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ABSTRACT
In this study, the effect of strontium titanate (SrTiO3) doping on the microstruc-
tural evolution and electrical characteristics of zinc oxide (ZnO) varistors is inves-
tigated. The ZnO-SrTiO3 ceramic was synthesized using a two-stage sintering 
technique. Microstructural analysis using X-Ray Diffraction (XRD) reveals the 
formation of Zn2TiO4 spinel phase, while scanning electron microscopy (SEM) 
and energy dispersive X-ray (EDX) analysis confirm the segregation of Sr-rich 
secondary phases at the grain boundaries and triple points. The microstructure 
and densification were significantly enhanced at the optimum SrTiO3 concentra-
tion, thereby improving the electrical properties of the fabricated varistor, with 
the nonlinear coefficient (α) increasing to 5.49 and the leakage current density (JL) 
decreasing to 298 μA/cm2. This investigation provides a deeper understanding 
of dopants’ influence on ZnO varistors, thereby facilitating the development of 
more effective and reliable surge protective devices, especially for low-voltage 
applications.

1 Introduction

The increasing demand for electrical and electronic 
systems, ranging from low-voltage appliances to high-
voltage industrial equipment, emphasizes the critical 
need for adequate protection against electrical surges. 
These surges, which may be caused by lightning, high-
energy switching, or electrostatic discharge, deliver an 

oversupply of voltage within microseconds to millisec-
onds and can seriously damage electrical equipment. 
Therefore, advanced surge protection devices, such as 
metal oxide varistors, are necessary, as they play an 
important role in diverting excess current to ground 
and absorbing surge energy to provide safe protection.

Historically, silicon carbide (SiC) was among the 
earliest materials used for varistors before zinc oxide 
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Due to the limitations of current varistor formers, 
such as the volatility of Bi2O3 during high-temperature 
sintering, the scarcity of Pr6O11, which makes it more 
expensive, and the environmental toxicity associated 
with V2O5, there has been interest in exploring alter-
native materials with stable, cost-effective, and envi-
ronmentally friendly properties. Perovskite-structured 
compounds have attracted considerable attention as 
potential varistor formers or performance enhanc-
ers in ZnO-based varistors. Materials such as BaTiO3, 
CaMnO3, PrMnO3, and CaSiO3 have been investi-
gated for their ability to improve the nonlinear elec-
trical characteristics and thermal stability of varistors 
[14–17].

Among these, strontium titanate (SrTiO3), a well-
known perovskite with a high-dielectric constant and 
thermal stability, has primarily been used as an addi-
tive in SnO2-based and CaCu3Ti4O12-based varistors to 
improve their electrical characteristics [18, 19]. How-
ever, the influence of SrTiO3 on ZnO-based varistors 
remains largely unexplored. Furthermore, selecting 
the perovskite oxide SrTiO3 as a dopant, rather than 
individual oxides such as SrO, aims to achieve pre-
cise microstructural control and enhanced electrical 
stability for a low-voltage varistor, as SrTiO3 is chemi-
cally more stable than SrO, which is hygroscopic and 
readily reacts with air. The chemically stable lattice of 
SrTiO3 prevents the formation of secondary hydrox-
ides during powder processing and milling. There-
fore, the current work examines how varying SrTiO3 
concentrations affect the microstructure and electrical 
performance of ZnO-based varistor ceramics.

2 �Experimental procedure

In the present study, analytical-grade ZnO (≥ 99% 
purity) and SrTiO3 (≥ 99.5% purity) nanopowders 
were used as raw materials for the preparation of 
varistor samples. The raw powder suppliers were 
Sigma Aldrich and XFNano. These raw powders were 
weighed based on the molar composition of (100-x) 
mol % ZnO + x mol % SrTiO3, where x = 0, 0.5, 1.0, 1.5, 
2.0, and then milled using a planetary ball mill (POW-
TEQ BM6 Pro) for 3 h. 2 wt % of polyvinyl alcohol 
were added to the milled powder as a binder and then 
dried at 90 °C for 2 h. The dried powder was ground 
in an agate mortar, sieved through a 50 μm sieve, and 
pressed into a pellet at 2.6 T/min for 5 min using a 
hydraulic press machine. The pellets, with a 10 mm 

(ZnO) varistors were developed in the 1970s [1]. Since 
then, many commercial applications have adopted 
ZnO varistors due to their exceptional ability to sup-
press voltage surges. To date, numerous studies have 
investigated their properties in depth. In brief, a varis-
tor’s performance mainly depends on its composition 
and microstructure. Thus, both material formulation 
and processing conditions must be carefully con-
trolled to achieve high-energy absorption and strong 
nonlinearity.

