-
sized by the solution method. An aqueous solution of zinc
acetate in methanol (say A) and cadmium nitrate in distilled
water (say B) were taken in the stoichiometric ratio in
separate beakers and after 5 min, solution A was gradually
mixed with solution B. The obtained mixture solution
(A+B or say C) was stirred on the magnetic stirrer for
getting a homogeneous and clear solution at room temper-
ature. Then, a measured amount of NaOH was added to the
above solution C to get pH 9 and obtained a milky white
thick solution. This solution was stirred by the magnetic
stirrer for 1 h. Later, the obtained solution was centrifuged
for 15 min and got white precipitate. In the next step, pre-
cipitates were dried in a hot air oven at 90°C. After drying,
the obtained materials were grounded with the help of agate
mortar and pestle to obtain a fine powder. Finally, the
powder was calcined at 250°C for 2 h to get Zn,_,Cd,O
(x = 0.1, 0.2, 0.3 and 0.4) nanopowder samples. For pure
ZnO synthesis, we followed the above process without
taking solution B (cadmium nitrate in distilled water). A
similar preparation method is adopted in our previous
published work [39].

2.3 Instrumentation

Various experiments were done to characterize the struc-
tural, optical and magnetic properties of synthesized sam-
ples. The structure analysis of synthesized samples was
done by X-ray diffraction (XRD) using XRD-D8 Advance,
Bruker diffractometer with CuKa radiation (4 = 0.15418
nm). To determine surface morphology and to confirm
doping, we used SEM and EDX by using FEI Quanta 200
equipped with EDX. In addition to SEM, particle size was
analysed by using FEI TECNAI F30 STWIN transmission
electron microscope (TEM). The optical properties were
examined with UV-Vis and FTIR spectroscopy by using
UV-Vis-NIR-Lamda 950, PerkinElmer Spectrophotometer
and FTIR-Frontier, PerkinElmer Spectrometer. The room
temperature dielectric measurements were investigated by
using the impedance analyzer of Wayne Kerr Electronics
6500 B series.

3. Result and discussion

3.1 Structural investigation

Figure 1 depicts the XRD pattern of ZnO and Cd-doped
ZnO samples with a different molar concentration of Cd.
All peaks in XRD pattern of Zn,_,Cd, O (x=0, 0.1, 0.2, 0.3
and 0.4) samples were matched with standard International
Centre for diffraction data (ICDD files for ZnO, 01-079-
0206). From the XRD patterns of Zn;_,Cd,O (x = 0, 0.1,
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Figure 1. XRD patterns for undoped ZnO and Cd-doped ZnO
nanopowders.

0.2, and 0.3), it is clear that as-prepared samples have only
wurtzite ZnO phase and no peaks are corresponding to
either cadmium, zinc, or their complex oxides within
measurable limits of XRD. This shows that Cd**/CdO is
dispersed in the matrix of ZnO. It is important to note that
because of different crystal structures of ZnO (wurtzite) and
CdO (rock salt), they have very little miscibility and tend to
get phase-separated easily and the thermodynamic solubil-
ity limit of Cd in the ZnO system is around 2 mol% under
equilibrium conditions [40]. But the formation of any
metastable phase via solution method is controlled by
chemical kinetics and thermodynamics involved in the
process and, in this condition, the bath condition favour to
crystallize single phase. Apart from this, on increasing Cd*"
ions concentration (up to x = 0.3) into ZnO, there are few
visible changes in the diffraction peaks, like a variation in
the intensity of the XRD peaks, shifting of XRD peak
positions and the broadening of peaks of ZnO. The cd*r
ions that were introduced into ZnO matrix interstitial are
responsible for shifting peak positions [41,42]. The pres-
ence of Cd*" jons in the ZnO matrix creates micro strain
and hence, lattice deformation and this strain effect are
reflected in the broadening of full width at half maximum
(FWHM) of peaks. Micro strain can be calculated by using
the following equation [43]:

=P8 (1

where ¢ is micro strain,  the FWHM and 6 the Bragg’s
angle. It is observed that micro strain is reduced for doped
samples. Micro strain values for all samples are shown in
table 1.

