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ABSTRACT

In this thesis, a variety of characterization techniques were performed to investigate
a localized electronic structure for controlling a colossal effective permittivity in materials.
First, the development of potential barrier at the grain boundaries during oxidative annealing
was investigated in (Mn, Nb)-doped SrTiO3 (STO) internal barrier layer capacitors (IBLCs).
The methodology used for the (Mn, Nb)-doped STO IBLC was then applied to CaCu3Ti4O12
(CCTO), which is known as a different type of IBLCs. The motivation for these two materials
was to find a correlation between the interfacial electronic states at the grain boundary and
macroscopic varistor-capacitor properties. In addition, a relatively new colossal permittivity
material, namely, Nb and In co-doped rutile TiO2 (NITO) was also investigated. In contrast
to (Mn, Nb)-doped STO and CCTO, the research was focused on the origin of the colossal
permittivity in NITO. A detailed dielectric relaxation analysis of the permittivity response of
NITO at low temperatures was performed and discussed.

(Mn, Nb)-doped STO IBLC
(Mn, Nb)-doped STO barrier layer capacitors with a colossal permittivity (𝜀’~
50,000) were synthesized with different oxidative annealing times. First, combination of
microstructural analysis was performed: including scanning transmission electron
microscopy (STEM), electron energy loss spectroscopy (EELS) and energy dispersive X-ray
spectroscopy (EDS). The elemental mapping confirmed that the IBLC was associated with
internal grain boundaries instead of segregated secondary layers. A minor Mn-rich
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segregation layer was found at the electrode/ceramic interface. The EELS results reveal the
valence change of manganese changed from a mixed Mn2+/Mn3+ to a mixed Mn3+/Mn4+
during the annealing as the oxygen was incorporated into the grains.
An impedance study showed that an IBL was designed by an oxidative annealing
process, leading to improved dielectric loss and breakdown voltages. The systematic change
with the annealing time was then explained in terms of the Double-Schottky-barrier height
and depletion layer width across the grain boundaries, which was quantified by a
Capacitance-Voltage (C-V) analysis. Moreover, a charge Deep Level Transition Spectroscopy
(Q-DLTS) approach was also applied to show the three electronic traps existing at the IBL.
The nature of these trap states is discussed in detail in Chapter 3.
The concept of a “local electric field at a grain boundary, EGB” was introduced to
better account for the d.c. conduction analysis in (Mn,Nb)-doped STO. The local field was
estimated from a microstructural analysis made by a scanning electron microscopy (SEM)
and an electric (C-V) analysis. Then, the d.c. conduction mechanism was discussed based on
the temperature dependence of J (Current density)-EGB characteristics. Three different
conduction mechanisms were successively identified and transitioned with the increase of
EGB. In the low EGB regime, J-EGB characteristics showed linear Ohmic behavior. In the
intermediate EGB, it showed a non-linear characteristic with a thermally activated process. In
the higher EGB, it became relatively insensitive to the temperature. The J- EGB in each regime
is explained by Schottky Emission (SE) followed by Fowler-Nordheim (F-N) tunneling.
Based on the F-N tunneling, a breakdown voltage was then scaled to the product of the
depletion layer thickness and the Schottky barrier height at a grain boundary. These
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parameters control the breakdown strength of each GB in this system.

CCTO IBLC
The combination of SEM and C-V analysis was also performed to estimate EGB in
CCTO IBLC. While the macroscopic varistor-capacitor properties were similar to the
(Mn,Nb)-doped STO, the d.c. conduction mechanism was found to be quite different in
CCTO. Ohmic, Poole-Frenkel (P-F) and SE were successively observed in CCTO in different
field ranges. The transition point from P-F and SE depends on the EGB and temperature. A QDLTS study revealed that there are three types of trap states existing in CCTO. The first trap
with 𝐸t ~0.65 eV below the conduction band showed excellent agreement with the trap level
from P-F analysis. The electronic structure of the potential barrier in the CCTO was then
proposed.

NITO
Dielectric spectroscopy was performed on NITO ceramics synthesized by a lowtemperature spark plasma sintering (SPS) technique. The annealing temperature after the SPS
was critical for the development of an IBL in NITO. The dielectric properties of the NITO
were not found to be largely influenced by the blocking metal electrode contacts. NITO
ceramics with lower heat treatment, which did not show IBLC effects, were then investigated.
A large dielectric relaxation was observed at very low temperatures below 35 K. Both the
activation energy and relaxation time suggested that a polaronic polarization was the
underlying mechanism responsible for the colossal dielectric permittivity (CP) and its
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relaxation, instead of the internal barrier layer effect or a dipolar relaxation. HavriliakNegami (H-N) fitting revealed a relaxation time with a large distribution of dielectric
relaxations. The broad distributed relaxation phenomena indicated that the Nb and In ions
were involved, controlling the dielectric relaxation by modifying the polaron dipole and
localized states. The associated distribution function is calculated and presented. The
frequency-dependent a.c. conductance was successfully explained by a hopping conduction
model of the localized electrons with the distribution function. It was demonstrated that the
dielectric relaxation is strongly correlated with the hopping electrons in the localized states.
The CP in SPS NITO was then ascribed to a hopping polaron polarization.
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Chapter 1: Introduction
1.1

