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A B S T R A C T 
 

KEYWORDS 

The classical system of combining modern perovskite and wurtzite structure semiconductor 
materials is used to model the internal structure for the applications of functional novel 
electronic devices. The structure-property relation has a significant impact on the properties of 
metal oxides-based functional ceramics. The structural and electrical properties of SrTiO3-
xZnO (0 ≤x≤ 10 wt%) ceramics produced via solid-state reaction (SSR) were thoroughly 
examined. X-ray diffraction (XRD) and scanning electron microscopy confirmed the presence 
of a mono-phase cubic structure with Pm3̅m space group and resulted in increased density 
respectively. Complex impedance spectroscopy (CIS) was carried out from 300 to 500 °C 
temperature within the frequency range of 100 Hz to 1 MHz to study the contribution of grain 
bulk and grain boundary for impedance behavior. Grain boundaries dominated the overall 
resistance of the samples and the addition of ZnO in SrTiO3 caused an increase in the overall 
conductivity. Increasing temperature decreases the resistance of both components, and at 
higher frequencies that confirms the negative temperature coefficient resistance (NTCR) 
behavior of the samples. Increasing temperature decreases the relaxation of grain bulk and 
grain boundary thus predicting the hopping conduction mechanism. The results will be helpful 
to engineer the microstructure of SrTiO3 based on practical applications such as sensors, 
actuators, and energy devices.  
© 2023 The Authors. Published by Synsint Research Group. 
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 Introduction 1.

Increasing global demand for energy and the deleterious environmental 
effects of current energy conversion technologies have urged the 
research community to develop alternative and sustainable energy 
conversion systems. Heat dissipated from industrial processes, melting 
furnaces, power plants, exhaust engine systems, etc., is a low-cost, 
sustainable, and untapped source of energy [1, 2]. Energy (ED) devices  

 
are capable of converting this waste heat into a useful form of energy 
such as electricity without any harmful  emissions  compared  to 
conventional electricity generators being operated on fossil fuels [3]. 
Thermoelectric devices are also working long-lasting, have low 
operational cost, with no moving parts, and have good reliability which 
makes these devices a suitable candidate for heat energy conversion. 
Until now, thermoelectric, energy generation, and functional devices 
have been fabricated by using heavy metallic alloys of Pb and Te such 
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as PbTe and Bi2Te3 which have high conversion efficiency, but they are 
toxic in nature and create a huge threat to the environment as well as 
human health. Additionally, these alloys contain naturally rare 
elements; hence, their applications are limited to deep structural 
exploration systems. To overcome these challenges, it is imperative to 
explore alternative material systems with high energy efficiency. 
Currently, metal oxides are best suited for alternative thermoelectric 
materials and hence are the focus of this research effort [4].  
The lower the thermal conductivity, the higher the performance of the 
device. For high-temperature applications, metal oxides are considered 
interesting candidates due to their lack of toxicity, stability, and low 
cost. Besides, doping by suitable elements can be employed to improve 
the Seebeck coefficient, dielectric properties, high-temperature 
stability, and electrical conductivity of these oxides in comparison to 
traditional energy devices. However, strong bonding between anions 
and cations in oxides leads to higher thermal conductivity.  
Of all the oxides, SrTiO3 has been researched extensively due to its 
versatile properties and application such as an anode for fuel cells [5, 
6], in hydrolyzing water for photocatalysis [7, 8], as an oxygen sensor 
[9], as a substrate for the growth of YBCO superconductor [10], and in 
thermoelectric devices [11–14]. SrTiO3 is also used in super-lenses to 
reveal fine structural detail of materials [15] whereas SrTiO3 nanotubes 
have been implemented in orthopedic drug administration [16]. SrTiO3 
is also being used extensively in the microelectronic industry as a 
varistor [17], and capacitor [18, 19], and these components have been 
successfully implemented in computers as resistive random access 
memories (RRAMs) [20]. SrTiO3 has very useful electrical properties 
such as wide bandgap (eg ~3.22 eV) [21, 22] with n-type nature [23]. 
The electrical conductivity of SrTiO3 strongly depends on the number 
of oxygen vacancies with the oxygen amount in the environment and 
its partial pressure that can be converted into a p-type semiconductor 
[9, 24, 25]. In SrTiO3, Sr has an oxidation state of +2 [26], whereas Ti 
and O carry valence of +4 and -2 respectively.  
ZnO has been extensively used as a sintering aid to improve the 
microstructural characteristics of ceramics. Apart from densification, it 
also affects the dielectric properties and conductivity of metal oxides. 
However, in-depth electrical characterization of ZnO-doped SrTiO3 has 
rarely been done. Complex impedance spectroscopy (CIS) is a crucial 
technique to characterize the contribution of different microstructural 
characteristics such as grains, grains boundaries, and point defects to 
the dielectric properties and conductivity of polycrystalline ceramics. 
CIS was employed in this work to study the relaxation mechanisms and  