For x = 0.4, Cd-doped ZnO sample, XRD confirms the
presence of a combination of two phases, cubic CdO and
hexagonal ZnO. This means that both the phases of ZnO
and CdO are present as separate entity. Importantly, one of
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the basic constraints to make CdO via chemical route is the
formation of CdO at relatively high temperatures (230°C)
which is the boiling point of most of the organic solvents
used for the solution method. Here, for x = 0.4, i.e., high
concentration of Cd*" ions favour to form CdO as separate
phase. Peak position corresponding to CdO is mentioned
with an asterisk (*) in the XRD pattern. So, based on the X-
ray investigation, we can divide the as-prepared samples
into two parts: (i) single-phase Cd-doped ZnO (when Cd
doping is up to 30%); where there is no sign of the presence
of CdO, and (ii) mixed-phase of ZnO and CdO (when Cd
doping is >30%); means binary compositions of semicon-
ductors ZnO-CdO. Broadening in FWHM of a peak shows
the formation of the nanostructure. Considering the instru-
mental broadening, the average crystallite size of ZnO
nanoparticles was calculated with the help of XRD peak
(101) by using the Scherrer’s formula [44,45]

0.894
~ Pcos 0’ @)

where D is the average crystallite size, 0 the Bragg’s angle
in radian, A the incident X-ray wavelength (0.15406 nm)
and f§ the FWHM. The average crystallite size of undoped
7ZnO was found to be 22 nm and the average size of Cd-
doped ZnO was found between 39 and 33 nm (for x = 0.1,
0.2 and 0.3). For x = 0.4 Cd-doped ZnO, crystallite size,
corresponding to ZnO was found to be 23 nm and the
crystallite size of CdO was 48 nm. For sample x = 0.4, the
crystallite size of ZnO is equivalent to pure phase ZnO and
may be because of the segregation of CdO from the ZnO
matrix, and a similar result is reported by Jule et al [13].
The magnified view of diffraction peak (101) is shown in
figure 2a for pure ZnO and Cd-doped ZnO samples. From
figure 2a, we can easily see the shifting of (101) peak and
also see a decrease in the peak intensity of ZnO with
increasing molar concentration of Cd** ions into ZnO lat-
tice. The lattice parameters (¢ and c¢) of ZnO wurtzite
structure were determined from (100) and (002) diffraction
peaks by using the following equations [25]:

A
= 3
“ \/§Sil‘1 0100 ( )
A
= 4
¢ sin 9()()2 ( )

The values of lattice parameters for pure ZnO were found
(a=b=0.3241 nm and ¢ = 0.5199 nm) and these values are
well-matched with the theoretical values of lattice param-
eters [45]. The value of lattice parameters is increased for
Cd-doped samples (for x = 0.1, 0.2 and 0.3), it may be
because of larger ionic radii of Cd** ions (0.97 nm) than
Zn>" jons (0.74 nm) [13,46]. The variation in lattice
parameters a and c are shown in figure 2b for the different
molar concentrations of Cd*" ions into the ZnO lattice. At
x = 0.4, ZnO is tending towards pure phase which is also
supported by lattice parameters’ calculations. So, x = 0.4
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Table 1. Calculated lattice parameters (a and c), micro strain and volume of unit cell for pure ZnO and Cd-doped ZnO samples.
Sample a (nm) ¢ (nm) Micro strain (107%) Volume of unit cell (nm®)
Pure ZnO 0.3241 0.5199 1.72 0.04729
ZnyoCdy ;O 0.3241 0.5196 0.936 0.04726
Zny gCdy 0 0.3245 0.5202 1.13 0.04743
Zny;Cdy 50 0.3257 0.5219 1.07 0.04794
Zny ¢Cdo 4O 0.3251 0.5205 1.52 0.04764
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Figure 2.
concentrations of Cd>" ions into ZnO lattice.

sample is pure binary composition of semiconductors ZnO—
CdO. The volume of unit cell for all samples was deter-
mined by using a formula:

V = 0.8664°c, (5)

where V is the volume of a unit cell, ¢ and ¢ are lattice
parameters. The volume of the unit cell for doped samples
is increased due to the increment in lattice parameters
values with Cd doping. The increment in unit cell volume is
also confirmed by the successful substitution of Zn>" ions
by Cd*" ions. The parameters related to XRD results, such
as lattice parameters (a and c), micro strain, volume of a
unit cell, etc. are tabulated in table 1.