Background and Motivation
Numerous studies have been performed to search for new high permittivity materials

enabling higher volumetric energy and power density capacitors. Barium titanate (BaTiO3)
is known as one of the highest permittivity materials. However, given that miniaturization of
electronic devices continues to demand better volumetric efficiency, many scientists
struggled to exceed the permittivity of BaTiO3. An alternative concept of Internal Barrier
Layer Capacitors (IBLCs) had been developed in the early 1960’s for this reason.1,2 The
insulating grain boundaries (GBs) adjacent to n-type grains act as a series of small capacitors
and thereby offer a large capacitance per volume. The “effective” relative permittivity was
reported to be larger than 104. A number of studies suggested that SrTiO3- based IBLCs
would possess an excellent temperature-frequency stability of the dielectric properties of
titanate-based systems at the range of 10-105 Hz and -55 -125 oC.3
Considering the distribution of insulating barriers at GBs, the 2RC model was proposed
as an equivalent circuit for IBLCs (Fig. 1-1 (b)). Later, a Double Schottky Barrier (DSB)
model, which had been initially proposed to explain a positive temperature coefficient of
resistance (PTCR) in semiconducting BaTiO3, was accepted to explain the insulating GBs
(Fig. 1-1 (c)). In the DSB model, one trap state results in the depletion regions at the GBs.4
The origin of the trap state has not been fully understood. It has been proposed that either
cation vacancies,5,6 or chemisorbed oxygen7–9 forms the trap state at the GBs. Also, some
segregated acceptor solutes, such as Cu, Fe or Mn, are known to have an additional influence

on the interfacial state.5,10,11 In fact, Mn additives are often used to improve a variety of the
properties in electroceramics such as PTCR thermistor12,13, capacitors13, and varistors14–16.
The particular effectiveness of Mn-doping was explained based on the deeper trap states.17
Therefore, it would be important for the development of ceramics capacitors to understand
the role of the trap states in more detail, and how they affect microstructure and electronic
structure change.
After 2000, a new era for the development of colossal permittivity (CP, 𝜀 >104)
materials started. It was firstly reported in 2000 that CaCu3Ti4O12 (CCTO) could possess the
CP.18 Later, CP was reported in the other metal oxide systems.19–22 Although it has not
reached complete agreement, the CP in CCTO is also explained in terms of the IBLC effect.23
In addition to CP, strongly nonlinear current-voltage (I-V) characteristics are of particular
interest.24 This requires a detail conduction analysis in the CCTO. However, the analysis for
the expected grain boundary limited current (GBLC) is difficult for many reasons. For
instance, one of the most direct analysis could be done with the I-V measurements with
micro-contacts across a GBs, but temperature dependence of I-V characteristics is hard to be
measured with this technique. The advantage and disadvantage of some of the major
characterization techniques are summarized in Table 1-1. Therefore, an alternative approach
is required for the GBLC analysis. The establishment of the I-V analysis technique for the
GBLC would be crucial for improving the nonlinear factor and insulation resistance for not
only CCTO but any other type of IBLCs.
Recently, it was demonstrated in 2013, that (Nb, In)-doped TiO2, (NITO) rutile
structure could achieve the CP (~6 × 104 ) with tanδ < 0.05 and excellent temperature-
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frequency characteristics over 100-400 K and 10-105 Hz.25 It was proposed that a complex
and localized defect-dipole relaxation for the origin of CP. This was determined from a
combined density functional theory calculation, as well as structural and electrical
characterizations.25 Later, these conclusions were further supported by the other groups.26–28
In contrast, the IBLC effect has also been proposed as the origin of CP in the NITO ceramics.
The resistive grain boundaries in NITO ceramics were elucidated by the I-V and impedance
measurements.29–31 These arguments focused on the resistance and activation energy of the
grain and grain boundaries. On the other hand, a detailed study on the “Colossal” relaxation
behavior has not attracted so much attention

Figure 1-1 Schematic description of Internal Barrier Layer Capacitors (IBLCs) (a),
equivalent circuit model for IBLCs (b) from ref 32 and Double Schottky Barrier model (c)
from ref 4
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Table 1-1 Summary of strength and weakness of the characterization technique for the DSB
at GBs.
Measurement

Strength

Weakness

technique
Impedance

It can reveal the resistivity of each No information for d.c. conduction.
component (grains, GBs and electrode Schottky conduction is generally
contact). It is particularly effective to assumed from higher resistance of
show DSB structure.

I-V
measurement

Temperature
characteristics

GBs.

dependence
could

of

I-V The I-V characteristics contain the

reveal

d.c. total contribution of bulk, GB and
electrodes. Assumption of “average”

conduction model.

electric field may result in spurious
conclusions.
Micro-contact

It could provide a direct measurement It is very difficult to perform the

I-V

of I-V characteristics in grain and across temperature sweep because one GB

measurement

a GB.

or grain could be easily experience
electrical breakdown. There are also
issues in field gradients with fringing
field effects.

1.2

Objectives
The objectives of this thesis are to better understand the correlation between local

electronic structures and a macroscopic electrical performance. More specifically for each
material, the goals can be summarized as follows:
-

Understand the development of DSB during oxidative annealing in SrTiO3-based IBLC.

-

Investigate trap states in SrTiO3-based and CCTO IBLC.

-

Reveal the d.c. conduction model for the SrTiO3-based and CCTO IBLC.

4

-

Give an insight for a breakdown voltage in SrTiO3-based and CCTO IBLC.

-

Investigate the origin of CP in NITO.
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Chapter 2: Theoretical
Background
2.1

and

Experimental

Relative Permittivity
The relative permittivity (or the dielectric constant) 𝜀𝑟 is defined as the charge storage

ability in a material itself. In practice, it is defined as the relative ratio of the measured
capacitance of a material to the capacitance in free space, 𝐶0 . The 𝐶0 at a finite voltage, V,
can be expressed as:
𝐶0 =

𝑄0
𝑉

(2.1)

where: 𝑄0 is the charge on the plates. Then, the permittivity of free space is defined as:
𝐶0 = 𝜀0

𝐴
𝑑

(2.2)

where: A and d are the area of the electrodes and the distance between electrodes, respectively.
When a dielectric medium is inserted between the electrodes, additional charges are stored
on the electrodes. Now, the total amount of the charge becomes 𝑄, and then corresponding
capacitance would change from 𝐶0 to 𝐶 as shown in Fig. 2-1. By definition, 𝜀𝑟 can be
expressed as:
𝜀𝑟 =

𝑄
𝐶
=
𝑄0 𝐶0

(2.3)