Table 1. Processing conditions and dielectric constant for SrTiO3. 

Processing 
Sintering 

temperature 
& time 

Dielectric 
constant  
(1 kHz) 

Ref. 

SrTiO3 by sol-gel combustion 
method 

1200 °C/4h 504 [27] 

SrTiO3 with titanyl acylate 
precursor (pure SrTiO3) 

1300 °C/4h 320–1062 [28] 

Nb2O5-doped SrTiO3 by 
alcohol dehydration process 

1450 °C/5h 8000 [29] 

SrTiO3-xZnO (0%, 5%, 7%, 
and 10%) (solid state route) 

1300 °C/4h 3800–7800 Current 
work 

conductivity behavior of ZnO-doped SrTiO3 ceramics at various 
frequencies and temperatures as given in Table 1. 
Hence this work aims to initiate a relationship to develop the 
microstructure and predict the electrical properties of SrTiO3 undoped 
as well as ZnO-doped SrTiO3 (ST-ZnO) polycrystalline ceramics. 
Using CIS, we obtained resistance, energy to activate charges, the time 
required to relax individual grain as well as the grains boundary and its 
relation with the structure of the ST-ZnO and employing diffraction 
(XRD) and microscopic techniques (SEM). We further characterized 
the relaxation mechanisms and underlying defects in the samples using 
high-temperature impedance analysis. The insight obtained in this work 
should help design the microstructure of SrTiO3 based on grain and 
grain boundary to optimize their electrical properties for various 
desired applications.  

 Experiments 2.

2.1. Materials 

High-purity chemicals SrCO3 (Riedel-deHaen 99.9%), TiO2 (UniChem 
99%), & ZnO (DUKSAN 99.9%) precursors in purity mentioned were 
used for the synthesis of variants of SrTiO3 –xZnO ceramics.  

2.2. Preparation rout  

Solid-state synthesis for mixed oxide was selected to produce SrTiO3-
xZnO (ST-xZnO) ceramics where (0 ≤x≤ 10 wt%). High-purity 
powders of starting precursors were weighed in stoichiometric amounts 
and mixed using a planetary ball mill with zirconia balls for 4 h in 
ethanol as solvent. The powders obtained from ball milling were dried 
at 120 °C. The powders were calcined at 1200 °C for 4 h in an inert 
atmosphere in a box furnace. ZnO was added to the calcined powders 
with stoichiometric ratios and was again milled for 5 h in a planetary 
ball mill with the same parameters. Uniaxial pressing was carried out to 
make pellets for characterization, by using a load of 62 MPa for 60 s 
over a die with 10 mm diameter. Sintering of pellets was then carried 
out at 1300 °C in the box furnace for 5 h. After sintering, the structure 
was verified by using an x-ray diffractometer (XRD) (Model: JEOL 
JDX-99C) with CuKα (λ=1.5405 Å) and 2θ within the limit of 20–80 ° 

at scanning angle of 0.02 ° per 3 s. Lattice parameters were obtained by 
using Jade 5.0 (Materials Data Inc.). Microstructural changes were 
observed using a scanning electron microscope (SEM) (Model: Nova 
Nano 450). Impedance spectroscopy was performed by applying silver 
paint at both faces after polishing and baking at elevated temperature to 
make a metal-insulator-metal configuration for capacitive and resistive 
measurements from 100 Hz–1 MHz frequency using a digital LCR 
meter (Model: LCR TH2829C).  

