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The defect mechanisms that underpin the high energy density dielectric 0.8BaTiO3–0.2Bi(Zn1/2Ti1/2) O3

were investigated. Characterization of the nominally stoichiometric composition revealed the

presence of a Ti3þ-related defect center, which is correlated with lower resistivities and an

electrically heterogeneous microstructure. In compositions with 2 mol. % Ba-deficiency, a barium

vacancy-oxygen vacancy pair ðVBa � VOÞ, acted as an electron-trapping site. This defect was

responsible for a significant change in the transport behavior with a high resistivity and an

electrically homogeneous microstructure. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4752452]

For the development of high energy storage density

capacitors, a linear dielectric that possesses a high permittiv-

ity, high resistivity, and high dielectric breakdown strength

is desirable. For emerging applications, such as advanced

electric drive technologies, these materials must withstand

extreme conditions such as a high electric field and high tem-

peratures. High permittivity capacitor materials are generally

derived from perovskite structures, for example, barium tita-

nate (BaTiO3) ceramics. The dielectric properties of BaTiO3

can be manipulated through doping or through the formation

of solid solutions with other perovskite compounds.1–9

Although the dielectric characteristics have continually been

improved, the deterioration of the permittivity or resistivity

limits their usage under extreme conditions.

Solid solutions between Bi-perovskites and compounds

such as BaTiO3 and PbTiO3 have resulted in unique proper-

ties, including high Curie temperatures for high temperature

piezoelectric materials such as PbTiO3–Bi(Zn1/2Ti1/2)O3,10

high energy density capacitors for energy storage in

BaTiO3–Bi(Zn1/2Ti1/2)O3
11 and BaTiO3–BiScO3,12 and tem-

perature stable dielectrics for high temperature capacitors in

BaTiO3–Bi(Zn1/2Ti1/2)O3–BiScO3.13 This material has also

been shown to be highly promising in multilayer embodiments

for high temperature applications.14 To achieve high energy

densities and high insulation resistance at high temperatures,

the defect equilibrium plays a crucial role in controlling the

resistivity. Previous studies on BaTiO3–Bi(Zn1/2Ti1/2)O3

ceramics showed a dramatic improvement of the insulation

resistance, especially at >200 �C, upon introduction of

2 mol. % Ba vacancies into the (Ba0.8Bi0.2)(Zn0.1Ti0.9)O3

solid solution.15 However, the mechanisms that underpin the

high insulation resistance behavior in the Ba-deficient com-

position (Ba0.78�0.02Bi0.2)(Zn0.1Ti0.9)O2.98 ceramics are not

fully understood.16

In this study, we demonstrate that the presence of a bar-

ium vacancy-oxygen vacancy pair in a barium titanate-based

dielectric is an effective mechanism to improve the insula-

tion resistance of dielectrics. The identification of specific

defect species using an electron paramagnetic resonance

(EPR) technique will be discussed. The presence of these

defects, which resulted in the perturbation of the electronic

structure of the material, could be also observed in the opti-

cal absorption spectra. Additionally, it will be shown that

changes in the dominant defect species resulted in dramati-

cally different conduction mechanisms in these materials.

Polycrystalline BaTiO3–Bi(Zn1/2Ti1/2)O3 ceramics were

prepared by a solid-state reaction technique, as described in

more detail elsewhere.16 In this technique, metal oxides and

carbonates were calcined at 950 �C for 4 h and sintered at

1180 �C for 4 h in air. The stoichiometric composition,

(Ba0.8Bi0.2)(Zn0.1Ti0.9)O3, and a 2 mol. % Ba-deficient com-

position, specifically (Ba0.78�0.02Bi0.2)(Zn0.1Ti0.9)O2.98,

were batched and investigated in this study. A single perov-

skite phase of both compositions was observed by x-ray dif-

fraction (D8 Discover, Bruker-AXS Inc., Madison, WI)

with a Cu Ka source in a standard Bragg-Brentano geometry.