3.2 Surface/particle morphology analysis

To study the physical appearance and surface topography of
as-prepared samples, we took SEM. As a representation,
here, we have included two samples. Since the XRD pattern
was unable to give any sign for the presence of Cd in the
sample (up to x = 0.3) and hence, it was necessary to go for
elemental analysis and EDX analysis associated with SEM
was used. To see the variation of Cd in the samples, EDX

T T T T
0.0 0.1 0.2 0.3 0.4

'Cd' molar concentration

(a) Magnified view of (101) diffraction peak and (b) variation in lattice parameters (¢ and c¢) for different molar

was performed at several places for the same sample and it
was found that the sample is inhomogeneous with respect to
Cd. The SEM images for pure ZnO and x = 0.2 Cd-doped
ZnO samples are shown in figure 3a and b, respectively.
EDX images are shown in figure 3c and d for pure ZnO and
x = 0.2 Cd-doped ZnO sample. The SEM micrographs show
the effect of Cd doping in ZnO. By comparing figure 3a and
b, we can say particles are more agglomerated in the doped
samples than undoped ones. ZnO nanoparticles are clustered
because of minimization of their surface free energy [46].
The agglomerations of nano-sized particles are very com-
mon. The spectrum (figure 3c) for pure ZnO nanopowder
sample confirms the existence of zinc and oxygen elements
only and EDX spectrum figure (3d) for x = 0.2 Cd-doped
ZnO sample shows the presence of cadmium, zinc and
oxygen elements only. EDX pattern shown in figure 3d
confirms the presence of Cd*" ions in the ZnO matrix.

To precisely study the particle size of pure ZnO and x =
0.2 Cd-doped ZnO samples, we have done the TEM char-
acterization and corresponding results are presented in
figure 4a—d, respectively. Both samples show the formation
of nanoparticles with a nearly spherical and hexagonal
shape with an average size of 30 nm, which is consistent
with the XRD findings.
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Figure 3. SEM images (a) and (b) and EDX spectrum for pure ZnO nanopowder (¢) and (d) and Cd-doped ZnO (x =

0.2) nanopowder samples, respectively.

3.3  UV-visible study

Earlier extensive research shows that doping has a strong
ability to tune and engineer the optical band gap of ZnO. Cd
and Zn are from the same group of the periodic table (group
12) and are transition metals, and hence, it is expected that
doping of Cd in ZnO should manifest interesting features in
the sample. The absorption spectra for pure and Cd-doped
ZnO nanopowders show a strong absorption edge below
400 nm (figure 5). The optical band gap E, has been cal-
culated by using the Tauc relation [47]. The Tauc relation
for semiconductor material is given by the following
equation:

ahv = A(hv — Eg)", (6)

where o is the absorption coefficient, v the incident light
frequency, A the proportionality constant, /4 the Plank’s
constant, E, the optical band gap energy and m the 1/2 for
direct band gap material [14]. Since ZnO is a direct semi-
conductor material, a graph (ahv)? vs. hv was plotted for

calculating the optical band gap by using the Tauc relation
(equation 6).

Figure 6a—e show Tauc plots between (ohv)* and hv for
pure and Cd-doped ZnO samples. For all plots of figure
6a—e, a straight line was fitted for the linear portion of the
curve. The extrapolation of the straight line (tangent passing
through the point of inflection of the curve) on the x-axis
(Eg axis) gives the energy band gap value. The band gap
was found to be 3.17 eV for pure ZnO sample and 3.09,
3.05, 3.0 and 2.72 eV for x = 0.1, 0.2, 0.3 and 0.4 samples,
respectively. The band gap variation for ZnO with Cd molar
concentration is shown in figure 7. This low value of
3.17 eV of the band gap for pure ZnO is similar as reported
in the literature [14]. Band gap value decreases from 3.17 to
2.72 eV as Cd-doping concentration amount increase up to
x = 0.4. Similar observations were reported by [13] for
Cd-doped ZnO alloys synthesized via the sol-gel route.
This redshift in the band gap of ZnO is because of changes
in the electronic structure of ZnO by Cd doping. This leads
to reducing the ionic character of Zn—-O/Cd-O on the
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Figure 4. TEM micrographs for (a) and (b) pure ZnO and (c) and (d) Cd-doped ZnO (x = 0.2) sample.
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Figure 5. UV-visible absorption spectra of undoped ZnO and
Cd-doped ZnO nanopowders.