Table 2. Calculated lattice parameter & unit cell volume using Jade 
5.0. 

Composition Lattice parameter a 
(Å) 

Unit cell volume 
a3 (Å) 

SrTiO3 (ST) 3.884 58.596 

ST, 5.0 wt% ZnO 3.896 59.150 

ST, 7.0 wt% ZnO 3.898 59.264 

ST, 10.0 wt% ZnO 3.900 59.341 
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 Results and discussion 3.

3.1. XRD characterization of doped and undoped SrTiO3 

The X-ray interaction with SrTiO3-ZnO confirmed the existence of 
crystalline phases and clarified the addition of ZnO dopant on 
thecrystal structure of SrTiO3. Fig. 1a shows the diffraction pattern of 
ST-xZnO sintered at 1300 °C for 5 hours. All the main peaks were 
identified according to the powder diffraction for SrTiO3  (JCPDS No. 
73-0661) and the cubic crystal structure was confirmed with space 
group Pm3̅m (#221) in all the samples. No secondary phases and 
impurities were found. At the planes (110) diffraction peaks at 32.5 ° 
for different doping concentrations of ZnO have been compared in Fig. 
1b with a straight line drawn. Peak shift (shown by dotted line) towards 
lower angles, as the amount of ZnO, is increased in SrTiO3, shows the 
increase in lattice parameters of SrTiO3 which can be attributed to the 
B-site substitution by Zn as Zn+2 

 ions have a relatively bigger size 
(0.740 Å) as compared to Ti+4 (0.605Å) [30, 31]. A slight increase in 
the intensity of diffraction peaks can also be observed with the increase 
in ZnO, which suggests the improvement of crystallinity possibly due 
to more effective sintering. The volume of the unit cell and the lattice 
parameter “a” are presented in Table 2.  

3.2. Scanning electron microscopy 

The microstructure of sintered samples is observed in Fig. 2 when 
viewing under a scanning electron microscope (SEM). Fig. 2a 
represents the morphology of the un-doped SrTiO3 sample, while   
Figs. 2b-d represent SEM micrographs of 5%, 7%, and 10.0 wt% ZnO 
doped ST samples. The pellets were effectively sintered with dense 
microstructure and the coalescence of grains in doped SrTiO3 indicates 
the promotion of liquid phase sintering by the addition of ZnO. There 
was a slight growth in the grains by when the amount of ZnO was 
increased. The densification with the decreasing voids and pores was 
observed in higher concentrations of Zn present which is a fair 
agreement to those obtained in Co-doped SrTiO3 [32, 33].  
  

Fig. 2. SEM images showing a) ST-0% ZnO, b) ST-5% ZnO c) ST-7.0% ZnO, and d) 10.0% ZnO. 

Fig. 1. a) XRD pattern of SrTiO3-xZnO (x= 0.0, 5.0, 7.0 & 10 wt%) 
and b) peak shift towards lower values by the addition of ZnO and it 

is an indicator of the increased lattice parameter. 



4                   SYNTHESIS AND SINTERING 3 (2023) 1–13 M. Kashif et al. 

 

 
Table 3. Resistance values of ST-ZnO of grain interior and grain boundary at temperatures ranging between 300–500 °C. 

