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In this research, 20 nm zinc oxide nanoparticles were utilized to fabricate significant voltage gradient zinc
oxide nanoparticle-Bi2O3-Mn2O3-based thick film varistors (TFVs) by applying screen printing method.
Different low temperatures during the sintering process had a considerable effect on the zinc oxide
nanoparticle-based TFVs. In particular, the low temperatures improved the growth of ZnO grains, which
was obvious even at 550 �C. The huge surface area of the 20 nm zinc oxide encouraged an intense surface
interaction even at minimal sintering temperatures. The sintering technique also enhanced the internal
structure of the crystal. Minimizing the fundamental compressive stress depended on the XRD lattice
constant and the FWHM analysis. The variable temperatures of the sintering process considerably
impacted the electrical behaviours of the samples. A remarkable increase in the voltage gradient of the
varistor sintered up to 5732.5 V/mm at 700 �C was observed. The electrical resistivity dropped dramat-
ically from 621.8 kX.cm (varistor at 550 �C) to 147.3 kX.cm at 800 �C sintering temperature. The small
size of grains with perfect boundaries was the main reason for the enhancement of the voltage gradient.
The optimal electrical characteristics with a 63 nonlinearity coefficient and 103 lA leakage current were
achieved in the varistor sintered at 700 �C. Moreover, maximum permittivity and minimum dissipation
factor were attained through the minimal frequency range. Therefore, the sintering process could be
applied as a novel technical approach for the dominant voltage gradient of zinc oxide nanoparticle-
based TFVs with enhanced microstructural and electrical behavior and good nonlinearity.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Electrical and electronic techniques, such as a surge protection
system, have been applied to the varistor system for many years
due to optimal nonlinearity exponent and minimal leakage cur-
rent. Several electrical parameters, such as break down voltage
and resistivity value of these systems, rely significantly on struc-
tural status; consequently, the grain size and structural uniformity
are among the factors with the greatest influence in a varistor fab-
rication technique (Takada and Yoshikado, 2010).

Significant requirements exist for varistors existence miniature
and combination with huge voltage gradient (Chen et al., 2017).
Commercial zinc oxide varistors are ceramic discs that are unable
to meet the requirements for certain implementations, such as a
varistors array, surface applied techniques, and others. Considering
the fact that they are huge products with minimum value and
ingenuous design, zinc oxide-based thick film varistors (TFVs) are
fabricated to become appropriate exchanges and to obtain the gen-
eral interest (Debeda-Hickel et al., 2005; Jadhav et al., 2016; Paun,
2017).

There are many techniques (Jadhav et al., 2016; Paun, 2017; Al
Abdullah et al., 2017; De La Rubia, 2017; de la Rubia et al., 2004)
used to prepare zinc oxide-based TFVs; these techniques include
sol–gel technique, screen printing, direct-writing technique, and
so on. Khalaf et al. (Al Abdullah et al., 2017) fabricated TFVs via a
sol–gel technique using 200 lm film thickness at 1000 �C sintering
temperature. Paun et al. (Paun, 2017) obtained zinc oxide-based
TFVs via direct write method using Na dopant with 1200 V/mm
voltage gradient; they clarified that zinc oxide-based TFVs can be
sintered at 900 �C. Rubia et al. (De La Rubia, 2017) prepared the
zinc oxide-based TFVs with a huge voltage gradient rate of approx-
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imately 2000 V/mm via tape casting technique at 950 �C sintering
temperature.

However, investigating the industrialization of the intended tar-
get using these methods is still very complicated due to the high
cost and complicated experiment processes. Jadhav et al. (Jadhav
et al., 2016) fabricated zinc oxide-based TFVs via screen printing
at 900 V/mm voltage gradient at 1150 �C sintering temperature.
Rubia et al. (de la Rubia et al., 2004) suggested a technique to
enhance the voltage gradient via the substitution of Bi2O3 and
Sb2O3 with the Bi38ZnO58 sillenite phase and Zn7Sb2O12

orthorhombic spinel phase, respectively. They applied the screen
printing technique at 900 �C sintering temperature at 1000 V/
mm voltage gradient. However, using the devices on a significant
voltage area by these two methods is intractable despite the ben-
efits of lower costs and ease of the process (via screen printing)
because of the low voltage gradient caused by the sintering process
at very high temperature.

