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ABSTRACT
In this paper, the performance parameters, capacitance and leakage
current of Al2O3, ZnO and MgO doped Ba0.7Sr0.3TiO3 ceramics based
metal-insulator-metal (MIM) capacitors are investigated. The specific
capacitance of intrinsic Ba0.7Sr0.3TiO3 ceramic based MIM capacitor
changes with frequency whereas Al2O3 doped Ba0.7Sr0.3TiO3 ceramics
based MIM capacitor exhibits almost frequency independent specific
capacitance. 2.0wt% ZnO doped Ba0.7Sr0.3TiO3 ceramics based MIM
capacitor exhibits highest specific capacitance. The doping of
Ba0.7Sr0.3TiO3 ceramics with ZnO is not sufficient for enhancing leak-
age current performance. On investigation, 4.0wt% MgO doped
Ba0.7Sr0.3TiO3 ceramics based MIM capacitor is found better for
energy storage application.
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1. Introduction

The key features of an energy storage device are specific capacitance and leakage cur-
rent. MIM capacitor is a better storage device as it possess 100% charge-discharge effi-
ciency since no chemical reactions are involved. High-k material such as BST is a good
candidate for insulator in Ba0.7Sr0.3TiO3 ceramic based MIM capacitors and found to
possess high specific capacitance and relatively high leakage current. Doping of
Ba0.7Sr0.3TiO3 ceramic with suitable insulator material is one of the effective solutions
for enhancing leakage current performance of Ba0.7Sr0.3TiO3 ceramic based MIM capaci-
tors, thereby making it suitable for energy storage application. The dopant ions can
replace ‘A’ or ‘B’ sites of ABO3 in (Ba0.7Sr0.3)(Ti)O3 structure depending on ionic radii
of dopants, keeping A:B ratio of one and the dielectric properties of ceramic capacitors
are much affected when acceptor ions replace ‘B’ sites [1].
When BST is doped with materials having low relative permittivity such as MnO,

MgO, Al2O3, Nb2O5 and La2O3, compositional inhomogeneities on a nano-scale results
in reducing overall relative permittivity. Liang et al. [2] observed an enhancement in
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relative permittivity when BST is doped with 0.1mol% Mn than intrinsic BST due to
low compositional inhomogeneities at low doping concentration. As doping concentra-
tion of MnO increases, relative permittivity starts to decrease which indicates that a vital
controlling factor of relative permittivity is compositional inhomogeneity.
One of the reasons for dielectric loss in BST ceramic is the jumping of electrons

from one Ti ion to another in ABO3 perovskite structure [3]. Being acceptor dopants,
Al3þ, Zn2þ and Mg2þ ions can occupy the B sites of Ti4þ ion. The appropriate concen-
trations of these dopant ions absorb the electron jumps between Ti ions and hence pre-
vent Ti4þ to Ti3þ reduction thereby reducing dielectric loss [4].
The dielectric properties of Ba0.7Sr0.3TiO3 ceramics when doped with Al2O3, ZnO and

MgO are investigated. The dopant solubility in BaSrTiO3 ceramics depends mainly on
its ionic radius [5]. The ionic radii of Ba2þ, Sr2þ and Ti4þ are 1.36A�, 1.16A�[1] and
0.68A�[6] respectively. The ionic radii of Al3þ, Zn2þ and Mg2þ ions are 0.675A�,
0.88A� and 0.86A� respectively [7] which are comparable to that of Ti4þ. This enhan-
ces the chances for Al3þ, Zn2þ and Mg2þ ions to replace Ti4þ ions in BST during the
process of doping.
The melting points of Al2O3, ZnO and MgO are 2072 �C, 1975 �C and 2852 �C which

are well below the sintering temperature of BST samples (1275 �C). The performance
parameters such as specific capacitance as well as leakage current of MIM capacitor
with Al2O3, ZnO and MgO doped Ba0.7Sr0.3TiO3 ceramics as insulator materials are
measured. The leakage current behavior is studied with x-ray powder diffraction pat-
terns as well.