Temperature 
(°C) 

SrTiO3 (ST) 0.0 wt% ZnO ST- 5.0 wt% ZnO ST- 7.0 wt% ZnO ST- 10.0 wt% ZnO 

RB (Ω) RGB (Ω) RB (Ω) RGB (Ω) RB (Ω) RGB (Ω) RB (Ω) RGB (Ω) 

300 384.60 28367.00 85.14 7903.00 211.40 5501.00 533.60 11420.00 

320 373.90 25483.00 82.52 6020.00 198.80 4458.00 461.00 8187.00 

340 361.60 22725.00 79.73 4695.00 183.60 3511.00 387.50 5530.00 

360 347.40 19753.00 75.92 3415.00 165.50 2659.00 316.30 3638.00 

380 329.90 16082.00 71.45 2381.00 143.20 1792.00 263.10 2258.00 

400 308.30 11188.00 66.42 1607.00 122.50 1194.00 203.60 1383.00 

420 272.80 5494.00 60.60 1017.00 103.00 768.80 156.00 838.10 

440 242.40 3198.00 53.82 596.20 85.91 492.00 118.70 497.30 

460 218.40 2161.00 48.73 401.90 71.92 325.70 90.56 293.90 

480 196.90 1519.00 43.52 269.80 60.51 224.30 70.90 182.10 

500 176.00 1072.00 38.83 189.10 51.23 159.70 57.00 117.50 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Cole-Cole plot at 300–500 °C for a) ST-0.0 wt% ZnO, b) ST-5 wt% ZnO, c) ST-7.0 wt% ZnO, and d) 10.0 wt% ZnO. Fitting 
for 300 °C is shown in the inset. 
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3.3. Electrical characterization  

Impedance spectroscopy is used to determine the contribution of 
various components of the microstructure i.e., the grain interior, grain 
boundaries, etc. Fig. 3 presents the Cole-Cole plot for all the 
compositions measured at high temperatures i.e., from 300 to 500 °C 
starting from the 100 Hz to 1 MHz frequency range. The room 
temperature data of CIS up to 300 °C is not presented due to the highly 
insulative nature of samples at lower temperatures. As the temperature 
goes beyond 300 °C results in a decrease of curvature radius and the 
semi-circles were found to decrease in the real (Z´) axis in all given 
samples showing the decrease in resistance with an increase in 
temperature. Two semicircular arcs with different radii were obtained 
in all the samples which show the contribution from different 
microstructural regions. For better understanding, an enlarged view is 
presented as insets in Fig. 3. The first semicircle (at high frequency) 
with a smaller radius is the representation of bulk (grains) contribution 
whereas the second semicircle (at low frequency) with a larger radius is 
the representation of the grain boundaries contribution. This indicates 
the larger resistance of grain boundaries as compared to the grains 
which were consistent for all the doped compositions with increasing 
ZnO presented in Figs. 3b, c & d). Z-view software (V 3.0 Scribner 
Associates, Inc.) was used to calculate grain boundary resistance (RGB) 
and capacitance (CGB) & bulk (grain) resistance and capacitance (RG, 
CG). The two components connected in series representing grains and 
grain boundaries form an equivalent circuit in which each consisting of 
a resistor and a capacitor connected in parallel to each other as also 
shown in the insets in Fig. 3. Values of resistance and capacitance 
obtained after fitting are listed in Tables 3 and 4. Here RGB is the 
resistance of grain boundary, RG is the resistance grain interior offered, 
CGB is the capacitance of grain boundary and CG is grain interior 
capacitance.  In all cases, fitting was done to verify and explained the 
experimental value as can be seen in the insets [34, 35]. It can be seen 
in Table 3 that the resistance of grain boundaries is larger than bulk 
resistance at all temperatures for all compositions. Additionally, the 
substitution by Zn results in the decrease of bulk and boundary 
resistance (grain) of the samples up to 7 wt% which can be accredited 
for the enhancement in AC conductivity in the samples. However, the 
resistance increases slightly when the doping concentration similarly 
approaches 10 wt%, it is evident from Table 4 that the capacitance of 
grain boundaries is larger than that of bulk for all compositions, and the 
capacitance of samples increases with the addition of ZnO dopant.  
The modulus forms of impedance data are shown in Fig. 4 from 300–
500 °C. It can be seen from the graphs that the semicircular arcs of the 
complex modulus plots predict the behavior of increasing radii of 
semicircles as the frequency increases. The capacitance values by 
increasing the amount of ZnO in Strontium Titanate. The contribution 
of grain is lower than the grain boundaries. Table 4 shows the values of 
the capacitance of the grain and grain boundary [36].  
The center of semicircles in the Cole-Cole plots lies below the real (Z') 
axis indicating the non-Debye type relaxation mechanism. The 
relaxation of grain boundaries occurs at low frequency predicting that 
the time is greater for boundary than that of grain interior. The 
relaxation behavior can be calculated by using the relation τ = RC 
where τ, C and R are the relaxation time, capacitance and resistance, 
respectively. By using the values of capacitance and resistance from 
Tables 3 and 4, relaxation times are calculated and presented in      
Table 5. It is evident from Table 5 that the time of relaxation of both 