In order to obtain large 𝜀𝑟 , better understandings of the correlation between 𝜀𝑟 and the
physical properties of the materials are necessary. Now, electric displacement (electric flux
density), D, is introduced.
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𝑫 = 𝜀0 𝑬 + 𝑷

(2.4)

The first term of Eq. (2.4) is the D in the free space as in Fig. 2-1(a). The second term is the
polarization of the dielectrics in Fig. 2-1(b). Assuming the dielectrics has linear response to
the electric field within the materials, P can be expressed as follows:
𝑷 = 𝜒𝑒 𝜀0 𝑬

(2.5)

where; 𝜒𝑒 is the electric susceptibility. From Eq. (2.4) and (2.5), D becomes
𝑫 = (1 + 𝜒𝑒 )𝜀0 𝑬

(2.6)

Here, the magnitude of the D is equivalent to the total charge density. Thus, Eq. (2.6) is
transformed to:
𝑄/𝐴 = (1 + 𝜒𝑒 )𝜀0 𝑉/𝑑
𝐴
𝑄 = {𝜀0 (1 + 𝜒𝑒 ) } 𝑉
𝑑

(2.7)

Thus, the relationship, 𝜀𝑟 = 1 + 𝜒𝑒 can be easily deduced. Thus, large 𝜀𝑟 is given by more
“polarizable” materials.
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Figure 2-1.

Parallel plate capacitor with (a) free space and (b) a medium between the plates

(Redrawn from Ref. 33).

2.2

Complex Permittivity
In Chapter 2.1, it was explained that the media can be polarized in response to an

electric field. There are four main types of polarization mechanisms: electronic, ionic, dipolar
and interfacial polarization. Fig. 2-2 shows a schematic description of each polarization
process. Electronic (or atomic) polarization could occur in all dielectric materials. The
electron cloud is “pulled” by the applied field and then the polarization results from the
relative displacement of electron cloud to the nucleus (Fig. 2-2(a)). On the other hand, the
electric field causes a displacement of cations and anions from their equilibrium atomic
positions. The resulting net dipole moment is called ionic polarization. Due to the small
displacement, these two mechanisms, in general, lead to a relatively small permittivity often
less than 40. The other two mechanisms are of particular interest in the search for large
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permittivity materials. A spontaneous polarization can occurs in ferroelectric materials. The
cooperatively aligned dipoles can be reoriented with an applied field to make a large
macroscopic polarization (Fig. 2-2(c)). Another mechanism is the interfacial polarization that
occurs when charge accumulates at the interface between two regions within a material (Fig.
2-2(d)).
So far, the polarization process has been discussed for static electric fields. In reality,
dielectrics are generally operated under an alternating current (a.c.) field. As a result, there is
typically a delay for the polarization in responding to the a.c. electric field. Thus, 𝜀𝑟 is
described in terms of the real and imaginary parts as; 𝜀 ∗ (𝜔) = 𝜀 ′ (𝜔)−𝑗𝜀 ′ ′(𝜔) where 𝜔 is
angular frequency. The frequency dependence of 𝜀 ′ (𝜔) and 𝜀 ′ ′(𝜔) for each polarization
process is illustrated in Fig. 2-3.
The dielectric relaxation phenomenon for non-interacting dipoles was described by
Debye.34 He used an average time, 𝜏, to reach an equilibrium state, and showed that the
complex permittivity, 𝜀 ∗ , would have a functional form of 34
𝜀 ∗ (𝜔) = 𝜀∞ +

𝜀𝑠 − 𝜀∞
1 + 𝑗𝜔𝜏

(2.8)

where: 𝜀𝑠 and 𝜀∞ are static and dynamic permittivity. The 𝜀 ′ (𝜔) and 𝜀 ′′ (𝜔) can be
given as:
𝜀 ′ (𝜔) = 𝜀∞ +

𝜀𝑠 − 𝜀∞
1 + (𝜔𝜏)2

𝜀 ′′ (𝜔) = (𝜀𝑠 − 𝜀∞ )
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𝜔𝜏
1 + (𝜔𝜏)2

(2.9)

(2.10)

The frequency dependence of 𝜀 ′ (𝜔) and 𝜀 ′′ (𝜔) is shown in Fig. 2-3. The step-like change
in 𝜀 ′ (𝜔) and peak in 𝜀 ′′ (𝜔) are known as “Debye relaxation”. At optical frequencies (1013
< f (Hz) < 1015), the response of electrons and atoms can be approximated as a linear springs
where the restoring force is proportional to displacement. Then resonance effects is seen in
the frequency dependence of the permittivity. A detailed explanation can be found in Ref. 35.
The relaxation is thermally activated process and the temperature dependence of 𝜏
follows the Arrhenius law;
𝐸a
𝜏 = 1/𝜔m = 1⁄2𝜋𝑓m = 𝜏0 exp (
)
𝑘B 𝑇

(2.11)

where 𝐸𝑎 , 𝑘𝐵 , T, τ0 and 𝑓m (= ωm /2𝜋) are the activation energy, Boltzmann constant,
temperature, pre-exponential factor, and the frequency at the peak maximum, respectively. If
dielectric spectroscopy is performed at a fixed temperature (i.e. room temperature) in wide
range of frequency, (i.e. 10-2 to 107 Hz), the relaxation process can be observed at the specific
𝑓m . As can be seen from Eq. (2.11), the 𝑓m is determined by the characteristics
parameters, τ0 , and 𝐸𝑎 at a given T. As τ0 , and/or 𝐸𝑎 increases a relaxation should appear
in a lower frequency regime. It is noted that the 𝑓m of interfacial and dipolar relaxation
depends on materials, dipolar species or microstructures. Fig. 2-3 demonstrates the typical
and relative relationship of each polarization process. In practice, dielectric spectroscopy is
a powerful and effective tool to investigate the origin of the polarization mechanism in a
material. The characteristic parameters, such as 𝐸𝑎 and τ0 , should have typical values for
the polarization mechanism.
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Figure 2-2. Various polarization processes (a) Electronic (b) Ionic (c) Dipolar (d) Interfacial
polarization. (Redrawn from Ref 33 35 )

