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Abstract

In this work, the results of the structural and dielectric investigation of pure, Mn-doped, and Ni-doped ZnO nanoparticles
(NP,), which have been prepared by simple sol-gel method using zinc acetate as precursor, are studied. The synthesized
samples are examined via XRD at 300 K, FE-SEM, FTIR, and x4 Autolab/FRA?2 impedance spectroscopy techniques. XRD
results and calculated lattice parameters of all synthesized samples have revealed that diffraction peaks are well matched
to the JCPDS card No. 036-1451. FE-SEM obtained images confirm the formation of NP,. The FTIR graphs exhibit the
characteristics transmittance peaks at 510.01 cm™!, 514.36 cm™", and 509.43 cm™! for pure, Mn-doped, and Ni-doped ZnO,
respectively. This technique also authenticates the existence of ZnO NP, and doped ones. The dielectric measurements of
all synthesized samples have been done in the ranges of 107> to 10° Hz. Dielectric investigations reveal that the size of the
NP, and dopant type have a great effect on the dielectric manner of samples. The obtained experimental results exhibit that
the dielectric constant, loss tangent, electric modulus, and AC electrical conductivity parameters have intense frequency
dependence. AC conductivity increases with frequency increment but decreases with doping, making it a potential option
for device applications. In principle, an increment in capacitance and dielectric constants values has caused a decrement in
frequency, while on the contrary, frequency increasing exhibits an increment of the AC electrical conductivity and electric

modulus values. Finally, the magnetic studies extracted from electrical measurement are investigated.

1 Introduction

In the recent years, metal oxide nanomaterials have gained
a great attention because of their size- and dopant-depend-
ent structural and electrical properties and also due to their
application as gas sensors [1], light emitting diodes (LEDs)
[2], and varistors [3]. Among the metal oxide nanomaterials,
the II-VI compound zinc oxide (ZnO) is one of the impor-
tant and adaptable n-type material compared to other ones,
which possesses interesting properties such as wide direct
band gap equal to 3.37 eV [4]. ZnO has some significant
advantages such as inexpensive, abundance in nature, easy
fabrication, nontoxicity, and good chemical and mechani-
cal stability [5]. Furthermore, it has high photoelectric cou-
pling ratio which leads to great photoelectric properties, low
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dielectric constant, and ultrahigh-frequency electroacoustic
transducers caused by piezoelectric properties which results
from low conductivity [6, 7]. Actually the basic dielectric
properties of ZnO NP, will be controlled and also modified
by various dopants [8] hence, to use ZnO nanomaterials in
different application fields, it is doped by various selective
metal ions. Formation of defects and distortion in the ZnO
lattice through doping with transition metals (TMj) like Co,
Mn, Cr, and Ni [9-11] considerably modifies the electri-
cal properties of ZnO-based nanomaterials [12]. According
to Zia et al.’s [13] investigations on the cobalt-doped ZnO
nanostructures, increment of defects like zinc interstitials
(Zni) and oxygen vacancies (Vo) through doping lead to low
conductivity. Among the TM, doping elements, the usage of
Mn and Ni into the ZnO structure, because of their unique
properties, has been prominent in the recent years [14, 15].
One of the major reasons for using these elements as dopants
is comparable ionic radius of each element (Ni**=0.069 nm
and Mn?* =0.066 nm) with Zn?* (0.074 nm), which makes it
easy for Ni** and Mn?* sub-lattices to replace Zn>* in ZnO
lattice [16, 17]. Studying the material’s dielectric behavior
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as an important physical property is necessary. In order to
examine the dielectric properties of nanomaterial, Imped-
ance spectroscopy (IS) as a formidable method has been
utilized with the application of different frequencies. Inves-
tigations of the electrical properties and AC conductivity of
the nanomaterials could help to understand the conduction
mechanism and defects states which exist in the materials.
To the best of our knowledge, despite some study about the
dielectric and structural properties of ZnO nanoparticles,
papers devoted solely to a systematic description of the
optoelectrical efficiency through the impedance spectros-
copy analysis techniques of semiconductor nanomaterials
have seldom been reported specially about the magnetic
properties (complex magnetic permeability and magnetic
loss tangent) which extracted from electrical data are also
investigated in this frequency range. Also, the relationships
between the variation in impedance and capacitance of
pure, Mn-doped and Ni-doped ZnO NP, as a function of
frequency variations. Actually, in this work, we selected two
practical metallic ions with approximately opposite magnetic
properties and also comparable ionic radius as dopants in
a well-known host matrix named ZnO, with equal molar-
ity and similar synthesize conditions which causes differ-
ent morphologies like nanoparticles or some nanorod-like
shapes and investigated the effects of these types of mor-
phologies on the electrical and extracted magnetic properties
of synthesized samples. Numerous chemical methods like
hydrothermal [18], sol-gel process [19], co-precipitation
[20], solvothermal [21], and spray pyrolysis [22] have been
utilized to synthesize ZnO NP,. In comparison with other
synthesized routes, sol-gel is commonly used to preparation
ZnO NP, due to its environment friendly and low cost. In the
present work, the sol-gel synthesized ZnO NP, have been
investigated with the help of X-ray diffractometer (XRD),
field emission scanning electron microscopy (FE-SEM),
Fourier-transform infrared (FTIR) spectroscopy, and imped-
ance spectroscopy (IS).