In many previous studies (Chen et al., 2017; De La Rubia, 2017;
Kim and Kim, 2021; Kazani, 2012); ZnO-based TFVs samples were
sintered at temperatures higher than 850 �C, which caused a signif-
icant increase in the size of ZnO grain after the annealing process,
leading to the reduction of the grain boundary and large volatiliza-
tion of Bi2O3 at high temperature, which in turn decreased the volt-
age gradient and led to deterioration of boundary insufficiency
among the grains; the linear properties did not appear to cause
the absence of nonlinearity behaviors (Sim et al., 2018; Kamrani
et al., 2018). In the current research, significant voltage gradient
zinc oxide-based TFVs were manufactured by applying screen
printing method and substituting the traditional zinc oxide
microparticle powder with zinc oxide nanoparticle powder
(20 nm), which has superior sintering ability; such TFVs had many
remarkable characteristics due to several surface properties and
nanoparticle morphology, which contributed to the reduction of
the temperature during the sintering process. Furthermore, this
study investigated whether sintering temperature impacts crystal-
lite, electrical, and dielectrical characteristics of TFVs fabricated
from zinc oxide nanoparticle powder.

2. Experimental details

2.1. Sample preparation

The raw materials applied in this work were of significant pur-
ity and quality. Below are the raw materials list and their corre-
sponding properties. The technical specifications of the raw
materials are posted in following Table.
Material
 Chemical
formula
Purity
(%)
Mean
size
Supplier
Nanoparticles
Zinc Oxide
ZnO
 > 99.9
 20 nm
 MKNANO
Canada
Bismuth
Trioxide
Bi2O3
 > 99.9
 10 mm
 SEGMA-
ALDAICH
Manganese
Trioxide
Mn2O3
 > 99.9
 0.7 mm
 SEGMA-
ALDAICH
ZnO-Bi2O3-Mn2O3-based TFVs were manufactured via the standard
ceramic technique, which included ball milling, drying, grinding,
and sintering. The formation contains 99 mol% 20 nm
ZnO + 0.5 mol% Bi2O3 + 0.5 mol% Mn2O3 powder.

The powder was blended with poly vinyl alcohol (PVA) by mix-
ing with distilled water in a ball milling jar for 6 h. The ZnO slurry
was dried at 60 ± 5 �C in air for 1 h and then granulated by sieving
through a 20-mesh sieve. The thick film pastes for screen printing
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were formed as follows: 60% in weight of active powder was
homogenized and mixed for 30 min with 40% in weight of an
organic vehicle, which composed of a-terpineol as the solvent,
ethylcellulose as the binder, and [2-(2-butoxi-etoxi-ethyl)] acetate
as plastificant. Dolapix was used as a dispersant. Before the depo-
sition of ZnO-based varistor pastes onto dense alumina substrates,
commercial silver paste electrode was screen printed onto the sub-
strates and fired at 800 ± 0.5 �C for 1 h. Afterward, layers of varistor
ink were deposited by screen printing by a DEK 65 screen printing
machine with a polyester mesh. Each layer was dried in an oven at
120 ± 0.5 �C for 15 min. Each green layer had a thickness of around
10 lm (±0.3–0.5%). When>10 layers were deposited, structural
defects appeared after drying. Therefore, the highest green thick-
ness that can be obtained for this paste is around 100 lm. To avoid
the appearance of cracks, six layers of varistor paste were depos-
ited. For all the films, green thickness was in the range of 60–
70 lm (±0.2–0.5%), in accordance with the mesh opening and the
number of deposited layers. Finally, the green samples were sin-
tered at 550 �C, 600 �C, 650 �C, 700 �C, 750 �C, and 800 �C in air with
1 h soaking time.
2.2. Characterization

The crystalline phases of ZnO-based thick film varistor were
identified through powder X-ray diffraction (XRD, Diano XRD-
8545, kCu Ka radiation).

The microstructure of ZnO-based TFVs was studied using a
scanning electron microscopy (SEM) system (model: JSM – 6460
LV). Grain size was estimated from SEM images via the linear inter-
cept method (Campus, 2013; Kharchouche, 2018; Wurst and
Nelson, 1972).