2. Experimental Procedure

The Ba0.7Sr0.3TiO3 nanopowder was synthesized using barium carbonate (ACS reagent
grade, 99%, Spectrum), strontium carbonate (ACS reagent grade, 99%, Spectrum) and
titanium dioxide (ACS reagent grade, 98%, Spectrum) as precursors for barium, stron-
tium and titanium, respectively. The doping insulator materials are Al2O3 (ACS reagent
grade, Nice, 101.96 g mol�1), ZnO (ACS reagent grade, Merck, 81.37 g mol�1) and MgO
(ACS reagent grade, Nice, 40.30 g mol�1). The stoichiometric proportions of BaCO3 and
TiO2 nanopowders were grinded for 1 h. Similarly stoichiometric proportions of SrCO3

and TiO2 nanopowders were grinded for 1 h. Both mixtures were calcined for 4 h at
1100 �C. The melts thus obtained were grinded for 1 h to get BaTiO3 and SrTiO3 nano-
powders. Stoichiometric proportions of BaTiO3 and SrTiO3 nanopowders were grinded
for 1 h and then calcined for 4 h at 1100 �C to get Ba0.7Sr0.3TiO3 nanopowder. Figure 1
shows the procedure for synthesis of 10 g of Ba0.7Sr0.3TiO3.
The synthesized Ba0.7Sr0.3TiO3 sample was blended separately with 0.5, 1.0, 2.0, 4.0

and 8.0wt% Al2O3. Further, Ba0.7Sr0.3TiO3 sample was blended with 0.5, 1.0, 2.0, 4.0
and 8.0 wt% ZnO and then with 0.5, 1.0, 2.0, 4.0 and 8.0 wt% MgO. After 1 h of blend-
ing, all of these samples were calcined for 4 h at 1100 �C. The calcined samples were
grinded for 1 h in agate mortar. Thus obtained doped Ba0.7Sr0.3TiO3 samples were die-
pressed into pellets after mixing each sample with the binder (4 wt% aqueous PVA).
The pellets were then sintered for 2 h at 1275 �C according to sintering cycle shown in
Figure 2.
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The mass, diameter and thickness of Ba0.7Sr0.3TiO3 (intrinsic) and Al2O3/ZnO/MgO-
doped Ba0.7Sr0.3TiO3 pellets were measured and noted after polishing. Shimadzu
AUW220D UniBloc analytical balance was used to measure mass of each pellet. The
diameter and thickness of each pellet were measured several times at different positions
using Mitutoyo absolute digimatic vernier caliper and mean was taken for further
computations.
Further, Ag paste was painted over top and bottom surfaces of pellets to make MIM

capacitor. Copper wires at top and bottom electrodes were fixed for capacitor leads.
The capacitance of all these pellet MIM capacitors were measured at room temperature
using Hioki 3532-50 LCR Hi-Tester. The leakage currents were measured using I-V
meter and x-ray powder diffraction patterns were observed using Bruker D8 advance
equipment operating with Cu-Ka radiation (40 kV, 40mA) at step of 2h¼ 0.02�.

3. Results and Discussion

The performance evaluation of Al2O3/ZnO/MgO- doped Ba0.7Sr0.3TiO3 ceramics based
MIM capacitors is discussed in this section. The specific capacitance as well as leakage

Figure 1. Procedure for synthesis of Ba0.7Sr0.3TiO3.
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current density of Al2O3/ZnO/MgO-doped Ba0.7Sr0.3TiO3 ceramics based MIM capaci-
tors are evaluated and compared.

3.1. Specific Capacitance

Each green pellet undergoes different area shrinkage during sintering process in accord-
ance with its material contents. Hence specific capacitances are evaluated after fabricat-
ing MIM capacitors with these pellets. The specific capacitance of Al2O3/ZnO/MgO-
doped Ba0.7Sr0.3TiO3 ceramics based MIM capacitors are evaluated and compared with
intrinsic Ba0.7Sr0.3TiO3 ceramics based MIM capacitor.
The concentration of acceptor dopant ions have an effect on growth of crystallite size