2 Experimental
2.1 Sample preparation

Pure, Ni-doped, and Mn-doped ZnO NP are prepared by sim-
ple sol—gel method using highly pure of Zinc acetate dehydrate
(ZAD) as the precursor, Manganese (II) acetate tetrahydrate,
and Nickel nitrate hexahydrate as dopants, 2-methoxyethanol
as solvent, and monoethanolamine (MEA) as a stabilizer. All
the reagents in this experiment are of analytical grade and pur-
chased from Merck. To prepare undoped ZnO, ZAD is dis-
solved in 2-methoxyethanol and stirred at 60 °C for 30 min.
The concentration of ZAD is kept at 0.75 M. After that, the
MEA is added dropwise into the solution during the stirring.
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The molar ratio of ZAD to MEA is kept at 1.0. The result-
ant product is stirred for 90 min at the same temperature until
a homogeneous solution is formed. The final solution is aged
at a room temperature for a day and then put in the furnace
(Exciton EX.1200-2L), the temperature is raised progres-
sively up to 500 °C in the rate of 5 °C/min then kept at the
same temperature for 1 h. Finally, the sample is left to cool
down. Similar procedure has been adopted to prepare Mn-
doped and Ni-doped ZnO NP, except after the step of adding
MEA, Manganese (II) acetate tetrahydrate, and nickel nitrate
hexahydrate as doping materials are added to each product
and the final product is stirred for 90 min at the same con-
dition until a clear and homogeneous solution is formed. In
the doped solutions prepared above, the required amount of
Manganese (II) acetate tetrahydrate and Nickel nitrate hexa-
hydrate with Mn/Zn and Ni/Zn atomic ratio of 5% is added
to obtain MZO and NZO solutions. Actually, the main goal
in the present work is just to study the influence of two dif-
ferent practical magnetic ions as dopants in the ZnO lattice
at the same conditions (same synthesis process and the same
molarity). Finally, ZnO nanopowders are compacted into a
disk shape form of 31.28 mm in diameter and 1.98 mm thick-
ness under a uniaxial pressure of 110 MPa and then sand-
wiched between the two highly pure copper disk-shaped metal
foils to give a Cu/nano—ZnO/Cu double junction system as a
parallel-plate capacitor. The same process is done for other
samples under a uniaxial pressure of 120 and 150 MPa for
Ni-doped ZnO and Mn-doped ZnO nanopowders, respectively
[23]. The mentioned pressures for compacting the powders are
obtained by performing multiple tests and finally the best pres-
sure is selected, where the pellets were without cracking. The
compaction of these powders into a disk shape gives them the
properties of pellet or thick film as their thickness is in excess
of one micron [24].

2.2 Measurements

The crystal structure and crystalline size of synthesized sam-
ples are done by using high-resolution XRD (Philips PW
1730) provided with Cu-K,, radiation at A=0.154056 nm from
an angle 20=10°-80°. The surface morphology of all syn-
thesized samples is examined via FE-SEM (MIRA3, Tescan,
Czech Republic). Chemical bonding presents are examined
by FTIR (Thermo scientific, Nicolet Avatar, USA) over a fre-
quency range of 4000—400 cm~!. Impedance Measurements
are carried out with the help of x Autolab Fra2 through a fre-
quency range of 107> Hz to 10° Hz.
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3 Results and discussion
3.1 XRD analysis

Figure 1 indicates XRD patterns of prepared nanopow-
ders. As it can be seen, each sample well matches with
the standard pattern of JCPDS card No. 036-1451, also we
can deduce that XRD peaks are crystallized in a wurtzite
hexagonal structure. There are not any additional peaks
in the patterns of pure and Mn-doped ZnO. The patterns
confirm that Mn?* successfully replaces the ZnO lattice at
the Zn>" site. However, the weak extra peaks proportional
to a secondary phase are revealed as Ni doping percentage
over 4% which verifies the replacement limit for Ni doping
into ZnO lattice sites. The replacement limit of Ni>* dop-
ing percentage into ZnO lattice has also been published by
Liu et al. [25]. Figure 2 exhibits that centers of the major
peaks are slightly shifted and also diffraction peaks inten-
sities are a little different from each other which could be
assigned to the ionic radii differences. The lattice param-
eters ¢ and a for the hexagonal structure are obtained from
the (002) and (100) peaks, respectively, which are shown
in Table 1. Compared to our results, it can be observed that
hcp phase is formed in our sample and the obtained trivial
variation in the synthesized samples may be attributed
to the nanometric features of the crystallites and defects.
According to the litterateur [26, 27], the mean crystallite
diameters of NP, are computed using peaks broadening
with the help of the X’Pert HighScore software and the
common Debye—Scherrer method as follows [28]:
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Fig.1 X-ray diffraction (XRD) patterns of synthesized undoped,
Mn-doped, and Ni-doped ZnO nanopowders and the standard ZnO
(JCPDS card No. 036-1451)
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where D is the crystallite diameter, k equals to 0.9, f is the
full width at half maximum (FWHM), and 0 is the corre-
sponding Braggs angle.