Figure 2-3. Frequency dependence of the real and imaginary part of permittivity (Redrawn
and modified from Ref. 35)
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2.3

Distribution of the Debye Element
It is known that the relaxation in some inhomogeneous materials does not follow the

Debye relaxation model. For such a broad and suppressed semicircle shape of 𝜀 ∗ (𝜔) in the
complex plot, K. S. Cole and R. H. Cole introduced a single parameter α, to explain the
existence of depression angle; 36
𝜀𝑠 − 𝜀∞
1 + (𝑗𝜔𝜏)𝛼

𝜀 ∗ (𝜔) = 𝜀∞ +

(2.12)

Later, it was reported that some polar liquids (i.e., glycerole, propylene glycol) did not follow
the Eq. (2.12) due to the asymmetric semicircle in the relaxation, which possessed a “skewed”
shape in the high frequency part. Davidson and Cole proposed the following expression for
such types of relaxation; 37
𝜀 ∗ (𝜔) = 𝜀∞ +

𝜀𝑠 − 𝜀∞
(1 + 𝑗𝜔𝜏)𝛽

(2.13)

The parameter 𝛽 is related to the angle of high frequency part with respect to x-axis (𝜀 ′ (𝜔)).
Later, Havriliak and Negami investigated the relaxation behavior in a number of polymers
and proposed a more general expression;38
𝜀 ∗ (𝜔) = 𝜀∞ +

𝜀𝑠 − 𝜀∞
(1 + (𝑗𝜔𝜏)𝛼 )𝛽

(2.14)

As can be seen, Eq. (2.14) ( Havriliak-Negami model, H-N ) could have an identical form as
Eq. (2.13) (Davidson-Cole model, D-C) when α → 1 and as Eq. (2.12) (Cole-Cole model,
C-C) when β → 1 and as Eq. (2.8) (Debye model) when α, β → 1. The application of De
Moiver’s theorem to Eq. (2.14) results in: 39
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𝜀 ′ (𝜔) = (𝜀𝑠 − 𝜀∞ )𝑟 −𝛽⁄2 cos 𝛽𝛩

(2.15)

𝜀 ′′ (𝜔) = (𝜀𝑠 − 𝜀∞ )𝑟 −𝛽⁄2 sin 𝛽Θ

(2.16)

with
𝛼𝜋 2
𝛼𝜋 2
)} + {(𝜔𝜏0 )𝛼 cos ( )}
2
2

𝑟 = {1 + (𝜔𝜏0 )𝛼 sin (

𝛼𝜋
)
2
Θ = arctan {
𝛼𝜋 }
1 + (𝜔𝜏0 )𝛼 sin ( 2 )
(𝜔𝜏0 )𝛼 cos (

(2.17)

(2.18)

These empirical expressions apart from the Debye relaxation can be interpreted as a
distribution of simple relaxation processes, characterized by a distribution function,
𝐹(𝜏⁄𝜏m ) , where 𝜏m is a relaxation time at the peak maximum satisfying Eq. (2.10).
Considering the 𝐹(𝜏⁄𝜏m ) in the Debye model (Eq. (2.8)), one can get; 39
𝜀 ∗ (𝑖𝜔𝜏0 ) − 𝜀∞
𝐹(𝜏⁄𝜏0 )
=∫
d ln(𝜏⁄𝜏m )
𝜀𝑠 − 𝜀∞
1 + 𝑗𝜔𝜏

(2.19)

Fourier transformation yields;
𝐹(𝜏⁄𝜏m ) =

1
[𝜀 ∗ (𝜏0 ⁄𝜏𝑒 𝑗𝜋 ) − 𝜀 ∗ (𝜏0 ⁄𝜏𝑒 −𝑗𝜋 )]
2𝜋𝑗(𝜀𝑠 − 𝜀∞ )

(2.20)

The solution to this integral equation is given as;
𝜀 ∗ (𝜏0 ⁄𝜏𝑒 ±𝑗𝜋 ) = 𝜀∞ +

𝜀𝑠 − 𝜀∞
(1 + {1/(𝜏0 ⁄𝜏𝑒 ±𝑗𝜋 )}𝛼 )𝛽

(2.21)

The solution for 𝐹(𝜏⁄𝜏m ) becomes;
1
𝐹(𝜏⁄𝜏m ) = ( ) (𝜏⁄𝜏0 )𝛼𝛽 sin(𝛽𝜃) ((𝜏⁄𝜏0 )2𝛼 + (𝜏⁄𝜏0 )𝛼 + 1)−𝛽⁄2
𝜋
with38,40
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(2.22)

𝜃 = arctan{𝜙}

(𝜙 > 0)
(2.23)

𝜃 = arctan{𝜙} + 𝜋

𝜙=

2.4

(𝜙 < 0)

(𝜔𝜏HN )𝛼 sin(𝜋𝛼)
(𝑦)𝛼 + cos(𝜋𝛼)

(2.24)

Impedance Spectroscopy
2.4.1 Immittance Function
In most a.c. measurements, the input parameters are either 𝑍 ∗ (Resistance &

Reactance) or 𝜀 ∗ (Capacitance & Dielectric loss). One can be readily converted to the other,
and furthermore to admittance, 𝑌 ∗ (𝜔) and modulus, 𝑀∗ (𝜔). These series of complex
parameters are often termed as immittance and the relationships between the four immittance
functions is summarized in Table 2-1. One can choose a convenient expression of immittance
depending on the situation. For instance, 𝑍 ∗ (𝜔) is often used to show an IBLC structure in
one material. A proper modeling on the experimental impedance response yields the
resistance of each component (i.e. 𝑅b , 𝑅GB and 𝑅ele for grain (bulk), GB and electrodes).
The relative relationship, 𝑅GB ≫ 𝑅𝑏 , 𝑅𝑒𝑙𝑒 is typical for IBLC structures. Likewise, 𝑀∗ (𝜔)
is convenient to investigate electrically heterogeneous ceramics41,42 and 𝑌 ∗ (𝜔) is often used
when the hopping conduction contributes to the polarization in one material.43,44
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Table 2-1. Relationship between immittance functions45
𝑀