[4]. There exists a threshold concentration for each dopant ion at which doped
Ba0.7Sr0.3TiO3 ceramics based MIM capacitor exhibit highest specific capacitance.
Figure 3 shows the specific capacitances of intrinsic and Al2O3 doped Ba0.7Sr0.3TiO3

ceramics based MIM capacitors. The specific capacitance of intrinsic Ba0.7Sr0.3TiO3 cer-
amic based MIM capacitor is high compared to Al2O3 doped Ba0.7Sr0.3TiO3 ceramics
based MIM capacitors owing to high relative permittivity of intrinsic Ba0.7Sr0.3TiO3 cer-
amics compared to that of Al2O3 doped Ba0.7Sr0.3TiO3 ceramics. At the same time spe-
cific capacitance of intrinsic Ba0.7Sr0.3TiO3 ceramic based MIM capacitor changes with
frequency and is not acceptable. 1.0 wt% Al2O3 doped Ba0.7Sr0.3TiO3 ceramics based
MIM capacitor shows higher specific capacitance than Al2O3 doped Ba0.7Sr0.3TiO3 cer-
amics based MIM capacitors with other doping concentrations of Al2O3 which is evi-
dent from Figure 3. 1.0 wt% Al2O3 doped Ba0.7Sr0.3TiO3 ceramics based MIM capacitor
exhibits almost frequency independent specific capacitance as well.
Figure 4 shows the specific capacitances of intrinsic and ZnO doped Ba0.7Sr0.3TiO3

ceramics based MIM capacitors. The specific capacitance of 2.0 wt% ZnO doped
Ba0.7Sr0.3TiO3 ceramics based MIM capacitor is higher than that of intrinsic
Ba0.7Sr0.3TiO3 ceramic based MIM capacitor and Ba0.7Sr0.3TiO3 ceramics based MIM

Figure 2. Sintering cycle.
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capacitors with other doping concentrations of ZnO. Also its specific capacitance is
almost stable with frequency.
Figure 5 shows the specific capacitances of intrinsic and MgO doped Ba0.7Sr0.3TiO3

ceramics based MIM capacitors. The specific capacitance of 4.0 wt% MgO doped
Ba0.7Sr0.3TiO3 ceramics based MIM capacitor is high compared to intrinsic
Ba0.7Sr0.3TiO3 ceramics based MIM capacitor and Ba0.7Sr0.3TiO3 ceramics based MIM
capacitors with other doping concentrations of MgO. Also its specific capacitance is
very much stable with frequency compared to intrinsic Ba0.7Sr0.3TiO3 ceramics based
MIM capacitor.
The stability of specific capacitance with frequency can be computed from the slope

of specific capacitance versus frequency curves and is given in Table 1. The specific cap-
acitance of 1.0wt% Al2O3 doped Ba0.7Sr0.3TiO3 ceramics based MIM capacitors is found
to be stable with frequency than 2.0 wt% ZnO and 4.0wt% MgO doped Ba0.7Sr0.3TiO3

ceramics based MIM capacitors.
Among the intrinsic and Al2O3/ZnO/MgO doped Ba0.7Sr0.3TiO3 ceramics based MIM

capacitors investigated in this section, 2.0 wt% ZnO doped Ba0.7Sr0.3TiO3 ceramics based
MIM capacitor exhibits highest specific capacitance of 3 nF g�1 as is evident from
Figures 3–5. The stability of specific capacitance with frequency is as good as Al2O3

doped Ba0.7Sr0.3TiO3 ceramics based MIM capacitors.

3.2. Leakage Current Density

The leakage current of intrinsic and Al2O3/ZnO/MgO-doped Ba0.7Sr0.3TiO3 ceramics
based MIM capacitors were measured at room temperature. The variation in leakage
current density with electric field is studied. Leakage current density versus electric field
of intrinsic and Al2O3-doped Ba0.7Sr0.3TiO3 ceramics based MIM capacitors is given in
Figure 6. The leakage current performance enhances as Ba0.7Sr0.3TiO3 ceramics is doped

Figure 3. Specific capacitances of intrinsic and Al2O3 doped Ba0.7Sr0.3TiO3 ceramics based
MIM capacitors.

198 P. S. SMITHA ET AL.



with Al2O3 which is evident from Figure 6. Also the leakage current density decreases
with Al2O3 doping concentration. This reduction in leakage current is expected as the
band gap of Al2O3 is about 8.7 eV which is much higher than that of BST
(about 3.9 eV).
Leakage current density versus electric field of intrinsic and ZnO-doped

Ba0.7Sr0.3TiO3 ceramics based MIM capacitors is given in Figure 7. When ZnO doping
concentration is up to 1.0 wt%, the leakage current is lower than intrinsic Ba0.7Sr0.3TiO3

ceramics based MIM capacitor. As the doping concentration increases, leakage current

Figure 4. Specific capacitances of intrinsic and ZnO doped Ba0.7Sr0.3TiO3 ceramics based
MIM capacitors.