The calculated average grain sizes of the samples are
26.76 nm, 24.88 nm, and 23.58 nm for pure, Mn-doped,
and Ni-doped ZnO, respectively.

3.2 Morphological studies

The surface morphology of the synthesized NP are exam-
ined using FE-SEM. The obtained images are depicted in
Fig. 3a—c. In order to determine the diameter of the syn-
thesized particles from FE-SEM images, Digimizer 4.1.1.0
[29] and Image J [30] as two common image analysis soft-
ware are used. As it can be seen in Fig. 3a, undoped ZnO
NP, are distributed in a random manner and have different
sizes. The average particle size is found about 70 nm, with
a maximum of 133 nm and a minimum of 20 nm for the
amount of 50 NP. Figure 3b exhibits the Mn-doped ZnO
NP,, we can observe that there are two types of particles,
some of them are with the mean size of about 35 nm and

Table 1 Lattice parameters (a and c) and cell volume (V) of all syn-
thesized samples

Samples a(A) c(A) c/a V (A)  Structure

JCPDS 36-1451  3.2498 5.2066 1.602 47.62  Hexagonal
Undoped ZnO 32135 5.1587 1.605 46.13  Hexagonal
Mn-doped ZnO  3.2546  5.2231 1.604 4791 Hexagonal
Ni-doped ZnO 32283 5.1829 1.605 46.77 Hexagonal
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some others are rod-like. Many rod-like hexagonal structures
can be obviously seen. The diameter grown as Mn-doped
ZnO nanorods is in the range of ~30 to 100 nm and the
length varies from ~ 100 to 300 nm. The hexagonal nuclei
are initially constituted because pure ZnO has a hexagonal
structure. Since Mn has a cubic crystal structure, the hexago-
nal boundaries of the grains structure are progressively dete-
riorated and slowly vanished by substitution of Mn ions into
the ZnO lattice structure and become a rod-like structure in
random orientations. We can deduce that the substitution
of Mn ions into ZnO lattice significantly affect the size and
shape of the ZnO nanopowders [17]. The FE-SEM image
of Ni-doped ZnO sample in Fig. 3c indicates that the grain
sizes are ranged from 48 to 80 nm. The average particle size
is found about 61 nm, for the amount of 25 NP,. The high
magnification FE-SEM images indicate that the NP, seems
to be in the form of hexagonal and spherical structure with
smaller grain size compared to the pure ZnO. For Ni-doped
ZnO sample, particle size is decreased since concentration
of Ni** is approximately 5-15%. Actually, the existence of
defects such as Ni interstitials could be the reason of parti-
cle size decreasing as Ni doping. Also, this sample demon-
strates a few of agglomeration which may be attributed to the
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attractive forces presence between NP, due to an increase in
surface area-to-volume ratio [31]. We suggest that metal ions
change the surface form of the ZnO NP, the crystal size, and
the mechanism of aggregation of NP,. Therefore, the FE-
SEM images imply that ion incorporation is one of the fac-
tors affecting the surface morphology [32]. We can deduce
from all the graphs that, the grain sizes of the prepared
samples verify that all the synthesized samples are in nano
range, which are in well consent with the calculated particle
size from the XRD method. Crystallite sizes obtained from
FE-SEM are slightly higher than those crystallite size values
calculated from XRD data. This observed variation is prob-
ably due to surface structure of coalescence grains leading
to higher grain growth which brings out porosity and surface
roughness [33]. The size distribution histograms of undoped,
Mn-doped, and Ni-doped ZnO NP, are presented in Fig. 3d,
e, and f, respectively.

3.3 Fourier-transform infrared spectroscopy study
The chemical bonding, composition, and molecular struc-

ture in a material can be analyzed using FTIR. This tech-
nique was utilized to investigate the functional groups of the
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synthesized NP. FTIR spectra are measured in the ranges
between 400 and 4000 cm™! and presented in Fig. 4a. The
synthesized NP, FTIR peaks and their assignments are indi-
cated in Table 2, which are in well agreement with the previ-
ous studies [34-39]. Through doping, vibrational frequen-
cies changed are caused by the bond lengths differences. As
a result, the alteration in the peak position of ZnO bands
indicates that ZnO lattice is interrupted by the existence of
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Fig.4 a FTIR spectra of undoped, Mn-doped, and Ni-doped ZnO
NP, and b a large view of the FTIR spectra for the synthesized NP, in
the ranges 400-700 cm™!