The stoichiometric composition exhibited a grain size of

8.2 6 0.6 lm while a smaller grain size of 1.4 6 0.04 lm

was observed for the 2 mol. % Ba-deficient composition. Ce-

ramic samples were ground into a fine powder and an EPR

spectrometer (Bruker EleXsys E-500-A equipped with ER

049SX SuperX microwave bridge) was used to detect para-

magnetic centers. The EPR data were obtained at 9.38 GHz

(X-band) at low temperature (77 K) using a cryostat module

(Oxford Instruments). In addition, optimized spectra were

obtained by operating the spectrometer at 100 kHz modula-

tion frequency, 3 G modulation amplitude, and 2.165 (20

dB) microwave power. The diffuse reflectance spectroscopic

measurements were conducted at room temperature on the sin-

tered and ground pellets over the range of 200–1100 nm using

an Ocean Optics HR4000 UV-Vis spectrometer (Ocean Optics,

Dunedin, FL) with a balanced deuterium/tungsten halogen

source. Diffuse reflectance data were analyzed by fitting the

data according to the Kubelka-Munk equation17 and, subse-

quently, Tauc equation,18 which reveals absorption characteris-

tics near the band edge. For electrical measurements, silver

electrodes were applied on the parallel surfaces of disk shaped

samples. The resistivity of the material was characterized via
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impedance spectroscopy over the frequency range 10�1 to

106 Hz. The impedance measurements were conducted over

the temperature range 623–863 K after the sample was equili-

brated for an hour at the measurement temperature by using a

Solartron SI1260A impedance/gain-phase analyzer equipped

with a Solartron 1296A dielectric interface (Solartron Analyti-

cal, Farnborough, UK). The impedance measurements are

described in more detail in Ref. 16.

The main focus of this work is to understand the interre-

lationship(s) among non-stoichiometry, defect equilibria,

and transport properties in perovskite solid solutions based

on BaTiO3–Bi(Zn1/2Ti1/2)O3. The EPR technique has been

used to investigate defect species in perovskite materials

through the detection of paramagnetic center. A number of

defect species have been previously identified by EPR in

BaTiO3, as listed in Table I.

In this study, the X-band EPR spectra showed a signifi-

cant difference between the stoichiometric composition

(S) and the Ba-deficient composition (�2Ba), as shown in

Fig. 1. A weak singlet signal at g ¼ 4.234 was observed in

both the S and �2Ba samples that is likely due to Co2þ

ions24 which exist as known impurities in the starting materi-

als. For the S sample, two signals were observed, one at

g¼ 2.0067 6 0.0002 and another at g¼ 1.9599 6 0.0005.

However, in the �2Ba sample only the signal at g ¼ 2.0061

6 0.0001 was observed. Furthermore, the magnitude of the

signal at g¼ 2.0061 observed in the �2Ba sample was sig-

nificantly stronger than that for the S sample (g¼ 2.0067).

The amplitude of the EPR signal for the S sample was

enhanced (�10) in Fig. 1 for clarification purposes. The line

widths obtained from the singlet signal at g¼ 2.0061 and

g¼ 1.9599 were 4.3 G and 7.1 G, respectively.

For the stoichiometric (S) composition, the paramag-

netic center at g ¼ 1.9599 clearly originated from the pres-

ence of Ti3þ-related defect centers.27,28 These defect states

are commonly observed in BaTiO3 processed under reducing

conditions. For the paramagnetic centers at g ¼ 2.0067 and

2.0061 observed in the S and �2Ba samples, respectively, it

most likely originated from the defect associate ðV00Ba � V•
OÞ
0

as proposed by Jida and Miki.23 This paramagnetic active

defect is characterized by an electron trapped inside a barium

vacancy-oxygen vacancy pair ðV00Ba � V••
OÞ. The signal at g

¼ 2.0061-2.0067 observed in this study was not exactly the

same as the signal observed at g ¼ 2.005 in Ref. 23. How-

ever, there are some important differences between the com-

positions in our study and those in Jida’s work. Jida’s work

identified the defect associate ðV00Ba � V•
OÞ
0

in Nb-doped

BaTiO3, whereas the composition in this study was pseudo-

cubic and included 20% Bi on the A-site and 10% Zn on the

B-site. It is unlikely that the signal at g ¼ 2.0061-2.0067 ori-

ginated from Mn2þ or Fe3þ where the g-value is expected to

be closer to g � 2.00.24,26 Due to the hyperfine splitting of

the nuclear spin in Mn2þ (I¼ 5/2),24,26 six sharp peaks would

be expected instead of one sharp signal. This behavior was

not observed in the data in this study. In addition, Fe3þ,

which is often found as an impurity in titanate perovskites,

could also induce a signal near g � 2.00.26 However, the

same precursor reagents were used for both the stoichiometric

and non-stoichiometric compositions in this study, and if the

signal at g ¼ 2.0061-2.0067 originated from the Fe3þ there

should be no difference in the observed signal intensity for

TABLE I. Paramagnetic centers in pure and doped BaTiO3 and related

materials with their g-factors as observed using EPR spectroscopy.