Figure 5. Specific capacitances of intrinsic and MgO doped Ba0.7Sr0.3TiO3 ceramics based
MIM capacitors.
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Table 1. Computation of variation in specific capacitance with frequency from Figures 3–5.
Variation in

Specific capacitance Specific capacitance Specific capacitance

Doping material at 1 kHz (nF) at 1MHz (nF) with frequency
(nF decade–1)

1.0 wt% Al2O3 0.944567267 0.904198049 –0.01346
2.0 wt% ZnO 3.053922239 2.997857696 –0.01869
4.0 wt% MgO 1.937650994 1.870005575 –0.02255

Figure 6. Leakage current density versus electric field of intrinsic and Al2O3-doped Ba0.7Sr0.3TiO3 cer-
amics based MIM capacitors measured at RT.

Figure 7. Leakage current density versus electric field of intrinsic and ZnO-doped Ba0.7Sr0.3TiO3 ceram-
ics capacitors measured at RT.

200 P. S. SMITHA ET AL.



Figure 8. Leakage current density versus electric field of intrinsic and MgO-doped Ba0.7Sr0.3TiO3 cer-
amics capacitors measured at RT.

Figure 9. X-ray powder diffraction pattern of intrinsic and Al2O3 doped Ba0.7Sr0.3TiO3 ceramics
nanopowders.
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performance deteriorates. This increase in leakage current is expected as the band gap
of ZnO is about 3.4 eV which is slightly lower than that of BST.
Leakage current density versus electric field of intrinsic and MgO-doped

Ba0.7Sr0.3TiO3 ceramics based MIM capacitors is given in Figure 8. The leakage current
performance enhances as Ba0.7Sr0.3TiO3 ceramics is doped with MgO which is evident
from Figure 8. Also the leakage current density decreases with MgO doping concentra-
tion. This reduction in leakage current is expected as the band gap of MgO is about
5.9 eV which is higher than that of BST.
When the leakage current performance of intrinsic and Al2O3/ZnO/MgO-doped

Ba0.7Sr0.3TiO3 ceramics based MIM capacitors for doping concentrations of 0.5 wt%,
1.0wt%, 2.0 wt%, 4.0 wt% and 8.0 wt% are compared, the leakage current density of
8.0wt% Al2O3-doped Ba0.7Sr0.3TiO3 ceramics based MIM capacitor is found to be very
low which is 3.32� 10�13 A cm�2 at 5 V cm�1 (corresponding to 1.0V bias). Doping of
Ba0.7Sr0.3TiO3 ceramics with MgO is also good for reducing leakage current and the
leakage current density of 8.0 wt% MgO-doped Ba0.7Sr0.3TiO3 ceramics based MIM cap-
acitor is 4.12� 10�12A cm�2. Further, doping of Ba0.7Sr0.3TiO3 ceramics with ZnO is
not sufficient for enhancing leakage current in Ba0.7Sr0.3TiO3 ceramics based MIM
capacitors. On considering specific capacitance and leakage current density of 1.0 wt%
Al2O3, 2.0 wt% ZnO and 4.0 wt% MgO doped Ba0.7Sr0.3TiO3 ceramics based MIM

Figure 10. X-ray powder diffraction pattern of intrinsic and ZnO doped Ba0.7Sr0.3TiO3 ceramics
nanopowders.
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capacitors proposed in this work are compared, 4.0 wt% MgO doped Ba0.7Sr0.3TiO3 cer-
amics based MIM capacitor is found better for energy storage application.
The leakage current behavior of intrinsic and Al2O3/ZnO/MgO-doped Ba0.7Sr0.3TiO3

ceramics based MIM capacitors are also studied with x-ray powder diffraction pattern
which is discussed in section 3.3.