Among the numerous dopants used in ZnO varis-
tors, bismuth oxide (Bi2O3) has long been recognized 
as a significant varistor former. The reason is that it 
can facilitate the formation of active grain boundaries 
during sintering and act as a liquid-phase sintering 
aid, lowering the sintering temperature and enhancing 
densification [2]. It also contributes to the formation of 
double Schottky barriers at grain boundaries, which 
are crucial for non-ohmic behavior [3]. However, Bi2O3 
has several drawbacks. Notably, it tends to evaporate 
during high-temperature sintering, which may cause 
poor compositional control and inconsistent perfor-
mance [4]. To enhance the properties of ZnO-Bi2O3-
based varistors, additives such as Sb2O3, Co3O4, and 
MnO4 are frequently incorporated to control grain 
growth and enhance barrier formation [5–8]

Previous studies have shown that incorporating 
strontium-based additives such as SrO or SrCO3 into 
Bi2O3-doped ZnO systems can significantly influence 
microstructural development and electrical perfor-
mance. The addition of SrCO3, especially at higher 
concentrations, leads to the formation of Bi6Sr2O11 
secondary phases that segregate to grain boundaries, 
thereby improving electrical properties [9]. However, 
unlike the common approaches, Rohini et al. used Sr 
as an additive. Specifically, instead of using SrCO3 
with Bi2O3 as an additive, Rohini et al. included SrO as 
a major additive, resulting in an increase in the grain-
boundary active area, which significantly improves 
nonlinearity [10].

Another additive that has attracted attention is TiO2. 
In most studies, this material has been utilized as a 
promoting additive to produce low-voltage ZnO-Bi2O3 
ceramics. By accelerating solid-phase mass transfer, 
the grain size can be greatly improved, and the thresh-
old voltage can be reduced [11]. Similarly, TiO2 acts 
as a grain growth promoter in ZnO-V2O5-based varis-
tors [12] however, in ZnO-Pr6O11-based varistors, TiO2 
inhibits grain growth, highlighting its different role 
depending on the base system [13].
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diameter and 1 mm thickness, were sintered using a 
two-stage sintering technique in a high-temperature 
furnace. The sintering process was initially carried out 
in an air-conditioned environment by increasing the 
temperature to 1300 °C at a rate of 10 °C min−1 and 
soaking at 1300 °C for 5 min, followed by cooling to 
a temperature of 900 °C at a rate of 3 °C min−1 and 
constant heating at 900 °C for 2 h. The main advantage 
of this two-stage sintering technique is that it favours 
the grain boundary diffusion. Still, it constrains grain 
boundary migration, ensuing in full densification and 
controlled grain growth in the sintered pellets [20]. Sil-
ver paste was coated onto the upper and bottom sur-
faces of the varistor samples after sintering. Afterward, 
the samples were heated to 600 °C for ten minutes to 
create electrodes.

The crystallographic phases of the sintered pel-
lets were characterized using X-ray diffraction (XRD, 
Rigaku MiniFlex II) equipped with CuKα radiation 
source, with 2θ ranging from 20° to 80°. The data were 
analyzed using SmartLab Studio II software. Peak 
positions were obtained using a second-derivative 
peak search (σ cut = 3.0) followed by split pseudo-
Voigt profile fitting with automatic background refine-
ment. The lattice parameters, a and c of hexagonal 
wurtzite ZnO were determined from peak-position 
analysis using Bragg’s law and the hexagonal inter-
planar spacing relations rather than full-pattern refine-
ment. The plane spacing equation for the hexagonal 
structure [21]:

where Bragg’s law (λ = 2dhkl sin θhkl) can be used to 
find the interplanar spacing, d.