The density of the samples after the sintering process was
determined (Gheisari et al., 2020) using the SEM images by esti-
mating the ZnO grain and empty area ratio and subsequently con-
verting the area ratio (Rarea) to the coinciding volumetric ratio
(Rvolume = R3=2

area). The empty area was distinguished from the grain
area in the images by their divergence in tonal amount s.
2.3. Electrical testing

The electrical behaviors of ZnO-based thick film varistor were
obtained by applying a high voltage source unit (KEITHLEY system
246). The breakdown voltage (Vb) was calculated at 1.0 mA/cm2

current density and the voltage gradient (E1mA) was calculated
via E1mA = Vb/d, whereas d is the varistor thickness. The leakage
current (IL) was investigated at 0.75 ± 0.05 Vb electrical field and
the nonlinearity value (a) was specified between 1.0 and 10 ± 0.5
mA/cm2 in current density. The dielectric parameters in ZnO-
based thick film varistor (TFVs), involving the permittivity (er)
and the dissipation factor (tan d) were obtained applying a preci-
sion impedance analyzer.
3. Results and discussion

3.1. Microstructural analysis

3.1.1. Scanning electron microscopy
Fig. 1 presents the SEM images of 20 nm zinc oxide-based thick

film varistor at difference temperatures during the sintering pro-
cess. These images indicated that the morphology of the varistors
surface was significantly affected by the sintering temperature,
and the density and size of grains in the TFVs were increased at
the highest temperature of 800 �C. The grains’ sizes increased to
about 1.2, 1.5, 2.3, 2.9, 3.4, and 4.1 lm with increasing sintering



Fig. 1. Typical SEM micrographs of ZnO nanoparticles-Bi2O3-Mn2O3-based thick film varistors ceramics sintered at (a) 550 �C, (b) 600 �C, (c) 650 �C, (d) 700 �C, (e) 750 �C, and
(f) 800 �C temperatures.
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temperatures (550 �C, 600 �C, 650 �C, 700 �C, 750 �C, and 800 �C,
respectively), as shown in Table 1.

The porosity of ZnO grains diminished, and their sizes grew
obviously until they resembled regular polygons or hexagons. High
temperatures during the sintering process provided a greater driv-
ing force for interior crystalline diffusion, leading to the significant
growth of ZnO grains and pore reduction. The considerable sample
densification at high sintering temperatures may have been caused
by the added impact of Bi2O3 and the Mn2O3 within the zinc oxide
crystal, which led to the production of O2 vacancies through the
sintering technique. When the doping ions were replaced at the
zinc ion site through the sintering step, oxygen vacancies were
formed and participated in the improvement of the sintered sam-
ples’ density. All the samples presented a porous microstructure.
The estimated values of sample density were 64, 69, 73, 77, 79,
and 86 vol% at the sintering temperatures of 550 �C, 600 �C,
650 �C, 700 �C, 750 �C, and 800 �C, respectively. These values of
the samples’ densities obtained from the SEM micrographs can
possibly be used to compare the film densities but cannot be con-
sidered as absolute values.

A motivating observation was the obvious existence of several
spinel and liquid phases in the samples sintered at temperatures
above 650 �C. Such phases may prevent the grains’ growth through
the sintering technique. These mentioned phases ordinarily exist in
groups or separated and are sometimes inside the zinc oxide
grains. The liquid phase during sintering produced Bi-rich phases,
which were associated with the spinel particles in the intergranu-
lar region of the microstructure.

The obvious existence of Bi was clear at the zinc oxide grain
boundary (GB) among the ZnO grains for the samples sintered at
Table 1
Microstructural parameters of ZnO nanoparticles– based thick film varistor doped with va

Sintering temperature Density g/cm3 SEM

Grain size (lm)

550 �C 64 1.2
600 �C 69 1.5
650 �C 73 2.3
700 �C 77 2.9
750 �C 79 3.4
800 �C 86 4.1

3

the temperatures above 650 �C. The disappearance of bismuth in
these samples may be attributed to the fact that the boundaries
in the varistor at low sintering temperatures were not consistent.
Considerable amounts of Bi ions with huge ionic sizes were obvi-
ously separated to the grain boundaries. These ions were exposed
to obstacles occupying interstitial sites within the zinc oxide grains
attributed to further donor occupation. The ions stabilized within
the grain boundaries to the composed Bi-rich phases because of
the ions’ inability to squeeze inside the crystal atoms due to the
significant sizes of the grains. The phases of Bi-rich among the
grain boundaries play a significant role in oxygen transport to
the zinc oxide grains through the sintering technique (Liu et al.,
2013; Tahmasebi et al., 2018; Xu et al., 2016; Akinnifesi et al.,
2014). Nevertheless, the generality of the boundaries among the
grains included a continual intergranule Bi-rich element at consid-
erable Bi2O3 concentrations, as revealed in the varistors after the
sintering process, due to the Bi2O3 liquid phase. Such phenomenon
was attributed to pyrochlore disintegration during significant tem-
peratures, thereby wetting the zinc grains and subsequently freez-
ing them at normal temperature (Metz et al., 2000).