Paramagnetic center g-factor Temperature (K) Reference

Ti3þ � VO 1.963 300 K 19

1.920–1.937 10–80 K 20

Ti3þ 1.906 20 K 21

1.900 77 K 22

VBa � V•
O 2.005 77 K 22 and 23

V0Ba 1.997 300 K 19

Co2þ 4.341 17 K 24

Fe3þ 2.00 298 K 26

Fe3þ � V••
O

3.955 20 K 25

Mn2þ 2.0024 300 K 19

2.000 <202 K 23

Cr3þ 1.971-1.974 290 K 21

1.970 77 K 22

1.975 <202 K 23

FIG. 1. X-band (9.38 GHz) electron par-

amagnetic resonance spectra of S and

�2Ba BT-BZT ceramics measured at

77 K.
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both compositions. Therefore, the data strongly suggest that

the signal at g ¼ 2.0061–2.0067 should be assigned to the

defect associate ðV00Ba � V•
OÞ
0
rather than Mn2þ or Fe3þ.

Optical absorption of the stoichiometric (S) and the 2

mol. % Ba-deficient (�2Ba) compositions is shown in Figure

2. The optical band gap estimated by extrapolation to where

the absorption is zero is shown in the inset of Figure 2(a).

The (indirect) optical band gaps of the S and �2Ba samples

were 3.16 and 3.17 eV, respectively. These values are com-

parable to that of BaTiO3 and SrTiO3 (3.2 eV),29 and their

solid solutions with, e.g., CaTiO3, BaZrO3, and CaZrO3.30,31

Band-to-band transitions in titanate perovskite are mainly

dominated by transitions from O 2p states (top of valence

band) to Ti 3d states (bottom of conduction band), which can

be seen in a number of first principle calculations.32,33 In this

study, the perovskite solid solutions are composed of 80%

BaTiO3 and 20% Bi(Zn1/2Ti1/2)O3, which means 10% of the

B-sub-lattice includes Zn ion substitutions for Ti and 20% of

the A sub-lattice includes Bi ion substitutions for Ba. A per-

turbation of the electron wave functions of Ti 3d states is

thus expected to occur in the system. One important feature

was observed in the absorption spectrum near the band edge.

This feature in the photon energy range of 2.5–3.2 eV

(Urbach region) was much more prominent in the stoichio-

metric sample as compared to the Ba-deficient sample (Fig.

2(a)). It was proposed by Sumi and Toyozawa34 that the

Urbach edge originates from exciton-phonon interactions.

Another model for the Urbach edge proposed by Cody

et al.35 states that it originates from thermal and structural

disorder. A number of studies on different materials, includ-

ing BaTiO3, have shown that the Urbach edge originates

from thermal and structural disorder.30,34–38 A study by

Scharfschwerdt et al.20 showed that the ðTi0Ti � V••
OÞ type

defect centers in BaTiO3 become populated after illumina-

tion with photon energies greater than 2.5 eV. The observed

absorption at a photon energy >2.5 eV in the stoichiometric

sample in this study could be attributed to the presence of

ðTi0Ti � V••
OÞ defect centers, as observed in EPR spectra. A

lack of ðTi0Ti � V••
OÞ defect centers in the Ba-deficient compo-

sition led to the reduced absorption near the band edge, as

seen in Fig. 2(a). Furthermore, the optical spectra showed a

similar observation of reduced absorption in the Urbach edge

region in the 2 mol. % Ba-deficient composition of the ter-

nary BaTiO3-Bi(Zn1/2Ti1/2)O3-BiScO3 system, as shown in

Fig. 2(b). Based on these findings, a similar mechanism is

expected in this ternary system.

The conductivity of the S and �2Ba (80BT-20BZT)

samples was measured at high temperatures (623–863 K)

using impedance spectroscopy. This characterization tech-

nique was used to measure the electrical properties of the

polycrystalline microstructure and to determine whether

homogeneous or heterogeneous electrical characteristics

existed. In other words, the electrical heterogeneity originat-

ing from individual bulk, grain boundary, and electrode con-

tributions could be isolated by this technique. The dispersion

of the imaginary impedance (Z00) and imaginary modulus

(M00) at selected temperatures (653, 753, and 863 K) is

shown in Fig. 3. In the stoichiometric composition, multiple

relaxation peaks could be observed at all measurement tem-

peratures, as seen from the Z00 data, which indicates an elec-

trically heterogeneous microstructure. In contrast, in the

�2Ba sample, a single relaxation peak was observed over all

measure temperatures, which indicates an electrically homo-

geneous microstructure.