The lattice parameter, a, was calculated from the 
(100) reflection, while c was calculated from the (002) 
reflection. The derived lattice constants a100 and c002 
were validated by the (101) reflection, where the cal-
culated d

101
 will be compared to the measured d

101
 

through its deviation to determine the reliability of 
the data.

The unit cell volume, V, of the hexagonal structure 
was determined from the lattice parameters a and c 
using the formula [22]:
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Scanning electron microscopy (SEM) combined 
with energy dispersive X-ray (EDX) spectroscopy was 
employed to examine the morphology of the sintered 
pellets. A thin layer of Au was applied to the samples’ 
surfaces to minimize charging effects and enhance 
image quality. An image analysis application (ImageJ) 
was used to calculate the average grain size from the 
SEM micrographs. The average grain size was calcu-
lated by considering more than 150 grains. Addition-
ally, an electronic densimeter (MDS-300) was used to 
measure the densities of sintered pellets.

A Source-Measure Unit (SMU) (Keithley 2410) was 
employed to measure electrical properties, includ-
ing current density–electric field (J-E) characteristics. 
Using the J-E graph data, the nonlinear coefficient, α, 
was computed as follows [23]:

where E1 and E2 are the applied electric fields for cer-
tain current densities J1 = 0.1 mA/cm2 and J2 = 1.0 mA/
cm2, respectively. The electric field at which J = 1.0 mA/
cm2 is known as the breakdown electric field, Eb, while 
leakage current density, JL, is measured at an electric 
field equivalent to 80% of the breakdown electric field 
(0.80Eb). The barrier height (φB) was determined using 
the formula below [24]:

where the value of Richardson’s constant for 
ZnO, A = 30 A/cm2K2, Boltzmann constant 
kB = 8.617 × 10−5  eV/K, and absolute temperature, 
T = 300 K. Meanwhile, the gradient from the graph of 
ln J vs E0.5 is used to calculate β, a constant associated 
with the potential barrier width.

3 �Results and discussion

The XRD pattern of the samples with different SrTiO3 
concentrations is shown in Fig. 1a. It shows that both 
ZnO and SrTiO3-doped ZnO ceramics samples are 
dominated by a sharp and strong diffraction peak, 
which corresponds to the hexagonal wurtzite struc-
ture of the ZnO phase (JCPDS no. 01–080-3004). The 
presence of SrTiO3 phase (JCPDS no. 01–079-0174) 
and spinel Zn2TiO4 secondary phase (JCPDS no. 
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01–086-0155) was observed after the addition of SrTiO3 
dopant. The Zn2TiO4 phase became more pronounced 
as the concentration of SrTiO3 was increased, implying 
that the addition of SrTiO3 promotes the formation of 
secondary phases, likely due to Ti ion diffusion into 
the ZnO lattice during sintering [13]. However, there 
are no peaks corresponding to Sr-rich compounds 
other than that of SrTiO3, suggesting the remaining 
Sr ions are dispersed around ZnO, or exist in a Sr-rich 
amorphous phase, or are too small in volume, making 
them fall below the detection limit of XRD [25]. Mean-
while, a more distinct SrTiO3 phase was observed as 
the sample reached a SrTiO3 dopant concentration of 
2.0 mol %. Moreover, the characteristic peak intensity 

of ZnO was found to decrease gradually with increas-
ing SrTiO3 concentration, similar to the findings of 
Zhao et al. [26].

Another significant observation in the XRD pat-
terns was a shift in the peak position of the (101) 
plane to 2θ = 36.18°, as shown in Fig. 1b. This shift 
suggests changes in the lattice parameters of the ZnO 
phase, as tabulated in Table 1. The peaks initially 
shifted slightly to the left (lower 2θ angles), indicat-
ing an expansion of the ZnO lattice. This expansion 
could be attributed to the substitution of larger Sr2⁺ 
ions into the ZnO lattice, or due to the segregation of 
SrTiO3 [27]. The incorporation of these ions into the 
ZnO lattice affected the lattice strain and distortion, 

Fig. 1   a XRD patterns of ZnO doped with different mol% concentrations of SrTiO3: x = 0.0, 0.5, 1.0, 1.5, and 2.0. b Detailed observa-
tion of the ZnO (101) peak

Table 1   Lattice parameters, ratio of lattice parameters, unit cell volume, and interplanar spacing of ZnO with different mol% SrTiO3 
dopant concentration