3.1.2. X-ray diffraction
Fig. 2 displays the X-ray diffraction analysis of the zinc oxide

nanoparticle-based thick film varistor system distinguished via
the highest main spectra of (100), (110), (101), and (002), which
originated from the zinc oxide grains (JCPDS Card No. 36–1451)
and were emphasized by the multicrystalline kind of samples.
Other spectra also appeared as secondary phases and were called
the a-Bi2O3 (JCPDS Card No. 27–0050), Bi48ZnO73 (JCPDS Card No.
41–1449) and Mn3O4 phases (JCPDS Card No. 24–0734). These
rious sintering temperatures.

XRD

2h (deg.) A (Å) C (Å) Stress (r) (G.Pa)

36.13 3.240 5.221 �1.306
36.17 3.237 5.214 �0.699
36.20 3.234 5.211 �0.435
36.24 3.228 5.205 0.086
36.27 3.224 5.202 0.349
36.29 3.219 5.189 1.483



Fig. 2. XRD patterns of ZnO nanoparticles-Bi2O3-Mn2O3-based thick film varistors
ceramics sintered at (a) 550 �C, (b) 600 �C, (c) 650 �C, (d) 700 �C, (e) 750 �C, and (f)
800 �C temperatures.
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materials contained zinc oxide and are known as a superior phase.
Liquid, spinal, pyrochlore, and various secondary phases existed in
the samples, except for samples sintered at 550 �C and 600 �C. A
previous sintering study (Huang et al., 2013) reported that the con-
sistency of these spectra within a varistor system required temper-
atures above 600 �C. The formation of secondary phases was
related to the concentration of dopants to the varistor and the pro-
cedure conditions. The integration of different oxides constructs
crystal imperfections at the ZnO grain and boundaries among the
grains (Liu, 2019; Masteghin et al., 2017).

The increase in the temperature through the sintering process
caused maximum and narrower peaks and minimum FWHM for
the varistor, demonstrating the sample’s superior crystalline and
structural arrangement, which was obtained in the varistor at
800 �C (Fig. 2(f)) and through the minimal peak intensity of the
varistor at 550 �C (Fig. 2(a)).

The height of the (101) peak incremented from 2h = 36.13� to
2h = 36.17� in the sample sintered at 600 �C, revealed the appear-
ance of residual stress within the zinc oxide nanoparticle-based
TFV. Increasing the sintering temperatures leads to the narrowing
of the (101) peak, a lower unsymmetrical, and a gradual change to
4

upper 2h values, thereby causing the reduction in the lattice con-
stant (Table 1). Furthermore, the FWHM value of the (101) line
decreased with increasing temperature of the sintering process
(Table 1), indicating that the sintering technique enhanced the
crystallinity of the 20 nm zinc oxide. The FWHM values of the
(Bi48ZnO73) and (Mn3O4) developed with increasing temperature,
and the diffraction peak intensity weakened. The peak intensities
of these phases for the varistor sintered at 800 �C were obviously
less compared with those sintered at 650 �C, 700 �C, and 750 �C
due to the limited evaporation of Bi2O3. The loss of Bi2O3 phase
within the varistor sintered at 800 �C unavoidably led to the non-
linear diminishing.

Through the growth procedure, the compressive stress com-
pound value was greater than the thermal (tensile) stress com-
pound value. Consequently, the sample sintered at 650 �C
demonstrated a comprehensive compressive residual stress
(Wang, 2016). With increasing sintering temperature, the com-
pressive stress transformed to tensile stress.

Table 1 presents the SEM and XRD analysis results. Based on the
following Equation (1), the lattice constant ‘‘c” was obtained as fol-
lows (Alvarez et al., 2016):

1

d2 ¼ 3
4

h2 þ hkþ k2

a2

 !
þ l2

c2
ð1Þ

where h, k, and l were estimated using the XRD information.
The atomic spacing d was obtained from the Bragg’s equation
(Alvarez et al., 2016):

d ¼ nk
2sinh

ð2Þ

where ʎ (=1.5405 Å) is the X-ray wavelength, and h is the diffraction
angle.