Mn** and Ni** in its background and these ions are replaced
in the ZnO lattice sites and cause stretching or bending. https
://[www.nature.com/articles/srep27689-ref60It can thus be
mentioned that FTIR spectroscopy is in well agreement with
the obtained XRD data. The position of peaks exhibits a
slight shift which may be related to the defects encircling
Ni and Mn ions in the ZnO matrix causing anti-bonding or
disorder. Also, this slight shift can be related to the differ-
ences in ionic radii of Zn and Ni or Mn, and bond length dif-
ferences originate from structural modifications because of
doping, which is another reason that verifies the replacement
of Ni and Mn ions into the ZnO lattice [40]. As a result, dop-
ing can affect FTIR spectra peaks, hence in Fig. 4b, a large
view of the FTIR spectra in the ranges 400-700 cm™! is
provided. As it can be seen, the undoped ZnO plot indicates
a slight shift to the lower and higher wavenumbers through
doping, also variation in the position of the observed peak
for undoped ZnO sample, in the Mn-doped ZnO sample is
noticeable compared to Ni-doped ZnO sample.

3.4 Impedance analysis

The dielectric nature of pure, Ni-doped, and Mn-doped
ZnO NP, at 300 K are studied with the help of imped-
ance data from u Autolab/FRA2 in the frequency range
between 1073 and 10° Hz. Some parameters like capaci-
tance, AC conductivity, loss tangent, dielectric constant,
and modulus are studied. The Nyquist plot which indicates
complex impedance Z" (imaginary part) against Z' (real
part) is depicted in Fig. 5a—c for pure, Mn-doped, and
Ni-doped ZnO NP, respectively. As it can be seen, the
horizontal and vertical values of the graphs are not the
same which attributed to this reason that samples with
different doping ions may exhibit semicircular patterns
in their own specific horizontal and vertical values (not
the same ones) [41]. In Fig. 5, compared with pure and
Mn-doped ZnO NP, Ni-doped ZnO NP, indicate the arc
with bigger diameter which verifies lower performance of
charge transfer [42]. The frequency dependent of imped-
ance for all synthesized NP is shown in Fig. 6. It can be
seen that for all samples, impedance decreases with fre-
quency increasing which could be caused by a significant

Table 2 IR peaks and their
assignments for the synthesized
undoped, Mn-doped, and
Ni-doped ZnO NP,

Assignments Wave number (cm™")

Undoped ZnO Mn-doped ZnO Ni-doped ZnO
O-H stretching 3433.68 3434.55 3432.89
C-H stretching 2924.87 2924.99 2923.39
Co, asymmetric stretching 2337.41 2352.28 2327.77
H-O-H bending vibration 1624.26 1624.31 1624.33
Zn-O stretching (metal oxide vibra-  510.01 514.36 509.43

tion)
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role of grain boundaries of ZnO lattice. Furthermore, ZnO
shows lower impedance relative to Mn-doped and Ni-
doped ZnO NP,. We can deduce that impedance could be
modified by various dopants. Generally in high-frequency
region, the grains are effective while the grain boundaries
are effective in low-frequency region. Semicircle shows
grain contribution in the low-frequency region that cor-
responds to the grain boundary contribution representing
bulk properties of material [43]. The electrical charac-
teristic of a material is exhibited by the appearance of
semicircular arcs in Nyquist plots. It has been reported
in literature that the resistivity of a material, in general
increases with the decrease in grain size [44, 45]. Figure 6
shows the frequency-dependent variation in impedance (Z)
with real part (Z') and reactive part (Z"). The impedance
Z decreases with increase in frequency for Ni-doped and
Mn-doped samples resulting from the hopping phenom-
enon. Z' has strong frequency dependence in the lower
frequency region which is due to the effectiveness of resis-
tive grain boundaries in this region. The reactive part of
impedance Z"” has a similar behavior as Z', however, Z"
causes to the decrease in capacitance. In Fig. 5a—c, the
capacitive and resistive components of data are plotted in
a complex plane plot, it appears in the form of sequence of
semicircles representing electrical phenomenon due to the
bulk grain material, grain boundary, and interfacial phe-
nomenon. In Ni-doped sample, the presence of Ni ions and
defects such as surface defects (Zn;), singly ionized oxy-
gen vacancy state (0O,), and antisite oxygen-related defect
states (O, ) lead to an increase in dipole moment adding to
the effect of correlated barrier hopping between different
metal ions (Zn**, Zn?*, Ni**, Ni**). Electrical conduc-
tivity elucidates the semiconductor behavior of these 3d
transition metal (Ni) with conductivity which depends on
the increase in nickel doping in ZnO at room temperature.
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Complex impedance spectra demonstrate the existence of
semicircle suggesting the dominance of grain boundary
resistance in the Ni-doped samples as shown in Fig. 6.
Figure 7 depicts the measured capacitance of synthesized
NP, as a function of frequency. Complex impedance and
capacitance can be linked together by the following relation:

1
C= 2 "" (2)

Capacitance results are extracted from the Z measure-
ments using Eq. 2 since impedance spectroscopy measure-
ments give us the Z, Z', and Z" values at specific frequen-
cies, and then we can use Eq. 2 to calculate capacitance
values. As shown in Fig. 7, the capacitance of all samples
reveals a nonlinear manner and decreases with frequency
increasing which may be relevant to the presence of traps.
Charges with various time constants will be induced by vari-
ous types of traps and forcefully adjust capacitor charges
at specific frequencies. Higher capacitance values deduce
at low frequencies where induced charges are adaptable
to ac signal, inversely, at high frequencies, charges are not
able to respond to the voltage. High Capacitance values at
lower frequencies could be ascribed to the barrier-blocked
charges. These phenomena could also be explained by die-
lectric materials features where applying field may affect
charge carriers movements due to the presence of imped-
ance in charge carriers movements path and space charges
polarization [23, 46]. The obtained capacitance values of
samples are varied approximately from 200 nf to 8 x 10
nf, from 2 nf to 6 x 107 nf, and 1.5 nf to 3 x 108 nf for pure,
Ni-doped and Mn-doped ZnO, respectively. The results of
capacitance, grain sizes, and ionic radius of all synthesized
NP, are exhibited and compared in Table 3. The mentioned
value for capacitance, 10% nF (=0.1 F), is a usual value in
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Fig.7 Capacitance of pure, Mn-, and Ni-doped ZnO NP, as a func-
tion of frequency

Table 3 Capacitance (Cp), grain sizes (D), and ionic radius () of syn-
thesized NP,

Sample Cg (nF) D (nm) r (nm)
Undoped ZnO 200 26.76 0.074
Mn-doped ZnO 1.5 24.88 0.066
Ni-doped ZnO 2 23.58 0.069

this type of experiments and measurements. Since our meas-
urements are done at the zero voltage, it is in a good consent
with literature [47].

The dielectric constant measurement is related to the
stored charges. Actually, real part is relevant to energy stor-
age, while imaginary part is associated with inducing energy
losses [48]. The relationships of the dielectric constants can
be expressed as follows [49]:

"
’r _ Z

£ T WG @+ )
" _ Z 4
COC()(ZQ +Z"2)‘ 4

The graphs of the real and imaginary parts of dielec-
tric constant versus frequency for all synthesized NP are
depicted in Figs. 8 and 9. According to Fig. 8, the dielectric
constant increases by decreasing frequency due to a relaxa-
tion phenomenon that is specified by the greatest dielectric
loss [47]. It may be deduced from scattering of charge car-
riers or rapid change of electric field. This phenomenon also
can be explained by Maxwell-Wagner (M—W) mechanism.
Based on M—W mechanism, a nanomaterial is supposed to
be comprised of good conducting particles which are segre-
gated by poor conducting ones. By applying external elec-
trical field, charge carriers can bring the grain boundaries
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|
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Fig.8 Real dielectric constant as a function of frequency for
undoped, Mn-, and Ni-doped ZnO NP,
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Fig.9 Imaginary dielectric constant as a function of frequency for
undoped, Mn-, and Ni-doped ZnO NP,

together. Hence, presence of small polarization at high-fre-
quency results in low dielectric constant. Dipoles oscilla-
tions will start to lay through the field when dipoles are not
able to rotate rapidly enough for more time and consequently
with adequate frequency increasing, dipoles will not be able
to pursue the field and the direction of polarization vanishes;
therefore they start to decrement and then receive a constant
value. In principle, the charge carriers receive various resist-
ances which lead to gathering of charges at different bounda-
ries. This goes to an increment in the dielectric constant
values [50, 51]. The maximum obtained values of real part
of dielectric constant are 3.3 x 10°, 6 x 107, and 3.9 x 10° for
undoped, Ni-doped, and Mn-doped ZnO, respectively. Also
for obtained maximum imaginary part, we have 2.05 x 10'°,
7.2%10%, and 1.3x10'° for undoped, Ni-doped, and Mn-
doped ZnO, respectively. The frequency dependence of
the imaginary part of the dielectric constant for all synthe-
sized NP, is illustrated in Fig. 9. As it can be seen, this part
increases with the decreasing frequency, thus, at the lower
frequency there is an inevitable polarization phenomenon
and the conduction losses on the contrary high frequencies
[52]. Taking everything into consideration, at the lower
frequency, different types of polarization mechanisms such
as ionic, surface, and dipolar polarizations cause different
values of real and imaginary parts of dielectric constant.
Actually, high values of dielectric constant associated to the
conductivity of grain boundary at low frequencies [53]. As a
result, at the low frequency, the undoped ZnO has the high
dielectric constant values in comparison with doped sam-
ples. Also, the Mn-doped Zno sample has larger dielectric
constant compared with Ni-doped Zno sample. The decre-
ment in dielectric constant at the low frequency, according
to various dopants, could be relevant to the mean particle
sizes. In a dielectric material, the dielectric loss happens
when electric polarization is not able to pursue the change
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Fig. 10 Variation of dielectric loss with frequency of pure, Mn-, and
Ni-doped ZnO NP,

in the electric field. Actually, the dielectric loss arises when
the polarization lags behind the applied alternating field and
is caused by the impurities and imperfections in the crystal
lattice [50]. Energy squandered in the dielectric system is
studied in terms of dielectric loss tangent and can also be
exhibited as follows [54]:

tans =€/ )