SrTiO3 concentra-
tion (mol%)

a (Å) c (Å) c/a ratio Unit cell vol-
ume (Å3)

Interplanar spacing 
d101 calculated (Å)

Interplanar spacing 
d101 measured (Å)

Δd/d (%)

0 3.2568 5.2167 1.6018 47.92 2.4810 2.4805 0.0202
0.5 3.2584 5.2188 1.6016 47.988 2.4822 2.4816 0.0242
1 3.2579 5.2182 1.6017 47.966 2.4818 2.4812 0.0242
1.5 3.2588 5.2172 1.6009 47.983 2.4822 2.4815 0.0282
2 3.258 5.216 1.6009 47.949 2.4816 2.4808 0.0322
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resulting in peak shifting. However, at x = 2.0 mol%, 
the peaks shifted back to the right (higher 2θ angles), 
suggesting a lattice contraction. This reversal peak 
shift may be due to the elevated SrTiO3 doping con-
centration, which results in the segregation of Sr2⁺ 
and Ti4⁺ ions at the grain boundaries [28]. These seg-
regations contribute to the detection of more SrTiO3 
peaks.

Therefore, the doping of SrTiO3 into the ZnO 
system initiates a solid-state reaction during sinter-
ing and can be presented by the following chemical 
mechanism:

As the Ti4+ ions from the SrTiO3 precursor react 
with the ZnO matrix to form the thermodynamically 
stable spinel phase Zn2TiO4, the Sr2+ ions are liber-
ated. Due to the large size difference, the ZnO lattice 
can only accommodate a very small fraction of Sr2+. 
Once the solubility limit is reached, the excess Sr2+ 
ions are expelled from the grain interior during grain 
growth. These ions migrate toward high-energy 
regions, such as grain boundaries and triple points, 
to minimize the system’s total elastic strain energy. 
This explains the Sr-rich phases observed at the junc-
tion of ZnO grains in the next SEM–EDX analysis.

Figure 2 shows the SEM micrograph and grain-
size distribution histograms to illustrate the micro-
structural evolution of ZnO-SrTiO3 ceramics with 
varying doping concentrations. The histogram 
shows a log-normal distribution of grain size, while 
the micrograph shows three main structures: (1) the 
ZnO grains, (2) the spinel phase, and (3) the Sr-rich 
phase. It was found that the distributions of spi-
nel and Sr-rich phases vary with increasing SrTiO3 
concentration. At a lower concentration of SrTiO3, 
there are only two apparent phases observed, which 
are designated as the ZnO phase and the spinel 
phase. The ZnO grains exhibited a large polyhe-
dral shape while the spinel phase formed a small 
diamond-like structure, as labelled in Fig. 2b. As the 
dopant concentration increases, more spinel phases 
were detected crystallizing at both ZnO grains and 
grain boundaries. In contrast, the SrTiO3 phase was 
detected only near the Sr-rich phases at the grain 
boundaries and triple points, as shown in Fig. 2c. 
The formation of these spinel secondary phases 
and Sr-rich phases with increasing SrTiO3 dopant 
has restricted grain boundary migration via Zener 

(5)2ZnO + SrTiO
3
→ Zn

2
TiO

4
+ SrO

pinning, thereby inhibiting grain growth. Therefore, 
a clear decreasing trend in average grain size was 
observed with increasing SrTiO3 content. The same 
reduction in grain size was observed when SrO was 
used as an additive in ZnO-based varistors [10]. The 
same trend was also observed, where ZnO grain 
growth decreased gradually due to the formation of 
the Zn2TiO4 spinel phase [7]. In this work, controlled 
grain growth results in a uniform, monodisperse dis-
tribution of ZnO grains, which is observed at lower 
SrTiO3 doping concentrations.

Further increasing the dopant concentration reveals 
additional Sr-rich phases that form a large cluster, as 
also observed in Fig. 2e. The formation of non-uni-
form, larger clusters along the ZnO grains disrupts the 
previously uniform grain structure. This anomaly may 
be due to the excessive accumulation of Sr ions that are 
difficult to enter the ZnO lattice due to its larger ionic 
radius, the Sr ions are enriched at the grain boundaries 
[29], forming larger particles or clusters. These clus-
ters of significant segregation of Sr-rich compounds 
might locally alter the grain boundary energy, creating 
uneven driving forces for grain growth and facilitating 
abnormal grain growth in certain regions [30].