𝑍

𝑌

𝜀

𝑀

𝑀

(𝑗𝜔𝐶0 )𝑍

(𝑗𝜔𝐶0 ) 𝑌 −1

𝜀 −1

𝑍

(𝑗𝜔𝐶0 )−1 𝑀

𝑍

𝑌 −1

(𝑗𝜔𝐶0 )−1 𝜀 −1

𝑌

(𝑗𝜔𝐶0 )𝑀−1

𝑍 −1

𝑌

(𝑗𝜔𝐶0 )𝜀

𝜀

𝑀−1

(𝑗𝜔𝐶0 )−1 𝑍 −1

(𝑗𝜔𝐶0 )−1 𝑌

𝜀

2.4.2 Equivalent Circuit Model
Equivalent circuits have been widely utilized to interpret the various experimental
immittance data.45,46 Proper modeling with a reasonable fitting result would give a strong
validity to establish the physical model of the systems. Many examples and detailed
explanations of the equivalent circuits can be found in the classical textbook of Barsoukov
and MacDonald.45 For example, the total impedance, 𝑍𝑇 , of a ceramic capacitor with
semiconducting grains and insulating GBs could be described as:
𝑍𝑇 = 𝑍𝑏 + 𝑍𝐺𝐵
= 𝑅𝑏 +

1
1
(𝑅 + 𝑗𝜔𝐶GB )
GB

= 𝑅𝑏 +

(2.25)

𝑅GB
1 + 𝑗𝜔𝜏

where: 𝜏 ≡ 𝑅GB 𝐶GB , and 𝑍𝑖 , 𝑅𝑖 and 𝐶𝑖 are the impedance, resistance, capacitance of the
each component of the ceramics. Here, 𝑖 = 𝑏 is defined as the bulk (in grain) and 𝑖 = 𝐺𝐵
is defined as the GBs. The response of 𝑍𝑇 in the complex Z* plot should yield a semicircle
with an intercept on the x-axis. The semicircle is associated with the parallel RC component
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of grain boundaries and the intercept is associated with 𝑅𝑏 . The inhomogeneous structure
could be validated if 𝑍𝑇 in Eq. (2.25) shows good agreement with the experimental
impedance data. The other typical responses are summarized in Fig. 2-4. One should use
reasonable elements depending on the materials.

Figure 2-4. Typical complex impedance, admittance, and permittivity response for
combinations of some of the common electrical circuits used to describe mixed
ionic/electronic conduction in dielectric materials. Additionally, a schematic of the type of
dielectric system responsible for each type of response is shown in the far right column.47
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2.5

Double Schottky Barrier (DSB) Model
The resistive GBs in IBLCs are often described by the Double Schottky Barrier (DSB)

model as illustrated in Fig. 1-1 (c). The DSB model can be derived by solving Poisson’s
equation considering electrons trapped at a GB and ionized donors: 32
2
𝜕𝜙(𝑥)

𝜕𝑥 2

=

−𝜌 𝑞𝑁𝐷
=
𝜀
𝜀

(|𝑥| < δ)

(2.26)

where: 𝜙, 𝑒, 𝑁𝐷 , 𝜀 are the potential barrier height, fundamental unit of electrical charge,
donor density at the grain and permittivity of the material (𝜀 = 𝜀0 𝜀𝑟 ). Integrating Eq. (2.26)
gives:
𝜕𝜙(𝑥) 𝑞𝑁𝐷
=
𝑥+𝐴
𝜕𝑥
𝜀
𝜙(𝑥) =

(2.27)

𝑞𝑁𝐷 2
𝑥 + 𝐴𝑥 + 𝐵
2𝜀

where: A and B are arbitrary constants. Both are determined from the boundary condition as:
𝜕𝜙(δ)
−𝑞𝑁𝐷 δ
= −𝐸 = 0 → 𝐴 =
𝜕𝑥
𝜀
𝜙(δ) = 0 =

−𝑒𝑁𝐷 2 𝑒𝑁𝐷 2
𝑞𝑁𝐷 δ2
δ +
δ +𝐵 →𝐵 =
2𝜀
𝜀
2𝜀

(2.28)

Thus, Eq. (2.27)-(2.28) gives
𝜙(𝑥) =

𝑞𝑁𝐷
(|𝑥| − δ)2
2𝜀

(2.29)

Eq. (2.29) demonstrates the symmetric band bending shown in Fig. 1-1 (c). Considering
charge neutrality, the following relationship is also obtained.
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𝜙(0) ≡ 𝜙B =

𝑞𝑁𝐷 2
δ
2𝜀

δ𝑁𝐷 = 𝑁𝑆

(2.30)

(2.31)

where: 𝑁𝑆 is the surface trap concentration at a GB.
2.6

Voltage Dependence of Space Charge Capacitance of a DSB
C-V analysis is a well-known technique to characterize the Schottky barrier height at a

metal-semiconductor interface. The capacitance of the junction (space charge region) should
depend on bias voltage due to the change of depletion layer width.48
2𝜀
δ=√
(𝜙 + |𝑉|)
𝑞𝑁𝑑
𝐶2 =

1 𝑞𝜀𝑁𝑑
2 (𝜙 + |𝑉|)

(2.32)

(2.33)

where: 𝜙 is Schottky barrier height, V is bias voltage, 𝐶 is capacitance per unit area, 𝜀
and 𝑁𝑑 is permittivity and donor concentration of semiconductor. Thus, the slope and
intercept of 1/C2 versus V plot give the value of 𝜙 and 𝑁𝑑 . Mukae et al. applied a
conventional C-V analysis to back-to-back Schottky barriers.49 From Eq. (2.32), the depletion
width of forward bias side, δ1 , and reverse bias side, δ2 , should be given as:
2𝜀
δ1 = √
(𝜙 − 𝑉1 )
𝑞𝑁𝑑