The dielectric loss factor versus frequency plot is depicted
in Fig. 10. As it can be seen, the dielectric loss slightly
increases with decreasing the frequency of all synthesized
NP, which may be caused by space charge polarization. At
lower frequencies, the dielectric loss is in its highest value for
undoped sample and this parameter goes to decrement with
the doping of Ni and Mn. As it is deduced, it is obvious that
the Mn and Ni dopants progress the ZnO potential for high-
frequency device usages [55]. Also, it seems that peaks shifted
towards lower frequencies. This may be attributed to the exist-
ence of higher defects number in the nanopowders [56]. The
decrease in loss tangent takes place when the jumping rate of
charge carriers lags behind the alternating electric field beyond
a certain critical frequency [57]. Each tan & plot demonstrates
a relaxation peak revealing when frequency of the charge car-
riers gets nearly corresponding to the external electric field
[58]. This manner also mentions the mediocre time used up via
the charge carrier traps, which depends on the energy altering
among the states. This energy difference will be changed by
an applied field and thus a neat polarization will be produced
which lags near the applied field due to the finite rates of the
tunneling transition. This is a section of the polarization that
is not in the same phase with the applied field and is named
as the AC conductivity dielectric loss. The importance of AC
conductivity studies in the dielectric materials attributes to the
dynamic properties of these materials. Figure 11 exhibits the
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dependence of the AC conductivity to the frequency at 300 K.
It is obvious that the AC conductivity decreases with decreas-
ing frequency for all samples. For a dielectric material, this
parameter can be obtained as follows [59]:

(6)

_ ”
Opc = EgE @

The main reason for AC conductivity increasing with fre-
quency increment may be attributed to the charge carriers
trapping in the samples. As it can be observed in Fig. 11, at
low frequencies, increment is gradual, but it is faster at high
frequencies. Existence of potential barrier at the lower fre-
quency causes charge carriers not to be able to move among
grain boundaries, but some of the carriers through the ther-
mal excitation surmount the potential barrier and therefore
produce a small conductivity. With increment of frequency,
the thermal activation energy for tunneling increases conduc-
tivity. Consequently, at a specific frequency, charge carriers
with adequate required energy could overcome the potential
barrier and hence a quick increment of conductivity happens
at a high frequency [58, 60]. Furthermore, Fig. 11 depicts
that the AC conductivity of undoped ZnO NP, is higher than
Mn-doped and Ni-doped ZnO NP,. Also, it can be deduced
that Mn and Ni ions induce defects in the ZnO sites, like zinc
interstitials (Zni) and Oxygen vacancies (Vos). This induced
defects make the constitution of grain boundary defect barriers
easy, therefore charge carriers flow get blocking which result
in conductivity decrement. In a material, the electric modulus
is defined as the relaxation through electric field when the
electric replacement remains constant. Complex modulus is

exhibited as follows:
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Fig. 11 AC conductivity as a function of frequency of pure, Mn-, and

Ni-doped ZnO NP,

The plots of frequency versus modulus for all synthesized
samples are displayed in Figs. 12 and 13. As it can be seen,
at high frequencies M and M exhibit an increasing manner,
but at the lower frequencies the amount of these parameters
incline to get close to zero, indicating that we can ignore
polarization part, and therefore charge carriers have ability
to move in expanding range, this is also a confirmation of
the removing electrical polarization contribution. As a
result, £’ and €” increasing with frequency decreasing lead
to an increment in the M’ and M" parameters. Finally, we can
deduce that, at high frequency, the period is extremely lower
than the lifetime of interface states. Consequently, the inter-
face states are not able to purse the AC signal, hence M’ and
M" get to a maximum value, according to M = 1/800,
because of the relaxation mechanism (Fig. 14). A compara-
tive study reveals that the obtained data in present work are

in a good agreement with previous works [41, 61, 62]. For
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Fig. 12 Real part of modulus as a function of frequency of pure, Mn-,
and Ni-doped ZnO NP,
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Fig. 13 Imaginary part of modulus as a function of frequency of
pure, Mn-, and Ni-doped ZnO NP,
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Fig. 14 Frequency Cole—Cole plots of pure and doped ZnO NP,

example, as compared to Samanta et al. [41], the xrd results,
also dielectric constant, loss tangent values, and general
behavior of their plots are comparable and arguable with the
mentioned work. Maximum calculated values of impedance,
capacitance, dielectric constants, dielectric loss tangent, and
AC conductivity in a specific frequency, which are presented
in Figs. 6, 7, 8, 9, 10, 11, 12, and 13 are assortment in
Table 4. As it can be seen from Table 4, maximum values of
ac conductivity, capacitance, and imaginary part of dielec-
tric constant parameters were decreased as Mn and Ni ions
were present.