grain boundary and grain (bulk) interior decreases as temperature 
increases. Overall, the relaxation times for both grain interior and grain 
boundary decrease with the addition of ZnO specifically at high 
temperatures. Fig. 5 shows the Bode plots for real (Z') and imaginary 
(Z″) components of the impedance from 300–500 °C within the range 
starting from frequency 100 Hz–1 MHz. The increasing temperature 
increases the AC conductivity (σac) for all the compositions while the 
increasing frequency decreases the impedance with merging at the 
single point. This is mainly due to the defects in perovskites such as 
vacancies present due to oxygen which can move freely at higher 
temperatures contributing to the increased AC conductivity (σac). The 
dispersive nature of Z' at lower frequencies at all the temperatures 
which merge at higher frequencies indicates that the space charge 
polarization exists [37, 38]. As the temperatures increase, the frequency 
and temperature have no effect on the impedance. A similar trend was 
observed for all the compositions.  
Fig. 6 reveals the subordination of the imaginary part of impedance 
(Z'') on the frequency at the temperature range from 300–500 °C. The 
graphs show that the value of Z″ increases at higher frequencies and 
reaches a maximum i.e., relaxation peak Z"max at lower frequencies 
(between 100 Hz–1 kHz). The relaxation peak moves toward a region 
where the frequency is higher as the temperature is increased for all the 
samples as also reported earlier [39–42]. The impedance at a maximum 
value when reached decreases with an increase in temperature pointing 
to relaxation behavior. The maximum peak obtained was shifted 
towards the higher region of the frequency with the rise in temperature 
which is the clear agreement for faster relaxation [43, 44]. As predicted 
by the Maxwell Model, the dielectric behavior of material consists of 
many grains that are active and separated by boundaries that are highly 
resistive. The applied voltage changes at the grain boundaries 
producing space charge polarization by creating the poles [45]. 
Temperature-dependent peak shift at a specific frequency is related to 
the relaxation in the electrical process in the material which is related 
to a decrease in relaxation time (τ) [46]. Immobile species are present 
at lower temperatures and mobile defects are present at higher 
temperatures. This relaxation phenomenon might be caused by 
increased electrical conductivity due to the higher mobility of defects. 
Accumulation of space charges in the material causes the merging of 
values of Z"max at lower and higher temperatures [39, 41, 47]. Widening 
of the peak with the rise in temperature is a good agreement for the 
space charge polarization which is confirmed. [31]. At lower 
frequencies, dispersion in curves was observed at different 
temperatures but it vanished as the frequency increased which might be 
related to the fact that at higher frequencies (>100 kHz) space charge 
polarization is less possible [48]. Fig. 7 presents plots in Arrhenius 
formalism between comparing grain bulk and grain boundary 
relaxation time versus the reciprocal of temperature for un-doped ST, 
5.0 wt% ZnO doped ST, 7.0 wt% ZnO doped ST, and 10.0 wt% ZnO 
doped ST. A straight line is plotted with the fitting of points when 
1000/T plotted against τ indicating the presence of thermally activated 
processes.  
Arrhenius equation is used to calculate the activation energies of grain 
and grain boundary [49]. 