The elemental composition and distribution of Zn, 
Sr, Ti, and O in a sample with uniform and non-uni-
form grain structure are illustrated in Fig. 3 through 
EDS analysis. Their atomic percentages are tabulated 
in Table 2. A uniform microstructure of ZnO doped 
with 1.5 mol % of SrTiO3 shows that the Sr element 
was mainly detected segregating at the triple point 
and grain boundary areas, as illustrated in Fig. 3a. The 
segregation is possibly due to the greater ionic radius 
of Sr ions (1.18 Å) compared to Zn ions (0.74 Å), which 
limits its solid solubility in the ZnO lattice. A similar 
observation was also reported by Yongyavanich et al. 
[31]. The presence of Sr and Ti at the grain bound-
ary indicates that the interaction between ZnO and 
SrTiO3 during sintering has led to the formation of the 
secondary phase Zn2TiO4, which inhibits ZnO grain 
growth and further reduces its grain size. The EDS 
analysis aligns well with the XRD findings, confirm-
ing the presence of Zn2TiO4 and SrTiO3 peaks, indicat-
ing that SrTiO3 was doped into ZnO. With increased 
SrTiO3 doping, the mapping of more Sr was observed, 
indicating the segregation of Sr-rich phases around 
ZnO grains, as shown in Fig. 3b. This finding corre-
sponds to the disruption of grain boundary uniformity 
observed in the SEM micrographs, further affirming 
the earlier analysis.
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Fig. 2   SEM images of ZnO doped with different mol concentration of SrTiO3, a 0.0, b 0.5, c 1.0, d 1.5 and e 2.0
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The addition of SrTiO3 dopant into ZnO ceram-
ics not only changes the microstructure but also 
improves the densification of the samples. Table 3 
shows that the measured density for pure ZnO is 
5.31 g/cm3, which is less than the theoretical den-
sity of ZnO, 5.61 g/cm3, their relative density is only 
94.65%. However, the measured density increased 
gradually as the SrTiO3 dopant concentration rose 
to 1.5 mol %, which does not follow the theoreti-
cal density trend. Nevertheless, the relative den-
sity increases from 97.85% to 99.82%, then slightly 
decreases to 97.84% as SrTiO3 increases further, as 
illustrated in Fig. 4. The improved densification was 
greatly influenced by the addition of SrTiO3 as a 
dopant to ZnO ceramics via two-stage sintering.

During the first stage of the two-stage sintering 
method, a high-sintering temperature of 1300  °C 
increases atomic diffusion rates. As atoms diffuse and 
migrate, they facilitate particle bonding by creating 
necks between adjacent particles [35]. The pores start 
to shrink, and the grain boundaries become mobile, 
leading to the growth of ZnO grains. However, as the 
holding time was only 5 min, limited grain growth and 
densification occurred in this stage. This condition also 
applies to SrTiO3, which has a limited time to grow. 
Thus, some of the SrTiO3 interact with ZnO and form 
secondary Zn2TiO4, while the others remain as SrTiO3 
and form a Sr-rich phase. This dopant and secondary 
phase filled the pores in the grain-boundary region.

In the second stage of sintering, the grain growth 
rate was controlled to prevent excessive coarsening, as 
a lower sintering temperature of 900 °C was used [36]. 
The restriction of grain growth due to the presence of 
SrTiO3 at grain boundaries, which acts as a pinning 
agent, contributed to a well-maintained fine-grained 
microstructure with better particle packing. The con-
tinuous densification for two hours, combined with 
the controlled grain growth, successfully produced a 
higher overall density despite the smaller grain sizes.

As a result, at 1.5 mol % SrTiO3, the relative den-
sity reached its maximum value of 99.82%, showing 
minimal porosity and a highly dense material. How-
ever, beyond 2.0 mol % SrTiO3, the relative density 
significantly dropped to 97.84%, despite the contin-
ued refinement of ZnO grains. This decline is due to 
the excessive addition of SrTiO3, which leads to the 
agglomeration of Sr-rich compounds that disrupt 
the continuity of the ZnO matrix. These agglomera-
tions introduce additional porosity and act as bar-
riers to mass transport during sintering, hindering 

densification. Therefore, the material retains higher 
porosity, resulting in a lower relative density.