The conductivity of the stoichiometric composition (S),

which exhibited an electrically heterogeneous microstruc-

ture, could be attributed to bulk and grain boundary elements

with activation energies of 1.17 and 1.43 eV, respectively,

as shown in Fig. 4. The conductivity of the 2 mol. %

Ba-deficient composition (�2Ba), in contrast, which exhib-

ited an electrically homogeneous microstructure, could be

attributed mainly to the bulk with the activation energy of

1.61 eV. Additionally, the �2Ba sample was characterized

by a significantly lower conductivity compared to that of the

FIG. 2. Tauc plot showing optical absorp-

tion near band edge for (a) 80BT-20BZT

and (b) 50BT-25BZT-25BS ceramics.

FIG. 3. Frequency dependence of imaginary impedance (Z00) and imaginary

modulus (M00) of (a) the stoichiometric and (b) the 2 mol. % Ba-deficient

compositions measured at 653, 753, and 863 K.
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S sample. For example, at 653 K, the conductivity of the

�2Ba sample was 1.0� 10�9 S/cm compared to 7.9� 10�7

S/cm for the S sample.

For the stoichiometric composition, the activation

energy of 1.17 eV could be related to the presence of oxygen

vacancy defect species in the bulk, via;9,39–41

Ox
O ! V••

O þ 2e0 þ 1

2
O2ðgÞ: (1)

The oxygen loss during firing at high temperatures generates

free electrons in the system, which could be trapped at Ti

sites leading to the reduction of Ti4þ, via;

Ti4þ þ e0 ! Ti3þ: (2)

This could be an explanation of the signal related to the Ti3þ-

related defect centers observed in the EPR data. It could also

lead to the observation of relatively high conductivities in the

S sample compared to that of the �2Ba sample. It should be

noted that the conduction from small-polaron hopping process

was considered and found not to be consistent with our data.

The origin of the higher activation energy of 1.43 eV in the

grain boundary component might be attributed to a conduc-

tion mechanism that requires higher energies than that of oxy-

gen vacancies, which could include an ionic conduction

mechanism. Barium vacancies are known to exist in semicon-

ducting BaTiO3 specifically in the vicinity of grain boundaries

due to re-oxidation processes.42,43 Recall that the impedance

data for the S sample clearly indicated an electrically hetero-

geneous microstructure, and therefore the observed weak EPR

signal related to barium vacancies could come from the grain

boundary region in a core-shell microstructure. This is con-

sistent with the finding that the amplitude of the EPR signal

from the Ti3þ-related defect center was comparatively larger

than that of the barium vacancy defect.

The conductivity of the non-stoichiometric (�2Ba) sam-

ple exhibited an electrically homogeneous microstructure,

which was dominated only by the bulk component with a

significantly lower conductivity than that of the S sample.

Given the known temperature dependence of the conductiv-

ity of a semiconductor ðr ¼ nqlÞ:

ni ¼ ðconstantÞT3=2expð�Eg=2kBTÞ: (3)

The value for Eg was obtained from fitting the conductivity

data. A large activation energy of 1.61 eV was measured

which indicates a band gap (Eg) of approximately 3.2 eV.

This value is very close to the band gap measured by the

prior optical technique (3.17 eV).

Density functional theory (DFT) calculations of the

defect energies in paraelectric BaTiO3, which appears to be

closely relevant to the materials in this study, showed that

stable ðV00Ba � V••
OÞ defect states lie close to the band edge.44

This might support the observation of large activation ener-

gies in non-stoichiometric compositions due to the lack of in-

termediate states inside the band gap. Thus, high resistivities

could be achieved in the Ba-deficient composition.

In conclusion, we demonstrated that the nature and type

of defect species in 0.8BaTiO3–0.2Bi(Zn1/2Ti1/2)O3 solid

solutions result in dramatically different electronic proper-

ties. Defects related to Ti3þ centers, observed in the stoichio-

metric composition, appear to be derived from the reduction

of Ti4þ by trapped electrons that originate from oxygen loss

at high temperatures. This results in an electrically heteroge-

neous structure, which leads to relatively high conductivity

at elevated temperatures. The presence of defect associate

ðV00Ba � V••
OÞ in the 2 mol. % Ba-deficient composition, which

acts as an effective electron-trapping site, resulted in an elec-

trically homogeneous structure with an increase in resistiv-

ity, especially at high temperature. This finding about the

role of the defect associate ðV00Ba � V••
OÞ in BaTiO3-based

compounds will provide insights on the development of high

energy density dielectric materials with high resistivity for

demanding high temperature applications.
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