3.5 Magnetic studies (extracted from electrical
measurements)

The magnetic permeability (i = ' — ju"’) of the NPs could
be obtained by measuring Z and €, as follows [63]:

Z=n\/=> ®

ad
€

where 1,(= 377£2) is the impedance characteristic of air.

Figure 15 shows the variations of real and imaginary parts
of (u =y’ — ju"") versus frequency. As shown in Fig. 15a,
the value of the real part of yu is positive. This implies that
there is a possibility of propagating magnetic field inside
the material. The positive values of imaginary parts of p

represent a magnetic loss, which is finally released from the
magnetic loss conditions by increasing the frequency.

Figure 16 shows the magnetic loss tangent diagram. At
first, by increasing frequency, its value is increased. After-
ward, as illustrated, the maximum value of the loss tangent
is observed at about the middle of the frequency range. The
reduction of the loss tangent presents the weakly induct-
ance behavior as the resistance behavior of the material is
evaluated. Actually, with increasing frequency, magnetic
loss tends to frequency-independent nature at a higher fre-
quency. At high-frequency region, there may be some ionic
vibration followed by space charge polarization leading to
frequency-independent nature [58].

For more explanation, at first, NP, experience change
in the orientation of dipole polarization by means of the
applied electric field. As a result, surface polar charges are
generated and the accumulation of positive and negative
charges characterizes capacitance behavior. As well known,
the frequency is inversely proportional to the period of field
fluctuation. This means that the field is applied to the NP,
in shorter time periods. Hence, the NP, have less time to
react to the applied field and change its dipole polarization
orientation. Increasing the frequency leads to disturbing the
arrangement of the orientation of the polarization and the
distribution of surface polarized charges is consequently
reduced. In other words, the dipoles have less time to rotate
and change the polarization, so they could not reach the pre-
vious orientation. It is implied that the density of positive
and negative charges accumulated within the NP, and fun-
damentally, the capacitance would be reduced.

On the other hand, the existence of polarized charges at
the surface leads to a distribution of surface currents. These
surface currents can generate a magnetic field inside the
NP,. In the same way, magnetic dipoles are no longer being
able to rotate in sufficient speed and thus they gradually
lay behind the field. Therefore, same as to the permittivity
curve (Fig. 8), the real and imaginary parts of u decrease
with the increase of the frequency. From Fig. 15a, b, it can
be found that the permeability reaches its maximum value
at the beginning of the frequency range. Moreover, as the
frequency increases, the real and imaginary parts would be
decreased. The existing defects such as vacancies in (Ni or
Mn)-doped ZnO NP, lead to the formation of a large number

Table 4 Obtained maximum values of impedance, loss tangent, dielectric constants, and ac conductivity at specific frequencies (f) which are

indicated in Figs. 6, 7, 8, 9, 10, 11, 12, and 13

Samples Z(ohm) fHz) 10°°C@F) fMHz) 10°¢ fMHz) 107°¢” f(Hz) tans f(Hz) o, (Qcm)” f(MHz)
Undoped ZnO 3377  0.012 8.850 0.003 3330 0.003 2.080 0.003 28.562  0.8680 0.223 1.000
Mn-doped ZnO 8764  0.031  7.540 0.003 3.960 0.002 1.320 0.002 81.430 19.410 0.010 0.579
Ni-doped ZnO  4766.2  0.068  0.603 0.012 0060 0.012 0.073 0.012 12.520 16.760 0.003 0.655
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Fig. 16 Variation of magnetic loss with frequency for undoped, Mn-
doped, and Ni-doped ZnO NP,

of weakly bound ions and electric dipole moments (ion-
vacancy pairs) [47].

Jaffe et al. [64] showed through electron paramagnetic
resonance (EPR or ESR) that the EPR signal resulted from
the O?~ deficiencies on the ZnO NP, surface which can cap-
ture and trap elections so that the paramagnetic resonance
source with S = 1/ 9 is produced. Also, they showed that the
photocatalytic activities of ZnO NP, depended mainly on
their surface properties such as area, oxygen deficiency, and
hydroxyl attachments.

Diamagnetic to ferromagnetic change observed with
increased concentration of nickel photoluminescence stud-
ies confirmed the presence of oxygen vacancy states (V)
and zinc interstitials and ZnO ions (Zni) defects in the sam-
ples. It was concluded that the defect-induced strain, grain
boundaries, and lower particle sizes are the reasons for
weak ferromagnetic behavior of the investigated samples.
An appropriate explanation for observed room temperature
ferromagnetism (RTFM) [65] in Ni-doped sample is ferro-
magnetic exchange mechanism involving oxygen vacancies
model. This is explained in terms of two reasons: first the
number of oxygen vacancies (VO) and zinc interstitial (Zni),
and second the exchange interaction between doped transi-
tion metal ion and O ion spins.