τ = τ0 exp(Ea/KBT)       (1) 

where KB is Boltzmann’s constant (8.6173×10-5 eV.K-1), Ea is 
activation energy & τo is the pre-exponential factor. Activation energies 
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Table 4. Capacitance values of ST-ZnO of grain interior and grain boundary at temperatures ranging between 300–500 °C. 

Temperature 
(°C) 

SrTiO3 (ST) 0.0 wt% ZnO ST- 5.0 wt% ZnO ST- 7.0 wt% ZnO ST- 10.0 wt% ZnO 

CB (nF) CGB (nF) CB (nF) CGB (nF) CB (nF) CGB (nF) CB (nF) CGB (nF) 

300 2.78 20.60 9.99 88.44 4.89 50.00 3.14 25.09 

320 2.76 20.66 9.95 89.07 4.90 51.34 3.11 26.21 

340 2.75 20.64 9.89 89.13 4.93 52.44 3.09 27.18 

360 2.75 20.54 9.86 88.88 5.05 53.28 3.11 27.88 

380 2.74 20.33 9.90 88.30 5.14 53.53 3.26 28.69 

400 2.75 19.90 9.99 87.28 5.28 53.13 3.41 29.31 

420 2.74 19.16 10.13 86.15 5.45 52.35 3.61 29.77 

440 2.72 18.71 10.29 85.40 5.62 51.54 3.82 30.33 

460 2.71 18.49 10.38 85.52 5.73 50.85 3.99 31.60 

480 2.70 18.38 10.40 86.22 5.78 50.40 4.10 33.48 

500 2.69 18.34 10.34 87.06 5.77 50.07 4.14 36.12 

 

Fig. 4. M′ vs. M′′ at 300–500 °C for a) ST-0.0 wt% ZnO, b) ST-5 wt% ZnO, c) ST-7.0 wt% ZnO, and d) 10.0 wt% ZnO. 
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Table 5. Relaxation behavior of ST-ZnO of grain interior and grain boundary ranging between 300–500 °C. 

Temperature (°C) 

SrTiO3 (ST) 0.0 wt% ZnO ST- 5.0 wt% ZnO ST- 7.0 wt% ZnO ST- 10.0 wt% ZnO 

τ × 10-5 (s) 

τB τGB τB τGB τB τGB τB τGB 

300 0.1067 58.4417 0.0851 69.8902 0.1033 27.5022 0.1674 28.6551 

320 0.1033 52.6351 0.0821 53.6201 0.0974 22.8874 0.1434 21.4573 

340 0.0996 46.9067 0.0788 41.8475 0.0906 18.4127 0.1197 15.0294 

360 0.0954 40.5707 0.0748 30.3532 0.0836 14.1661 0.0982 10.1427 

380 0.0905 32.6883 0.0708 21.0252 0.0736 9.5928 0.0858 6.4780 

400 0.0848 22.2686 0.0664 14.0253 0.0646 6.3440 0.0693 4.0534 

420 0.0747 10.5271 0.0614 8.7610 0.0562 4.0247 0.0563 2.4950 

440 0.0659 5.9825 0.0554 5.0913 0.0483 2.5359 0.0453 1.5083 

460 0.0591 3.9957 0.0506 3.4372 0.0412 1.6561 0.0362 0.9287 

480 0.0531 2.7916 0.0452 2.3262 0.0350 1.1306 0.0291 0.6096 

500 0.0473 1.9657 0.0402 1.6464 0.0295 0.7996 0.0236 0.4244 

Fig. 5. Bode plots for a) un-doped ST, b) 5.0 wt% ZnO doped ST, c) 7.0 wt% ZnO doped ST, and d) 10.0 wt% ZnO doped ST. 
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Table 6. The calculated values of activation energy for grain bulk and 

interior. 