The J-E characteristics of the ZnO varistor samples 
with varying SrTiO3 concentrations are shown in 
Fig. 5. The breakdown electric field Eb, nonlinearity 
coefficient α, potential barrier φB, and leakage current 
density JL, which were determined from the J-E curve, 
are listed in  Table  4. The nonlinear coefficient, α, 
reflects the material’s ability to handle voltage surges, 
which is enhanced by the potential barriers at the 
grain boundaries. It was found that the nonlinear coef-
ficient α, potential barrier φB, and breakdown electric 
field Eb increased with increasing SrTiO3 content from 
0 to 1.5 mol% and decreased with further increases in 
SrTiO3 concentration to 2 mol%.

The inclusion of SrTiO3 at 0.5–1.5 mol% significantly 
increased the density of the ZnO ceramic, resulting 
in a finer, more homogeneous grain microstructure. 
The improved densification, characterized by reduced 
porosity and better grain packing, enhances the varis-
tor’s mechanical strength and thermal conductivity, 
crucial for dissipating heat during surge events and 
preventing thermal runaway [37]. The grain refine-
ment caused by the Sr-rich phase at triple points 
physically prevents ZnO grains from merging. It led 
to a smaller average grain size d, directly contribut-
ing to an increased breakdown electric field Eb, from 
0.37 to 2.16 V/mm. Fundamentally, the breakdown 
electric field can be approximated by the following 
relationship:

where Vgb is the average breakdown voltage across a 
single grain boundary, and d is the average grain size 
[9]. A smaller average grain size d translates directly 
to a greater number of grain boundaries in series for a 
given varistor thickness. As these numerous bounda-
ries act as individual resistive barriers, their increased 
count effectively hinders electron flow, causing an 
accumulation of a higher overall breakdown voltage 
per unit length, which manifests as an increased Eb.

Moreover, the addition of SrTiO3 has a dual effect 
on the microstructure and electrical properties of 
ZnO. Specifically, a portion of the SrTiO3 incorpo-
rated into the ZnO grains may form a solid solution, 
while another portion may segregate at the ZnO 
grain boundaries. Kai Wang and Jianke Liu stated 
that dopant segregation at ZnO grain boundaries 

(6)E
b
=

V
gb

d
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effectively enhances the formation of acceptor-like 
states [38, 39]. The formation of acceptor-like states 
at grain boundaries traps free electrons, leading to a 
depletion layer. This layer forms on both sides of the 
grain boundary, is depleted of free charge carriers, and 
promotes the formation of double Schottky barriers in 
these regions [40].

Consequently, the observed increase in the potential 
barrier, from 0.61 to 0.69 eV, is attributed not only to 
the increased number of grain boundaries that elec-
trons must traverse but also to the enhanced forma-
tion of these double Schottky barriers as the SrTiO3 
content increases. In this work, the Ti4+ dissolving into 
the ZnO grain boundary causes the defect reaction of:

This reaction is crucial for electrical performance as 
it generates Zinc vacancies  V ′′

Zn
 which serves as the pri-

mary acceptor defect. According to Double Schottky 
Barrier (DSB) model, these V ′′

Zn
 migrate towards the 

intergranular layer, thus enhancing the grain bound-
ary barrier. Therefore, the potential barrier is elevated, 
coupled with a fine, dense, and homogeneous grain 
microstructure, significantly enhancing the nonlinear 
coefficient.