3.3. X-Ray Powder Diffraction

The behavior of leakage current performance of intrinsic and Al2O3/ZnO/MgO doped
Ba0.7Sr0.3TiO3 ceramics were studied using x-ray powder diffraction patterns.
XRD patterns of intrinsic and Al2O3 doped Ba0.7Sr0.3TiO3 ceramics nanopowders are

shown in Figure 9. The characteristics peaks at diffraction angles 2h¼ 22�, 32�, 40�,
46.5�, 52�, 58�and 68�which correspond to BST(100), BST(110), BST(111), BST(200),
BST(210), BST(211) and BST(220) respectively [8]. It is also evident from Figure 9 that
the prepared samples do not possess any diffraction peaks from doping material
(Al2O3) phases. This shows that the BST perovskite structure is not altered with Al2O3

doping and Al3þ ions have entered BST unit cell [4]. As Al2O3 doping concentration
increases the intensities of diffraction peaks as well as its sharpness increases. This indi-
cates that Ba0.7Sr0.3TiO3 nanopowder sample attained better crystallinity when Al2O3

Figure 11. X-ray powder diffraction pattern of intrinsic and ZnO doped Ba0.7Sr0.3TiO3 ceramics nano-
powders for 2h from 33�to 37�.
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doping concentration increases, which justifies the lowering of leakage current
(Figure 6).
X-ray powder diffraction patterns of intrinsic and ZnO doped Ba0.7Sr0.3TiO3 ceramics

nanopowders are shown in Figure 10. In addition to the characteristics peaks of BST,
characteristics peaks of ZnO nanopowder at 34�and 36�corresponds to ZnO(002) and
ZnO(101) were also observed.
It is evident from Figure 10 that the ZnO doped Ba0.7Sr0.3TiO3 samples possess char-

acteristics diffraction peaks from ZnO phases from 2.0wt% doping concentration. X-ray
powder diffraction patterns of intrinsic and ZnO doped Ba0.7Sr0.3TiO3 ceramics nano-
powders for diffraction angle, 2h from 33�to 37�are shown in Figure 11. These ZnO
characteristics peaks are due to ZnO precipitation as ZnO doping concentration
increases. And hence as ZnO doping concentration increases from 2.0wt%, the leakage
current density becomes higher than intrinsic Ba0.7Sr0.3TiO3 sample which is seen in
Figure 7.
X-ray powder diffraction patterns of intrinsic and MgO doped Ba0.7Sr0.3TiO3 ceramics

nanopowders are shown in Figure 12. In addition to the characteristics peaks of BST, charac-
teristics peaks of MgO nanopowder at 43�and 63�corresponds to MgO(200) and MgO(220)
were also observed for 8.0wt% MgO doped Ba0.7Sr0.3TiO3 ceramics nanopowders.

Figure 12. X-ray powder diffraction pattern of intrinsic and MgO doped Ba0.7Sr0.3TiO3 ceramics
nanopowders.
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X-ray powder diffraction patterns of intrinsic and MgO doped Ba0.7Sr0.3TiO3 ceram-
ics nanopowders for diffraction angle, 2h from 42�to 44�and 62�to 64�are shown in
Figure 13. The characteristics peaks of MgO are observed in MgO doped Ba0.7Sr0.3TiO3

ceramics nanopowders due to MgO precipitation when doping concentration increased
to 8.0 wt%. As MgO doping concentration increases the intensities of diffraction peaks
of dominant orientations of BST as well as its sharpness increases. This indicates that
Ba0.7Sr0.3TiO3 nanopowder sample attained better crystallinity when MgO doping con-
centration increases, which justifies the lowering of leakage current (Figure 8).

3.4. Performance Comparison

The performance comparison is done with research works in which perovskite insulator
materials are doped with metal-oxide dopant materials. In most of the previous research
works relative permittivity is given rather than specific capacitance. Hence the performance
parameters such as relative permittivity and leakage current density of proposed 4.0wt%
MgO doped Ba0.7Sr0.3TiO3 ceramics based MIM capacitor are compared with related
research works and are given in Table 2. The ceramics synthesis methods, insulator materi-
als, dopant materials and its doping concentrations are also given in Table 2.