Composition Activation energy 
for grain (eV) 

Activation energy for 
grain boundary (eV) 

ST-0.0% ZnO 0.07 0.30 

ST-5.0 wt% ZnO 0.08 0.53 

ST-7.0 wt% ZnO 0.15 0.48 

ST-10.0 wt% ZnO 0.29 0.65 

 
for both grain and grain boundary are presented in Table 6 ranging 
from 0.07 eV to 0.65 eV and the relaxation time is in the range of 10-5 s 
indicating the hopping conduction mechanism [36, 48, 50]. 
Fig. 8 shows the dielectric loss which is dependent on the temperature 
at various frequencies (100 Hz–1 MHz) for all the compositions. The 
loss factor is very important for a dielectric material because this factor 
represents a loss of energy in dielectrics and depends upon frequency 
and temperature. Either by increasing temperature or decreasing 
frequency, the dielectric loss increases for doped and undoped ST. 
Generally, the behavior of ionic solids is related to both space charge 
polarization and the conduction process which decreases with 

frequency [51, 52]. The loss factor has increased with the addition of 
ZnO which can be attributed to the increase in the conductivity of 
samples with the substitution by Zn.  
Fig. 9 shows frequency-dependent dielectric constant at different 
temperatures for un-doped ST, 5.0 wt% ZnO doped ST, 7.0 wt% ZnO 
doped ST, and 10.0 wt% ZnO doped ST for all the compositions. At 
higher frequencies, dipoles cannot follow the oscillating field resulting 
in incomplete polarization which explains that the dielectric of material 
has decreased with the increase in frequency. At low frequencies, 
dipoles can steadily reorient and be fully polarized causing an increase 
in the dielectric constant [53, 54]. The observed higher dielectric 
constant as the lower frequencies and higher temperatures for all the 
compositions can also be explained in terms of space charge 
polarization which almost vanishes at high frequencies while electronic 
and ionic polarization starts to dominate the overall behavior of the 
material [54]. Similarly, as the temperature is higher their conductivity 
increases significantly which can contribute to the increased spaced 
charge polarization effect due to enhanced ionic migration at low 
frequencies. It can also be observed that the dielectric constant of 
SrTiO3 increases significantly with the addition of Zn. This can be 
coordinated as a substitution of tetravalent B-site cation with a divalent 
ion resulting  in  the increase in defects  such  as  oxygen  vacancies for  

Fig. 6. Graphs of the imaginary part of impedance (Z'') versus frequency (100 Hz–1 MHz) for a) un-doped ST, b) 5.0 wt% ZnO doped ST, 
c) 7.0 wt% ZnO doped ST, and d) 10.0 wt% ZnO doped ST. 
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Table 7. Activation energy values calculated at constant frequencies 
(100 Hz, 1 kHz, and 10 kHz). 

Composition Activation energy (eV) 

100 Hz 1 kHz 10 kHz 

ST- 0.0 wt% ZnO 1.09 0.88 0.36 

ST- 5.0 wt% ZnO 0.93 0.77 0.35 

ST- 7.0 wt% ZnO 0.85 0.76 0.43 

ST- 10.0 wt% ZnO 0.98 0.93 0.65 

 
charge compensation. Hence the increase in dielectric constant with the 
increase in Zn could be due to the increased space charge polarization 
caused by the higher conductivity and electric polarization.  To further 
characterize the impact of ZnO addition on the conductivity of         
ST- xZnO, a high-temperature conductivity analysis was performed. 
Among Sr and Ca, Sr doped perovskite exhibits superior dielectric 
behavior for all the temperatures than Ca doped perovskite dialectic 
ceramics. SrTiO3  has a dielectric constant of about 300 [55] whereas  
CaTiO3 has only 160 [56]. The higher the interfacial polarization of the 
grain boundary, the higher will be the dielectric constant because of 
higher resistance & capacitance in comparison to bulk [57]. The 
dielectric property increases due to the addition of Sr ions present in 
the SrTiO3 with that of Ca. Space charge polarization enhances by the 
smaller charges. All these factors collectively contribute towards a 
higher dielectric constant in SrTiO3.  