The nonlinearity in the ZnO doped with SrTiO3 
content was clearly evident in the J-E curve in Fig. 5. 
The curve showed two main conduction regions: the 
pre-breakdown region and the breakdown region. The 
pre-breakdown region is where voltages are below the 
threshold voltage, in which the material exhibits high 
resistance and minimal current flow. In comparison, 
the breakdown region is where the resistance drops 
drastically, causing the current to increase suddenly. 
The “knee” of the curve can be observed in this break-
down region, in which the sharpness of this knee 
directly correlates with the nonlinearity coefficient, α 
[41] and is often determined by the following empiri-
cal relationship:

where I is current, V is voltage, and K is a constant. 
The sharper “knee” observed in Fig. 5 indicates the 
increase in the nonlinear coefficient α from 1.72 to 5.49 

(7)TiO
2

ZnO

������������������→ Ti
∙∙

Zn
+ 2O

x

O
+ V

��

Zn

(8)I = KV
�

as the SrTiO3 content increases. A higher α is required 
for a pronounced nonlinear response for effective 
voltage clamping. While the optimal nonlinear coef-
ficient achieved in this study (α = 5.49) is lower than 
that reported for SrCO3-doped quaternary systems 
(α = 29.37) [9], this difference arises from the funda-
mentally different electrical regimes targeted by the 
two systems. High-voltage varistors utilizing SrCO3 
and Bi2O3 rely on the formation of complex second-
ary phases, such as Bi6Sr2O11, which create extremely 
high, thick potential barriers, resulting in breakdown 
voltages exceeding 1000 V. In contrast, the ZnO-SrTiO3 
system in this study is uniquely optimized for low-
voltage microelectronic protection, achieving an E1mA 
of only 2.16 V/mm.

In the low-voltage regime, the potential barrier at 
the grain boundary must be responsive and thermally 
stable to enable low-voltage triggering. The use of 
SrTiO3 as a pre-reacted perovskite precursor facilitates 
the formation of Zn2TiO4 intergranular pinning agents 
and Sr-rich heterojunctions that provide a gradual but 
highly stable nonlinear transition. While the SrCO3 
system offers superior nonlinearity for high-power 
grids, it would be electrically ’blind’ to the low-voltage 
transients found in modern integrated circuits. Thus, 
the α value of 5.49 indicates a significant and func-
tional nonlinear response in a low-voltage ceramic, 
providing a unique advantage for protecting sensi-
tive low-power components where traditional high-α 
compositions are ineffective.

Meanwhile, JL also shows promising results with 
the addition of a SrTiO3 dopant. As α, Eb and φB 
increased, JL consistently decreased with increasing 
SrTiO3 dopant concentration from 0.0 to 1.5 mol%. 
This inverse relationship is a critical indicator of 
enhanced varistor quality, as the increasingly elevated 
potential barrier developed at the grain boundaries 
due to SrTiO3 incorporation presents a greater ener-
getic impediment to electron flow in the pre-break-
down region. This effectively minimizes unintended 
current bypass through the material, ensuring that the 
varistor maintains its highly resistive “off” state more 
efficiently.

However, the experimental results revealed a cru-
cial turning point. When the SrTiO3 concentration 
reached 2.0 mol %, the microstructure degraded sig-
nificantly, becoming inhomogeneous, with Sr-rich 
phases appearing throughout the grains. These exces-
sive Sr-rich phases disrupt the finely tuned varistor 
mechanism. This might cause the barrier to become 

Fig. 3   a EDS mapping of ZnO with 1.5 mol% SrTiO3 concentra-
tion. b. EDS mapping of ZnO with 2.0 mol% SrTiO3 concentra-
tion

◂
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inherently less resistive, thinner, or contain defects 
that lower its effective height, directly leading to a 
slight decrease in the potential barrier height.

The presence of an inhomogeneous microstruc-
ture means that the grain boundaries are no longer 

uniformly distributed or possess consistent electri-
cal characteristics [42]. This leads to the formation of 
defective pathways within the ceramic body, where 
breakdown can occur prematurely at lower electric 
fields [43]. Current tends to localize and flow preferen-
tially through these weaker pathways, bypassing most 
of the active, high-resistance grain boundaries [44]. 
Consequently, this non-uniform breakdown broadens 
the “knee” in the I-V curve, leading to a decreased 
nonlinear coefficient, α. The results highlight that 
while SrTiO3 is beneficial as a dopant, its concentration 
must be precisely controlled to achieve optimal varis-
tor performance while avoiding detrimental second-
ary phase formation and microstructural inhomogene-
ity. The electrical performance of ZnO-SrTiO3 system 
was compared with recent studies targeting low-
voltage applications, such as transition-metal-doped 

Table 2   Atomic percentage of Fig. 3(a) and 3(b)