substitution of Zn>* ions by Cd>" ions. Moreover, Jule et al
[13] reported that the conduction band of ZnO consists of
Zn 4s and O 2p orbitals, of which Zn 4s orbital is domi-
nated. But due to the incorporation of Cd into ZnO, Cd 5s
state also contributes to the conduction band of ZnO with
Zn 4s state, this leads to the shifting of the conduction band
downwards and hence, band gap of ZnO becomes narrow
with Cd doping. Therefore, Cd-doped ZnO nanostructures
can be used for small band gap applications.

3.4 FTIR analysis

Figure 8 depicts the FTIR spectrum for pure ZnO and doped
ZnO samples in the range of 400—4000 cm™'. The range
from 4000 to 1800 cm™' is called the functional group
region and 1800400 cm ™' is the fingerprint region for a
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Figure 8. FTIR spectra for pure ZnO and Cd-doped ZnO for
different concentrations of dopant.

material. FTIR study was carried out for confirmation of
wurtzite structure formation and to get information about
functional groups for undoped and Cd-doped ZnO alloys.
Metal oxides generally give absorption bands below 1000
cm ™' emerging from inter-atomic vibrations. The absorp-
tion peak in the range from 1000 to 3500 cm ™' belongs to
impurities vibration modes. The absorption peak nearly at
3425 cm™', corresponds to O-H stretching vibration that
indicates the existence of atmospheric water adsorbed on
the surface of samples. This O-H group plays an important
role in the performance of a material as a photocatalyst due
to the high oxidizing nature of this group [48]. The
absorption band around 2926 cm ™" belongs to vibrations of
C-H stretching for an alkane. A dip has been observed
around 2421 cm™' which arises due to the absorption of
atmospheric CO, on the surface of metal cations [42]. Peaks
at 1643 and 1409 cm™' correspond to C=C and C-C
stretchings, respectively. The carboxyl group (CO) vibra-
tions belong to the region 1500-1600 cm™'. The Cd=0
stretching vibration was observed nearly at 1379 cm™' for

Bull. Mater. Sci. (2021) 44:173

doped ZnO samples. The absorption peaks near to 812 and
1023 cm™! correspond to C—OH stretching. The wurtzite
Zn—-0O stretching vibration modes reside in the region of
400-600 cm ™" [49]. We found an absorption peak for pure
ZnO at 435 cm™' and Cd-doped ZnO samples nearly at
465 cm™', these absorption peaks confirm the stretching
vibration modes of Zn—O. The prepared samples can be
used as a photocatalyst due to the presence of a highly
oxidizing O-H group.

3.5 Electrical characterization

To study the electrical response for the prepared samples,
the external electrical field has been applied to investigate
the interaction between the electric field and material. This
interaction has been studied using an impedance analyzer.

3.5a Dielectric study: Dielectric properties for the
prepared samples have been studied as a function of the
frequency of the applied electric field. For the dielectric
study of synthesized nanopowders, disc shaped pellets were
formed from nanopowders by applying 10 kN force for
3 min using a universal testing machine (UTM). The
diameter and thickness of these pellets were 16 and 3 mm,
respectively. The pellets were further coated with high
purity silver paste on parallel faces as the electrodes to
make the parallel plate capacitor geometry.

The relative dielectric constant as a complex quantity can
be written as [50]:

&= —‘er//, (7)

where & (real part) represents stored energy and &’ (imag-
inary part) describes energy loss in a dielectric material
during the polarization in applying the electric field.