Figure 13. X-ray powder diffraction pattern of intrinsic and MgO doped Ba0.7Sr0.3TiO3 ceramics nano-
powders for 2h from 42�to 44�and 62�to 64�.
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Wu et al. [9] achieved a marginal enhancement in relative permittivity compared to
the proposed works, but the leakage current performance is not given. Better relative
permittivity is obtained for 2.0 wt% ZnO doped Ba0.7Sr0.3TiO3 ceramics based MIM cap-
acitor compared to the rest of the research works.
In most of the research works, the leakage current density is not provided. Ham et al.

[12] achieved a leakage current density better than 1.0 wt% Al2O3 and 2.0 wt% ZnO
doped Ba0.7Sr0.3TiO3 ceramics based MIM capacitors. But the relative permittivity as
well as leakage current density obtained for 4.0wt% MgO doped Ba0.7Sr0.3TiO3 ceramics
based MIM capacitor are better than that achieved in [12].

4 Conclusion

The Ba0.7Sr0.3TiO3 ceramic samples were synthesized using conventional solid-state
reaction technique and were doped with 0.5, 1.0, 2.0, 4.0 and 8.0 wt% Al2O3, MgO and
ZnO. The performance parameters such as specific capacitance and leakage current
density of Al2O3, ZnO and MgO doped Ba0.7Sr0.3TiO3 ceramics based MIM capacitors
were investigated. The leakage current behavior of all of these capacitors were also
studied with x-ray powder diffraction patterns.
It was observed that the specific capacitance of intrinsic Ba0.7Sr0.3TiO3 ceramic based

MIM capacitor changes with frequency. Almost frequency independent specific capaci-
tance was achieved with Al2O3 doped Ba0.7Sr0.3TiO3 ceramics based MIM capacitor.
Even though 2.0 wt% ZnO doped Ba0.7Sr0.3TiO3 ceramics based MIM capacitor exhibits

Table 2. Comparison of performance parameters of proposed capacitor with related research works.
Leakage

Synthesis Insulator Dopant Doping Relative current
Reference method Material Material Concentration Permittivity density

(A cm�2)

Wu et al. (2000) [9] Solid state Ba0:6 Sr0:4 TiO3 Al2O3 1wt% 3200 Not given
reaction

Liang et al. (2003) [4] Solid state Ba0:6 Sr0:4 TiO3 Al2O3 0.8 wt% 2500 Not given
reaction

Hu et al. (2005) [10] Solid state Ba0:5 Sr0:5 TiO3 MgO 20wt% 450 Not given
reaction

Dong et al. (2009) [11] Conventional Ba0.3Sr0.7TiO3 ZnO 1.6wt% 610 Not given
ceramic fabrication

Ham et al. (2011) [12] Conventional Ba0:5 Sr0:5 TiO3 LiCO3 1wt% 1441 1.53� 10�10

sintering at 606 V cm�1

Chou et al. (2012) [13] Mixed oxide Na0:5 Bi0:5 TiO3 ZnO 0.5wt% 216 Not given

Laishram et al. (2016) [14] Conventional Ba0.7Sr0.3TiO3 MgO 10mol% 2037 Not given
ceramic processing

Lu et al. (2017) [15] Solid state reaction 0.8BaTiO3- Nb2O5 0.5 wt% 1580 Not given
0.2 Bi(Zn1=2 Ti1=2)O3

Hossain et al. (2018) [16] Solid oxide BaTiO3 NiO 0.5 wt% 1050 Not given

Panigrahi et al. (2019) [17] Mixed oxide BiFeO3- Ga2 O3 1.4mol% 500 Not given
reaction BaTiO3

Xu et al. (2020) [18] Solid state 0.09AgNbO3- MnO2 0.2 wt% 600 Not given
reaction 0.01 Bi0:5 Na0:5 TiO3

Proposed Solid state Ba0.7Sr0.3TiO3 MgO 4.0wt% 2035 3.32� 10�11

work reaction at 5 V cm�1
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highest specific capacitance, doping of Ba0.7Sr0.3TiO3 ceramics with ZnO was not suffi-
cient for enhancing leakage current in Ba0.7Sr0.3TiO3 ceramics based MIM capacitors.
4.0wt% MgO doped Ba0.7Sr0.3TiO3 ceramics based MIM capacitor is found better for
energy storage application on investigating specific capacitance and leakage current
simultaneously.
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