(2.34)

2𝜀
δ2 = √
(𝜙 + 𝑉2 )
𝑞𝑁𝑑

(2.35)

Thus, the capacitance of interface is expressed as:
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1 (𝑙1 + 𝑙2 )
2
=
=√
(√𝜙 − 𝑉1 + √𝜙 + 𝑉2 )
𝐶
𝜀
𝑞𝜀𝑁𝑑

(2.36)

In the DSB model, qV1 is very small compared to qV2, then, 𝑉 = 𝑉1 + 𝑉2 ≈ 𝑉2 and Eq.
(2.36) is modified as.
1 1
2
= √
(√𝜙 + √𝜙 + 𝑉2 )
𝐶 𝑆 𝑞𝜀𝑁𝑑

(2.37)

When 𝑉2 = 0, 𝐶 = 𝐶0 is
1
1 2𝜙
= √
2𝐶0 𝑆 𝑞𝜀𝑁𝑑

(2.38)

From Eq. (2.37) and Eq. (2.39), the following equation is finally derived:
1
1 2
2
( −
) =
(𝜙 + 𝑉𝐺 )
𝐶 2𝐶0
𝑞𝜀𝑁𝑑

(2.39)

where: C0 are the capacitance per unit area at 𝑉𝐺 = 0 and voltage per grain, 𝑉𝐺 , is assumed
as 𝑉𝐺 ≈ V/𝑛, where n is the number of grain, which is assumed to be 𝑛 ≈ 𝑡⁄𝑑̅ . 𝑑̅ is the
average grain size and t is the distance between electrodes.

2.7

Characterization of Trap States in a DSB
2.7.1 Overview of Deep Level Transient Spectroscopy (DLTS)

As shown in the previous section, the trap states at the grain boundaries play important roles
in determining the properties of DSB. Deep Level Transient Spectroscopy (DLTS) has been
widely used to characterize the “deep trap levels” in the band gap of semiconductors. It was

19

introduced by Lang and initially applied to characterize p-n junction or Schottky barrier
diode.50 It has been applied to investigate trap states at the interfaces of MOS capacitors,51,52
the grain boundaries of electroceramics7,53 and in the bulk of organic semiconductors.54 Thus,
DLTS should be a powerful technique to characterize the trap states of DSB.

2.7.2 Physical Background of DLTS
The electron density at the trap energy level can be described in terms of electronhole generation-recombination statistics.55 The number of electrons at the trap level in the
band gap, 𝑛𝑇 is defined as:
𝑑𝑛𝑇 ⁄𝑑𝑡 = (# of electrons trapped per unit time)
(2.40)
– (# of electrons emitted per unit time)
The first term in Eq.(2.40) can be described in terms of
dnt
 (c p pnT  e p pT )  (en nT  cn npT )  (en n  e p )( NT  nT )  (c p p  en ) nT
dt

(2.41)

where: p and n are hole and electron concentrations in the valence and conduction bands, 𝑐𝑝
and 𝑐𝑛 are capture coefficients for holes and electrons, and 𝑒𝑝 and 𝑒𝑛 are the emission
rates of the holes and electrons. A schematic representation of a trap and emission process is
described in Fig. 2-5. Here, the total density of traps, 𝑁𝑇 , is defined as 𝑁𝑇 = 𝑛𝑇 + 𝑝𝑇 . By
taking the integral of Eq. (2.41), 𝑛𝑇 is obtained as follows.

(c n n  e p ) N T

 t
 t 
nT (t )  nT (0) exp   
1  exp   
   en n  c n n  e p  c p p 
  

(2.42)

In the case that electron trapping from the conduction band is dominant, 𝑒𝑛 ≫ 𝑒𝑝 and for
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an n-type material (∴𝑝 ≈ 0), Eq.(2.42) becomes

 t
nT (t )  nT (0) exp 
 e


 t 
  N T exp  

 e 

(2.43)

where: 𝜏𝑒 ≡ 1⁄𝑒𝑛 . Now, the relationship between 𝜏𝑒 and ∆𝐸 = 𝐸𝐶 − 𝐸𝑡 is considered.
In general, electron emission to the conduction band is given as:50
E  ET
en  c n n   n vth N C exp(  C
)
kT

(2.44)

where: electron thermal velocity, 𝑣𝑡ℎ , and effective density of states in the conduction band,
Nc is defined as

3kT
me

v th 

N C  2(

3kT 3 / 2
)
me

(2.45)

(2.46)

Thus, if constant number, γ is defined as γ = 𝑣𝑡ℎ 𝑁𝐶 /𝑇 2 , Eq. (2.44) becomes

 eT 2 

exp(( EC  ET ) / kT)

 n

(2.47)

The amount of charge released within gate time, ∆𝑡, is described as follows based on
Eq.(2.43)
𝑡1
𝑡2
∆𝑄 = 𝑄0 [exp (− ) − exp (− )]
𝜏
𝜏

(2.48)

where: Q0 is a constant and τ is the time constant. When ∆𝑄 = ∆𝑄max , 𝜏𝑚 is simply given
by solving 𝜕∆𝑄⁄𝜕𝜏 = 0 as; 56,57
𝜏𝑚 =

𝑡2 − 𝑡1
ln(𝑡2 ⁄𝑡1 )
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(2.49)

The simulation result of the temperature dependence of ∆𝑄 as a function of 𝜏𝑚 is shown
in Fig. 2-6. The DLTS peak, ∆𝑄max shifts towards lower temperature with the increase of
𝜏𝑚 . Then, the peak position, Tm can be obtained at ∆𝑄 = ∆𝑄max , and a trap level, ∆𝐸 can
be determined from the slope of ln(𝜏𝑚 𝑇𝑚2 ) against 1/𝑇𝑚 .