Thus, the magnetic coupling between Ni ions with ZnO is
ferromagnetic mediated by V,,, and V, and this may account
for the observed RTFM and indicates that defects play a role
to get a ferromagnetic coupling. Further, in the present case
for low magnetic field, the ferromagnetic behavior can be
attributed to the presence of small magnetic dipole located
at the surface of nanocrystals, which interact with their near-
est neighbors inside the crystal involving oxygen vacancies.

Therefore, the proposed material experiences change in
the orientation of dipole polarization by means of the exter-
nal electric field. The existence of polarized charges leads
to a distribution of displacement currents. Nevertheless,
the movement of charge carriers within the grains would
be easily possible due to the applied electric field, but the
accumulation of the charge carriers on the grain boundary
results in potential barriers. Hence, interfacial polarization
could be implied. According to Fig. 8, the abrupt reduction
in the real part of € is observed. The abrupt decreasing of the
real e with increasing frequency is attributed to the barrier-
blocked charge movement.

As shown in Fig. 11, the maximum value of the conduc-
tivity affirms the breaking of barrier-blocked charge. The
more weakness of the magnetic behavior, the more amount
of electric field energy is stored in the material and the
capacitive behavior increases, simultaneously. This growth
implies that the real part of permittivity is positive, and the
possibility of propagation of the electric field is facilitated.
As well as, according to the above-mentioned accumulation
of the charges on the grain boundaries leads to capacitance

@ Springer



7346

Journal of Materials Science: Materials in Electronics (2020) 31:7335-7347

behavior. As the frequency increases, the traps of the charge
carriers discharge into the adjacent low-sized particles.
Thus, the conductivity could be increased which results in
the magnetic behavior of the proposed material. According
to the obtained results, it can be said that the priority and
delay in the electrical and magnetic behavior of the NP, ver-
sus the frequency domain depend on the doping.

4 Conclusion

In summary, pure, Ni-doped, and Mn-doped ZnO NPs have
been prepared by a low-cost simple sol—gel route. Structural
results verify the constitution of the ZnO hexagonal wurtzite
structure in all samples and also all diffraction patterns are
well indexed to the JCPDS card No. 036-1451. Differences
in lattice parameters of synthesized samples revealed the
replacement of Ni and Mn within the ZnO matrix. Among
all synthesized samples, doped NPs exhibit better lattice
parameters compared with the undoped ones. Actually,
the lattice parameters in Mn-doped ZnO are more similar
to JCPDS rather than undoped and Ni-doped ZnO NPs.
The high magnification FE-SEM graphs depicted that the
involved NPs emerge in the shape of the obvious hexagonal
structure, also change in crystallite size are observed with
using various dopants. Dielectric and magnetic behaviors of
all synthesized samples have been studied in detail through
a wide frequency range of 1072 Hz to 10° Hz at 300 K. The
capacitance of the samples is decreased with frequency
increasing, and also it decreases with adding Ni and Mn
dopants compared with the undoped ones, which may be due
to the existence of different traps that induce various time
constant charges. The frequency dependence of dielectric
constants is described by Maxwell-Wagner (M—W) mecha-
nism. The increase of the imaginary part with frequency
decreases is also related to the migration of ions. Nickel
doping enables capacitive behavior at lower frequencies in
comparison with manganese. The magnetic behavior of Ni-
doped NPs is observed after its electrical behavior at higher
frequency values than Mn-doped NPs. Similarly, the same
proportion is observed between the order of electrical and
magnetic behavior for Mn doped with respect to the pure
ZnO (see Fig. 15). Dielectric loss tangent plot indicates that
at higher frequencies it increases with doping which makes
undoped ZnO to be a proper material for high-frequency
applications and utilization in supercapacitors and batter-
ies. Modulus graphs exhibit an increment at higher frequen-
cies, but their values approach zero at the lower frequencies.
Also, modulus values increase with doping and for Ni-doped
ZnO NPs they have the greatest values. The AC conductiv-
ity measurements revealed that the conductivity decreases
through doping and the lowest value belongs to the Ni-
doped ZnO sample. In general, AC conductivity increases

@ Springer

gradually with frequency increasing which is caused by
enhanced dielectric relaxation of undoped and doped ZnO
samples polarization in higher frequencies and also it is rel-
evant to the space charge polarization. With increasing fre-
quency, magnetic loss tends to frequency-independent nature
at a higher frequency. Finally, by considering the magnetic
characteristic and orientation of the magnetic dipoles of
nickel and manganese, it can be observed that Ni doping
causes a less magnetic loss tan in comparison with Mn dop-
ing of ZnO. The same proportion is observed between the
order of Mn doped with respect to pure ZnO.
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