The lattice constant (c) of the zinc oxide nanoparticle-based TFV
varistor was evaluated based on the situation of (002) phase in the
ZnO crystal in Table 1. These lattice constant (c) values are identi-
cal to the bulk ZnO lattice constants c0 at 5.206 Å (Alvarez et al.,
2016). Utilizing the above data, the stress (r) within the sample
was obtained by applying the strain model as follows (Wang
et al., 2015; Zhi et al., 2003):

r ¼ ð2C
2
13 � C33ðC11 � C12Þ

C13
ÞðCo � C

Co
Þ ð3Þ

whereas r is the average stress within the varistor, C11 = 209.7
GPa, C12 = 121.1 GPa, C13 = 105.1 GPa, and C33 = 210.9 GPa are the
elastic stiffness constants of bulk ZnO (-453.6 GPa). The calculated
stress ‘‘r” values within the varistor for (002) plane developed at
various low sintering temperatures are listed in Table 1. The
increase in the stress order values was as follows: r(a) < r(b) < r
(c) < r(d) < r(e) < r(f). The negative compressive stress values
suggested that the lattice constant was extended compared with
the stress-free varistor (Wang et al., 2015). The varistors sintered
at 700 �C, 750 �C, and 800 �C exhibited a positive value, which sug-
gested that the tensile stress resulted from the expansion size of
lattice, thereby revealing that the lattice constant was less elon-
gated than in the stress-free sample.

3.2. Electrical properties

3.2.1. V-I Behavior
Fig. 3(a) presents the V-I characteristics (in E-J indication) of the

ZnO nanoparticle-based TFV at various temperatures during the
sintering process. The electric current was used, and the continu-
ous voltage was predestined. The E-J relations in Fig. 3(a) were like
a diode feature with a linear and nonlinear zone. The nonlinear
area revealed a low resistivity zone, whereas the nonlinear coeffi-



Fig. 3. (a) E-J characteristic of ZnO nanoparticles-Bi2O3-Mn2O3-based thick film varistors at different sintering temperatures, and (b) variation of the voltage gradient as a
function of the different sintering temperatures.
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cient (a) was calculated from the following equation (Adl et al.,
2015):

a ¼ logðI2 � I1Þ
logðV2 � V1Þ ð4Þ

The E-J curve indicated that the elbow of curves among the
minimum electric field region before breakdown voltage and max-
imum electric field region at breakdown region was responsible for
a considerable function in the electrical behavior of ZnO
nanoparticle-based TFVs. The sharper elbow indicated the optimal
nonlinear characteristic. Varistors at 650 �C, 700 �C, and 750 �C sin-
tering temperatures exhibited almost identical forms of conduct
curves and showed superior nonlinear behaviors. However, the
varistors at 550 �C, 600 �C, and 800 �C sintering temperatures
showed the poor nonlinearity by presenting an almost rounded
elbow.

Table 2 presents the various parameters of the electrical charac-
teristics of ZnO nanoparticle-based TFVs specimens involving the
voltage gradient (E1mA), withstanding voltage (Vb), resistivity (q),
nonlinear constant (a), barrier height (UB), density of interface
states (NIS), width of depletion layer (x), and donor density (Nd).
UB and x were investigated from the thermionic emission theory
(Cortés et al., 2018), which is lnJ = b½/kT + lnA*T2 -UB/kT, where b a
1/x is obtained from the depletion layer width, and A* is known as
Richardson‘s constant. NIS and Nd are calculated from the equations
NIS = Nd/x and Nd = 2eUB /e2x2.

The lower of the breakdown voltage value (Vb) of the sample
sintered at 550 �C may have been caused by the minimal bound-
aries among the ZnO grains and decreased ‘‘p-n junctions.” Less
‘‘p-n junctions” produced minimum breakdown voltages. The
value of average breakdown voltage across single grain/grain
boundary can be calculated by the following equation: Vb = E1mA D.

The addition of Bi2O3 to the varistor led to the maximum non-
linear value (a). Therefore, Bi2O3 showed a considerable impact
on the boundaries’ Schottky barrier within the ZnO nanoparticle-
based TFVs. The loss of Bi2O3 at very high sintering temperature
is related to minimum, and broad barrier leads to the electronic
idle of boundaries and degenerates the nonlinearity behaviors.
Moreover, Mn2O3 is generally added to a sample as a dopant to
construct the Schottky barrier within the boundaries. At a signifi-
Table 2
Summarizes the electrical properties of samples sintered at different temperatures.