To understand the effect of Cd doping on the electrical
behaviour of ZnO, the frequency-dependent real dielectric
constant (&) for these Cd-doped ZnO samples were mea-
sured using the following equation [50],

¢ = Cpt/eA, (8)

where C; is the capacitance of pellet in Farad (F), r the
thickness of pellet, gy(eg = 8.85 % 1072 Fm™ permittivity
of free space and A the cross-sectional area of the flat sur-
face of the pellet.

The imaginary part (¢”) can be estimated by using the
following relation [51]:

¢ = ¢tand, 9)

where tan ¢ is dielectric loss tangent for a dielectric mate-
rial. It is proportional to energy loss, dissipated in the form
of heat during the polarization of dielectric material there-
fore, it is called dielectric loss.

The variation in dielectric constant with frequency (fre-
quency range from 20 Hz to 1 MHz) is shown in figure 9.
This showed a rapid decrease in dielectric constant value at
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Figure 9. Variation in dielectric constant with frequency for pure
Zn0O and Cd-doped ZnO nanopowder samples.

lower frequencies, while at higher frequencies, dielectric
constant became almost independent of frequencies for all
samples. This type of dielectric behaviour for ZnO and
ZnO-related nanostructures is available in the literature
[52]. And this dielectric nature can be explained by the
Maxwell-Wagner interfacial model [53] and Koops phe-
nomenological theory [54]. It is accepted that dielectric
materials are comprised of well-conducting grains which
are separated by less conduction grain boundaries, these
grain boundaries behave as a potential barrier for charge
carriers [55]. Grain boundaries are more effective at lower
frequencies, while grains are more competent at higher
frequencies. When these dielectric materials are placed in
an external electric field, charge carriers smoothly move
within the grain, but accumulated at grain boundaries
therefore, interfacial polarization is produced [56,57]. This
behaviour of charge carriers inside dielectric materials can
form large polarization so, the high dielectric constant is
found at lower frequencies. Dielectric constant decreases as
frequency increases because any species which is respon-
sible for polarizability is found to express as lagging behind
the applied electric field at very high frequencies [53].
Frequency-independent dielectric behaviour at higher fre-
quencies was because of dipoles that are unable to follow
the applied external electric field beyond a certain fre-
quency. In figure 9, the pure ZnO sample shows the lowest
value of dielectric constant, while the dielectric constant
value increased in doped samples. These increments in the
doped samples may be due to an increase in charge carrier
concentration in Cd-doped ZnO samples. Since the dielec-
tric polarizability of Cd ions is more than Zn ions [58], so as
the doping concentration increases, more Zn ions will be
substituted by Cd ions. It increases the dielectric polariza-
tion, and hence, more dielectric constants have been found
for doped samples. Importantly, x = 0.4 in figure 9 shows
the low value of dielectric constant (but more than pure
ZnO0), this is because x = 0.4 is a mixed phase of ZnO and
CdO (binary composition of semiconductors ZnO-CdO).
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For this sample, the low value of dielectric constant also
reveals that there is little or no doping of Cd in ZnO or Zn in
CdO for this sample means both ZnO and CdO are in an
almost pure phase. This observation is in favour of the
X-ray result. 10% Cd-doped ZnO showed a higher dielectric
constant among all doped samples. So, x = 0.1 is the most

appropriate concentration among the elaborated series for
Cd doping into ZnO.

3.5b Dielectric loss: In a real sense, on this earth, there
is no lossless material as such. All materials are lossy
except the perfect vacuum (which we cannot attain). Now,
the degree of the loss will decide/distinguish the quality of
material and its usability/applicability and so, a dielectric
loss study was performed for as-prepared materials.
Dielectric loss or loss tangent (tand = ¢” /¢ ) is described
as energy loss in a dielectric material. Variation in tan ¢
with frequency is shown in figure 10 for all the prepared
samples. All samples showed a relaxation peak which
appeared at low frequency for pure ZnO, while for doped
samples, it was shifted towards higher frequencies. The
shifting in the relaxation peak of dielectric loss for doped
samples may be because of Cd doping into ZnO. The
observed peak in the dielectric loss is because of the
resonance effect. When the jumping frequency of charge
carriers is equal to the frequency of the applied field and the
condition wt =1 (w = 27n; n = frequency), is satisfied then,

this kind of loss peaks occurs. When the frequency of the

applied electric field matches with the hopping frequency of
the charge carrier, the maximum electrical energy is

transferred to the oscillating ions and a peak is observed

as a result of power loss [59]. Among all samples, 10 and

30% Cd-doped ZnO sample show appropriate values of
dielectric constant and dielectric loss. So, these samples can
be used for device applications [53].
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Figure 10. Variation in tangent loss with frequency for pure ZnO
and Cd-doped ZnO nanopowder samples.
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Figure 11. Variation in ac conductivity with frequency for pure

ZnO and Cd-doped ZnO nanopowder samples.