Sample with x 
SrTiO3

Site Atomic percentage (%)

Zn Sr Ti O

x = 1.5 1 53.02 0.02 0.08 46.88
2 29.79 0.93 7.50 61.79
3 17.04 14.75 1.32 66.90

x = 2.0 4 64.89 0.48 0.43 34.21
5 42.89 1.50 7.04 48.58
6 6.53 20.62 0.50 72.35

Table 3   Average grain 
size and densities of ZnO 
varistor with various SrTiO3 
concentrations

SrTiO3 concentra-
tion (mol%)

Average grain 
size (μm)

Measured density 
(g/cm3)

Theoretical density 
(g/cm3) [32]

Relative 
density (%) 
[33]

0 22.31 5.31 5.61 [34] 94.65
0.5 8.35 5.48 5.60 97.85
1.0 7.04 5.52 5.59 98.74
1.5 2.63 5.57 5.58 99.82
2.0 1.94 5.45 5.57 97.84

Fig. 4   Graph of relative 
density and density
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and silicate-doped ZnO systems to evaluate its com-
petitiveness. In this work, the ZnO-SrTiO3 ceramic 
exhibited a breakdown field, Eb, of 2.16 V/mm and a 
nonlinear coefficient, α, of 5.49. Compared with Fe/
Mg/Cu-doped ZnO nanoparticles, which are reported 
as suitable candidates for a low-voltage varistor with 
α = 2.02 [45], ZnO-SrTiO3 achieves a significantly 
higher nonlinear coefficient, suggesting better circuit 
protection for low-voltage applications. Furthermore, 
in comparison to CaSiO3-doped ZnO ceramics, which 
demonstrate E1mA values ranging from 0.18 to 0.8 V/
mm and α of 2.10 to 4.41 [17], the SrTiO3 dopant proves 
a higher breakdown voltage, implying that the ZnO-
SrTiO3 ceramic varistor can withstand higher electric 
fields before transitioning to a conductive state. The 

ability of SrTiO3 to maintain a α at such a low Eb is 
attributed to the formation of the Zn2TiO4 spinel phase 
and Sr segregation at triple points, which pins grain 
boundaries more effectively than simple metal doping. 
This suggests that the ZnO-SrTiO3 composite is a good 
candidate for surge protection in high-density, low-
power microelectronic circuits where conventional 
high-voltage varistors are unsuitable.

4 �Conclusion

Various concentrations of SrTiO3 have been found to 
significantly impact the ZnO ceramics. The observed 
trends in the varistor properties, including the non-
linear coefficient, breakdown voltage, and leakage 
current, are directly linked to the evolution of the 
microstructure and density. As the SrTiO3 concen-
tration reached 1.5 mol %, the dopant optimized the 
material’s structure. This improved grain-boundary 
strength and homogeneity, thereby enhancing electri-
cal performance. The ZnO-SrTiO3 varistor showed the 
highest α of 5.49, with a low leakage current of 298.92 
μA/cm2 and a breakdown voltage of 2.16 V/mm, sug-
gesting its applicability for low-voltage applications. 
The adverse effects of phase segregation and reduced 

Fig. 5   J-E curves of the ZnO 
doped with different mol 
concentrations of SrTiO3

Table 4   Varistor properties of ZnO-SrTiO3 varistors

SrTiO3
(mol%)

α φB
(eV)

Eb
(V/mm)

JL
(μA/cm2)

0.0 1.72 0.61 0.37 664.41
0.5 2.93 0.63 0.77 530.89
1.0 3.91 0.65 1.41 435.79
1.5 5.49 0.69 2.16 298.92
2.0 4.77 0.66 1.85 350.18
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density become dominant beyond this point, compro-
mising the varistor’s properties. These findings high-
light the importance of precise control over dopant 
concentration and processing conditions to achieve an 
optimal balance among microstructure, phases, and 
electrical performance in SrTiO3-doped ZnO varistors. 
For future work, further investigations into dielectric 
spectroscopy as a function of frequency are required 
to quantify grain boundary capacitance. Additionally, 
DC aging and surge endurance tests are identified as 
essential future steps to evaluate the long-term reli-
ability and fatigue resistance of these low-voltage var-
istor compositions for industrial applications.
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