Sintering temperature E1MA (V/mm) Vb (V) a Ρ (kO.cm)

550 �C 2140.8 2.57 40 621.8
600 �C 2622.5 3.93 48 487.2
650 �C 3352.2 7.71 57 339.4
700 �C 5732.5 16.6 63 266.4
750 �C 4260.3 14.5 12 218.5
800 �C 2963.6 12.2 8 147.3

5

cant temperature of sintering process, Mn is demonstrated as a
deep donor within the varistor and reduces the intrinsic donor con-
centration ([31]; Roy et al., 2016; Zhou et al., 2004). Mn addition
exhibited a considerable impact on the boundary compared with
the effect on the ZnO grain, referring to the fact that the boundaries
among the grains were more highly resistive compared with the
zinc grains.

Figs. 3, 4, and 5 show the parameters of electrical behavior in
ZnO nanoparticle-based TFVs at different temperatures during
the sintering process. As shown in Fig. 3(b), the E1mA value substan-
tially followed the sintering temperature. With increasing sinter-
ing temperature, the value of E1mA increased gradually. With
further increase in temperature, the E1mA value decreased dramat-
ically. The E1mA reached the maximum value of 5732.5 V/mm for
the varistor at 700 �C during the sintering process, and then, the
value decreased for the samples sintered at 750 �C and 800 �C.
However, all sintered samples presented a significant voltage gra-
dient value, which exceeded 2000 V/mm. The electrical resistivity
(q) for the sample sintered at 800 �C dropped significantly from
147.3 kO.cm to 621.8 kO.cm for the sample sintered at 550 �C as
presented in Fig. 4(a). Therefore, the sample sintered at 800 �C
exhibited a reduction in potential barrier within the ‘‘p-n junc-
tions,” leading to significant deterioration in q. Fig. 4(b) exhibits
the variation of a and IL with different temperatures during the
sintering process. Generally, the deviation of IL with various tem-
perature was inverse to that of a. The IL exhibited the lowest value
(103 lA), and a presented the upper value (63) for the samples sin-
tered at 700 �C. The effects of sintering temperatures on IL and a
are identical to their effects on E1mA. Varistors achieved optimum
E1mA, IL, and a values at 700 �C sintering temperature. However,
increasing the sintering temperature to more than this range led
to the abrupt decrease in the E1mA and a value and acute increase
in the IL value. Thus, the electrical behavior of zinc oxide
nanoparticle-based thick film samples was significantly influenced
by the increment of sintering temperature. The deterioration of
E1mA and q, as well as IL and a, was observed when the sintering
temperature exceeded 700 �C.

Furthermore, the Nd, NIS, and UB show the same behaviour as
E1mA values. The x has an inverse relationship with E1mA. The UB

increases to a superior value of about 4.3 eV at 700 �C, but mini-
IL (mA) Nd (m3) (x1024) NIS (m�2) (x1016) UB (eV) x (nm)

613 1.3 1.4 0.4 56.4
588 2.6 3.5 1.5 45.8
229 4.8 4.9 2.2 33.6
103 7.3 7.8 4.3 19.9
276 2.1 3.9 2.9 39.4
393 0.9 2.2 1.7 53.8



Fig. 4. Variation of (a) resistivity, and (b) nonlinear coefficient and leakage current of ZnO nanoparticles-Bi2O3-Mn2O3-based thick film varistors with different sintering
temperatures.

Fig. 5. The C–V behavior parameters including: (a) donor densities and barrier heights, and (b) interfacial states density and depletion layer of ZnO nanoparticles-Bi2O3-
Mn2O3-based thick film sintered at different temperatures.
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mizes to 1.7 eV with increasing temperature up to 800 �C. The
value ofx reduced from 56.4 eV to 19.9 eV for the samples sintered
at 550 �C and 700 �C, but these values increased with increasing
temperature during the sintering process. The variations of UB

and x with diverse temperatures may be due to the Schottky bar-
rier composition within the boundary of ZnO grains. Huge and nar-
row barriers in the sample sintered at 700 �C played an essential
role in improving the electrical characteristics of ZnO
nanoparticle-based TFVs, especially in terms of E1mA, q, and a.
3.2.2. Dielectric properties
Fig. 6 shows the difference of the dielectric parameters with the