Figure 2-5: Electron energy band diagram for a semiconductor with deep-level impurities.
Cited from ref 55
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Figure 2-6. Simulation result of DLTS. The inset represents t1 and t2 defined in Eq. (2-48).
n =10-12 (cm2), γ =1016 (cm-2s-1K-2) and Ec-Et = 0.25 (eV) were assumed.

2.8

D.C. Conduction Model in Dielectrics
For a d.c. conduction analysis, many studies have been performed on both doped-

SrTiO3 (STO) and CCTO by impedance spectroscopy,14,58 I-V measurement with
bicrystals,59,60 and microelectrodes61,62 It has been clearly shown that they have IBLC
structure: the grain boundaries are much more resistive than the n-type grains and the nonlinear I-V characteristics are associated with the grain boundaries. Thus, “grain boundary
limited current (GBLC)” is expected for the d.c. conduction in the IBLC bulk ceramics.
Despite GBLC having been investigated in some ferroelectric thin film devices63,64, very few
GBLC studies has been reported for the IBLC bulk ceramics.
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Since the grain boundaries are very resistive, theoretical expressions for the leakage
current in the dielectrics may be applicable for the GBLC. A Schottky emission (SE) current
is expressed as;48
𝐽 = 𝐴∗ 𝑇 2 exp (

𝛽𝐸 1⁄2 − 𝑞𝜙𝐵
𝑞𝑉
) {1 − exp (− )}
𝑘𝑇
𝑘𝑇

(2.50)

where: E is the electric field between electrodes, 𝐴∗ is the effective Richardson constant,
𝜙𝐵 is the Schottky barrier height, 𝑘 is the Boltzmann constant, 𝑞 is the electric charge and
V is applied voltage. When the applied voltage is sufficiently large, Eq. (2.50) can be
expressed as48,65,66
𝛽𝐸1/2 − 𝑞𝜙𝐵
𝐽 ∝ 𝑇 2 exp [
]
𝑘𝑇

(2.51)

Though Eq. (2.51) is often used to describe electrode-limited conduction, it is also used for
the d.c. conduction through the DSB67,68.
The Poole-Frenkel (P-F) conduction mechanism is also possible if there are
electron traps centers at the DSB interfaces. P-F conduction can be interpreted as a fieldassisted thermal hopping and expressed as 48,65,66
𝛽𝐸1/2 − 𝑞𝜙𝑡
𝐽 ∝ 𝐸 exp [
]
𝑘𝑇

(2.52)

where: 𝜙𝑡 is the trap level at the insulating layer. Whether the sample’s behavior is better
described by SE or P-F can be determined from the slope (= 𝛽 ⁄𝑘𝑇 ) in the SE plot
(Ln(𝐽⁄𝑇 2 ) vs √𝐸). The P-F plot (Ln(𝐽⁄𝐸 ) vs √𝐸). The 𝛽 in Eq (2.51) and (2.53) can be
expressed as 48,65,66
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𝛽=√

𝑞3
𝜂𝜋𝜀0 𝜀∞

(2.53)

where: 𝜀∞ is dynamic permittivity (≡ 𝑛2 ). 𝑛 is a refractive index for STO and CCTO.
Then, 𝜂 can be extracted from the slope of a SE and P-F plot. The SE should give the 𝜂SE =
4 while the P-F should give a 𝜂PF = 1.
When a high voltage is applied, electrons could tunnel through the DSB. It can be
expressed by Fowler-Nordheim (F-N) tunneling equation48,66:
𝐽 ∝ 𝐸 2 exp(− 𝛾⁄𝐸 )
8𝜋√2𝑚 ∗
𝛾=
(𝑞𝜙𝐵 )3/2
3𝑞ℎ

(2.54)

where: ℎ is the Planck constant and 𝑚∗ is the effective mass of tunneling. The F-N
tunneling through the DSB was observed in ZnO varistors69. What is quite different from SE
and P-F is that F-N tunneling is a temperature independent process. Furthermore, a linear
relationship should be shown in F-N plot (ln( 𝐽⁄𝐸 2 ) vs 1⁄𝐸 ).
The conduction analysis in STO and CCTO system based on Eq. (2.50)-(2.54) have
been mostly reported in thin film devices. The SE is dominant in STO thin film 70 and either
SE and PF could be dominant in CCTO thin films depending on the sample thickness71. The
simple application of these conduction models to GBLC may not be valid. This is further
discussed in Chapter 3.3.4.
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2.9

Polaronic Hopping
2.9.1 Temperature Dependence of Hopping Conductivity
When the resistance of the GBs is less or comparable to that of the grains, the

contribution from the grain should be considered for the conduction mechanism. For such a
bulk-limited conduction, “polaronic hopping” conduction is often used to describe the
conduction in an ionic crystals/crystallites. The electrons are often localized due to a
Coulombic force from surrounding ions. The movement of electrons from one localized state
to another requires lattice deformations, resulting in the new equilibrium states. The potential
energy, 𝑉𝑃 (𝑟), is described as; 72
𝑞2 1
1
𝑉𝑃 (𝑟) = − ( − )
𝑟 𝜀∞ 𝜀𝑟

(2.55)

where: 𝑉𝑃 (𝑟) = 𝑞 2 ⁄𝑟𝜀∞ in the case that the surrounding ions cannot move. The
contribution from the second term results from the fact that ions move slower than electrons.
For electron transport, one should consider the probability, 𝑝, to move from one localized
state to a different localized state. In this case, 𝑝 should depend on the following factors; (i)
the Boltzmann factor, exp(− 𝑊 ⁄𝑘𝑇), where 𝑊 is the energy difference between the two
states. (ii) a factor for the overlap of the wave functions, exp(−2𝛼𝑅), where 𝑅 is the
distance between two localized states and 𝛼 is the decay length of a wave function. (iii) a
factor for the phonon frequency, 𝜈ph . The factors (i) and (ii) give two possible paths, hopping
over a potential well or tunneling between two localized states. Furthermore due to electronphonon interactions, factor (iii) should also be considered. Then 𝑝 is simply given as: 73
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𝑝 = 𝜈ph exp(− 𝑊 ⁄𝑘𝑇)exp(−2𝛼𝑅)