Fig. 10 presents the variation of lnσac with the reciprocal of 
temperature (370–475 °C) for all the samples at 1 kHz. The 
figure clearly shows the increasing temperature with the 
conductivity increases. To fully establish the conduction 
mechanism, activation energies were calculated by using the 
Arrhenius equation [49]. Activation energies calculated for the 
samples are presented in Table 7. 
It is evident that at higher frequencies the activation energy 
decreases which is mainly due to the inability of charged defects 
to follow the periodic electric field as discussed earlier. The 
activation energy of a single ionized oxygen vacancy is usually 
in the range of 0.3–0.5 eV while it is double for doubly ionized 
oxygen vacancies i.e., 0.6–1.2 eV [58]. By considering the 
present scenario, the possible conduction mechanism for the 
given compositions might be the hope of doubly ionized oxygen 
vacancies. 
Fig. 11 presents frequency-dependent conductivity for all the 
prepared compositions within the temperature of 300–500 °C. 
The figure indicates the conductivity climbs exponentially with 
a linear increase in frequency for all the samples. The addition 
of ZnO further increases the conductivity of the samples which 
can be assigned to the increasing vacancies of oxygen 
concentration. It is evident from Table 7 that the activation 
energy of oxygen vacancies decreases with the increase in Zn 
content which is possibly an indication that the concentration of 
oxygen vacancies increases with an increasing amount of Zn.  

Fig. 7. Arrhenius fitting plots for AC conductivities (σac) at temperature 300–500 °C a) un-doped ST, b) 5.0 wt% ZnO doped ST, 
c) 7.0 wt% ZnO doped ST, and d) 10.0 wt% ZnO doped ST. 
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Fig. 8. Frequency dependent dielectric loss of a) un-doped ST, b) 5.0 wt% ZnO doped ST, c) 7.0 wt% ZnO doped ST, and d) 10.0 wt% ZnO doped ST. 

Fig. 9. Dielectric constant with increasing frequency 100 Hz-1 MHz for a) un-doped ST, b) 5.0 wt% ZnO doped ST, 
c) 7.0 wt% ZnO doped ST, and d) 10.0 wt% ZnO doped ST. 
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Fig. 10. Graphs representing variation of σac versus temperature for a) un-doped ST, b) 5.0 wt% ZnO doped ST, c) 7.0 wt% ZnO doped ST, and 
d) 10.0 wt% ZnO doped ST. 

Fig. 11. AC conductivity increases with the addition of Zn attributed by increasing oxygen vacancies with increasing frequency of 
a) un-doped ST, b) 5.0 wt% ZnO doped ST, c) 7.0 wt% ZnO doped ST, and d) 10.0 wt% ZnO doped ST. 
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4. Conclusions  
The grain and grain boundary contribution by adding ZnO in SrTiO3 

ceramics composites from (0 ≤x≤ 10 wt%) analyzed that have been 
developed via a mixed oxide solid-state reaction. XRD has confirmed 
the presence of a unique-phase cubic structure with a Pm3̅m space 
group without any sign of the second phase. Microstructural analysis 
done with SEM revealed a dense microstructure with ZnO doping. A 
detailed correlation of electrical properties with the microstructure has 
been established by using the CIS technique which revealed that the 
impedance of material has two major contributions i.e., grain bulk and 
grain boundary. Collectively, the resistance of both grain and grain 
boundary decreased with rising in temperature indicating higher 
conductivity at elevated temperatures resulting in a negative 
temperature coefficient of resistance (NTCR) behavior of the material 
(an essential requirement for sensors, actuators, and energy devices). 
The time for the relaxation behavior of both grain bulk and grain 
boundary has decreased when the temperature increases. This indicates 
the hopping conduction mechanisms. The dielectric constant of SrTiO3 
ceramics increased greatly with the addition of ZnO. Conduction in 
ZnO doped SrTiO3 ceramic was found to be chiefly caused by the 
hopping conduction of doubly ionized oxygen vacancies as indicated 
by activation energy values. It was also found that the addition of ZnO 
might cause an increase in the overall content of oxygen vacancies in 
the samples. The results obtained in this work will engineer the 
optimum microstructure of SrTiO3-based ceramics composites for 
improved functionality required for different applications.  
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