frequency for ZnO nanoparticle-based TFVs at various tempera-
tures of the sintering process. Fig. 6(a) shows that the varistor at
700 �C sintering temperature presented the optimum permittivity
(er) during the mensuration frequency range. The er exhibited ele-
vated values with increasing frequency value from 102 Hz to
105 Hz. However, with increasing frequency, the value of er dete-
riorated significantly to 105 Hz. At the minimum frequency range,
the efficient capacitance of the varistor resulted from the bound-
aries of the grains, and the elevated er value within this range
Fig. 6. Dielectric properties of ZnO nanoparticles-Bi2O3-Mn2O3-based thic
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showed that the boundaries among the ZnO grains formed at
700 �C were better. Otherwise, the sharp drop in the er at the ele-
vated frequency area could be due to the polarization created
within the narrow boundaries among ZnO grains. The capacitance
of the grain had a significant function in er during further fre-
quency augmentation. Increasing the sintering temperature led
to the initial increment of the er value, which subsequently mini-
mized due to the grain boundary layer capacitance (GBLC) impact
(Nithya and Kalyanasundharam, 2019; Wu et al., 2002). In conso-
nance with the GBLC impact, the er of ZnO nanoparticle-based TFVs
may be estimated as er = e (D/x), where D is the mean size of ZnO
grain, x is the depletion layer width, and e is the permittivity of
ZnO. This equation elucidated that er was controlled by the ZnO
grains size and the thin insulative layer, which demonstrated the
proportional relation to the size of ZnO grains and the inverse rela-
tion to the depletion of layer width. During the sintering process,
the thickness of the depletion layer had a considerable impact on
er value in comparison with the slow development in the size of
grains. The mean size of grains and depletion layer thickness
increased at high sintering temperature (over 700 �C), thereby
reducing the er value. Fig. 6(b) demonstrated that the dissipation
k film sintered at different temperatures; (a) er – f , and (b) tand – f .
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factor (tand) considerably depended on the temperature during the
sintering process. The TFVs exhibited distinctly dispersion with the
rising frequency between 102 and 104 Hz, and the varistor with
700 �C sintering temperature had the minimal tand value. The
value of dielectric loss was specified via the boundary resistance
and relied on electric conductance property during the depressed
frequency field (Maleki Shahraki et al., 2019). Minimal value of
tand during sintering in 700 �C proposed that the boundaries
among the grains constructed within the varistor at this sintering
temperature were superior to the others constructed at other sin-
tering temperatures. Moreover, in Fig. 6(b), the peak of dielectric
loss in all varistors was prominent at � 105 Hz and was consider-
ably affected by polarization loss during this critical frequency
field. Credson et al. (de Salles et al., 2016) believed that the dielec-
tric loss peak is attributed to thermion polarization. The manufac-
turing conditions and substance composition had respectable
effects on the dielectric loss peak (de Salles et al., 2016).

4. Conclusion

High voltage gradient 20 nm ZnO-Bi2O3-Mn2O3-based TFVs
were manufactured by the traditional ceramic process at various
low sintering temperatures ranging from 550 �C to 800 �C. SEM
and XRD techniques were utilized to characterize the morphology
and crystal composition of the samples. The crystal quality of the
ZnO nanoparticle-based TFVs strongly relied on the temperature
during the sintering process. The increase in the sintering temper-
ature from 550 �C to 800 �C caused an increase in grain size and led
to superior crystallinity. The sintering technique was applied to the
development of the crystallinity of ZnO grains, as observed in the
decrease in essential compressive stress, which was reflected on
the XRD lattice constant and FWHM data. The temperature of the
sintering process also considerably impacted the electrical charac-
teristics of the TFVs at various sintering temperatures. A varistor
with superior electrical behavior was investigated at 700 �C sinter-
ing temperature. The varistor presented an E1mA value of 5732.5 V/
mm, an IL value of 103 lA, and an a value of 63. Furthermore, high
er value and minimum tand value during the depressed frequency
field indicated that the boundaries among the grains created at
700 �C were perfect. The sintering step can be applied as a new typ-
ical mechanism to enhance the ZnO grain size and different prop-
erties of ZnO nanoparticle-Bi2O3-Mn2O3-based TFVs with
enhanced microstructural and electrical characteristics.
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