3.5¢ ac electrical conductivity: ac conductivity for all
the prepared nanopowder samples was estimated by using
the following empirical relation [60]:

Oac = WE gytan o, (10)

where o0,. is AC electrical conductivity and w = 2xnf (f
being the frequency) is the angular frequency. o, was
estimated in the frequency range of 20 Hz to 1 MHz at room
temperature and variation in o,. with frequency is shown in
figure 11. From figure 11, it is clear that g, increased by a
large amount for Cd-doped sample as compared to the pure
7ZnO sample. 7, gradually increased as frequency increased
for all samples. This gradual increase in o,. with frequency
shows enhancement in the movement of charge carriers
with frequency. The variation in o, for pure ZnO sample is
very small up to a certain high frequency, beyond this
frequency, increment in og,. is visible. But for Cd-doped
samples, o,. gradually increased as frequency is increased
and this increment is also very less. We can say o,
becomes almost independent at higher frequencies for
doped samples, while for pure ZnO sample, it is nearly
independent at lower frequencies. The reason behind
increasing o, for Cd-doped samples may be because of the
increase in charge carriers inside the samples due to the Cd
dopant. This behaviour can be explained by the hopping
model. Increasing o, for doped samples is because of the
hopping of charge carriers which contain positive oxygen
vacancies (V,>T), zinc interstitials (Zn;"), and negative
oxygen ions (O%) that lead to the polarization of ZnO [60].
At higher frequencies, the hopping process increases hence,
0. increases at higher frequencies. The exchange of charge
carriers through hopping between Zn>*/Cd*" ions is
responsible for increasing mobility of charge carriers as a
result, o, is increased [61]. Again, doping at 40% i.e., x =
0.4 showed the low value of ¢,. (but more than pure ZnO),
this is because x = 0.4 is a mixed phase of ZnO and CdO,
and also reveals that there is little or no doping of Cd in
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ZnO or Zn in CdO for this sample means both ZnO and
CdO are in almost in pure phase.

4. Conclusion

ZnO and CdO are an immiscible system for higher doping
(miscibility, Cd only 2% molar), but here, we report the
formation of highly doped Zn;_,Cd,O (x = 0.1, 0.2 and 0.3)
alloys in single wurtzite phase with an easy and cost-ef-
fective solution method. The solution method is able to
maintain the crystal structure of ZnO up to 30% of Cd
doping. At x = 0.4, the phase CdO is segregated out from
7ZnO and this is a mixed-phase of ZnO and CdO. The XRD
and FTIR observations confirm the formation of the wurt-
zite structure of ZnO with Cd*" ions doping. FTIR results
also show the presence of hydroxyl group for all the pre-
pared samples which is useful as photocatalytic application
point of view. TEM micrographs show the formation of
nanoparticles for pure ZnO and Cd-doped ZnO samples
with an average particle show that the clustering increases
with increasing Cd concentration in ZnO. The EDX spec-
trum confirms the presence of Cd*" ions in ZnO lattice.
Tauc plots show redshift in band gap for Zn,_,Cd,O (x =
0.1, 0.2, 0.3 and 0.4) than pure ZnO sample. UV-Vis
findings indicate that the Cd doping into ZnO may effec-
tively alter and tune the band gap of ZnO. UV results also
suggest that Cd-doped ZnO nanostructures can be used for
small band gap applications. The dielectric measurements
show that dielectric constant and conductivity are increased
in large amount for Cd-doped samples as compared to pure
ZnO sample. The dielectric results also confirm that optimal
Cd concentration into ZnO leads to high dielectric constant,
low tangent loss and high conductivity for microwave and
radio frequency applications.
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