(2.56)

Conductivity, 𝜎 is given by Einstein’s relationship
𝜎d.c. = 𝑞 2 𝑝𝑅 2 𝑁(𝐸F )

(2.57)

where: 𝑁(𝐸F ) is density of states at a Fermi level. At a high temperature, the Boltzmann
factor should be much larger than the tunneling factor. In other words, the hopping motion is
dominant in the high temperature regime. Thus, the temperature dependence of conductivity
should have a thermally activated form:
𝜎d.c. ∝ exp(− 𝑊 ⁄𝑘𝑇)

(2.58)

The most favorable hopping sites would be next-nearest neighbors.
At low temperatures, thermal energy is small, so that it may become preferable for
localized electrons to tunnel to more distant sites. In this case, the temperature dependence
of the tunneling factor should be considered.73
2𝛼 =

9
𝜈 𝑅 4 𝑁(𝐸F )𝑘𝑇
4𝜋 ph

(2.59)

The conductivity resulting from Eq.(2.56), (2.57) and (2.59) is given as:
𝜎d.c. ∝ exp(− 𝑇0 ⁄𝑇 1/4 )

(2.60)

and 𝑇0 is a constant. This type of conduction is referred to as variable-range hopping (VRH).
Though VRH model has successfully explained the conduction in amorphous and metal
oxides, the temperature dependence of Ln𝜎d.c. on -1/4 is not universal.74,75 Hill proposed the
following relationship to obtain the temperature dependence.76 A more generalized form of
Eq. (2.60) can be re-rewritten as:
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𝜎d.c. ∝ exp(− 𝑇0 ⁄𝑇 𝑚 )

(2.61)

The activation energy, 𝐸𝑎 , is defined from the slope of Arrhenius plot
d(ln 𝜎d.c. )
d(1/𝑇)

(2.62)

𝐸𝑎 ∝ −𝑘𝑇0 𝑚𝑇 (1−𝑚)

(2.63)

𝐸𝑎 ≡ −𝑘
Eq. (2-61) and (2-62) result in

Thus, a plot of log 𝐸𝑎 against log 𝑇 should yield (1-m). Thus, temperature dependence
exponent m can be experimentally determined.

2.9.2 Frequency Dependence of Hopping Conductivity
In the presence of an a.c. field, 𝐸𝑎.𝑐. the polarization, P, is given as follows:73
̅̅̅̅̅̅̅
𝐸𝑎.𝑐. 𝐷2 cos
𝜃 2⁄𝑘𝑇
𝑃=
1 + exp(−𝑊/𝑘𝑇)

(2.64)

where: 𝐷 ̅̅̅̅̅̅̅
cos 𝜃 are the dipole moment to the direction of Ea.c..  is difined as the averaged
angle to 𝐸𝑎.𝑐. . By introducing an average time, 𝜏0 , for a transition between two states, and
assuming 𝑊/𝑘𝑇 ≫ 1, the frequency dependence of conductivity is given as:72,77,78

𝜀 ′ − 𝜀∞ =

𝜎 ′ (𝜔) =

𝜔𝜏0
𝐴
𝑊
=
exp
(−
)
1 + (𝜔𝜏0 )2 𝑘𝑇
𝑘𝑇

(2.65)

𝐴
𝑊
𝜔 2 𝜏0
exp (− )
𝑘𝑇
𝑘𝑇 1 + (𝜔𝜏0 )2

(2.66)

and 𝐴 is a constant.
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Chapter 3: Development of DSB during an
Oxidative Annealing in (Mn,Nb)-Doped SrTiO3
IBLC
3.1

Background
As discussed in Chapter 1.1, SrTiO3-based IBLCs have been utilized for more than 50

years. The IBLC structure is generally obtained by a 2-step heat treatment, in which the
sample is first sintered in a reducing atmosphere, followed by a short oxidative annealing.
Nb-doping is commonly used to assist in inducing the semiconducting grains. Mn-doping is
also used to enhance the IBL characteristics. The initial motivation for this study was to
investigate the particular effectiveness of Mn-doping.17 The valence state and trap level of
Mn should be investigated. Because these properties can be altered by a series of different
heat treatment conditions, it is important to better understand how they are changed during
the oxidative heat treatment, and how the resulting change of Mn properties affects the
microstructure and electronic structure. The structure - property - processing relations should
give important insights into the development of the optimized performance of barrier layer
capacitors or colossal permittivity dielectrics. An important aspect of this investigation is to
understand the barrier mechanism, gaining insight into breakdown and the controlling factors
for the IBL characteristics.

3.2

Experimental Procedure
The specimens were prototyped by a conventional mixed oxide process. The starting

materials used in this study were reagent-grade SrCO3 and TiO2 (99% and 99.99% purity,
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respectively; Alfa Aesar). The starting materials were dried at 120 °C for 24 h to remove
absorbed water. These dried powders were then accurately weighed to a stoichiometric
composition of SrTiO3 and mixed with 0.6mol% Nb2O5, 1mol% TiO2, 1.0mol% MnO2, and
10wt% ZnO-B2O3 flux with zirconia milling media and ethanol by ball milling for 24 h. The
powders were then deflocculated and were prepared for tape casting. First, the mixture was
ball milled with vehicle A (5wt% polyvinyl butyral and 95wt% MEK/ETOH organic
solvents) for 24 hours to disperse the powder well in the vehicle to make the slurry. Second,
the slurry was ball milled with vehicle B (22wt% polyvinyl butyral, 10wt% plastizer and
68wt% MEK/ETOH organic solvents) for 24 h. The resultant so-called slip was then tapecast on a green sheet of 35 μm in thickness using the doctor-blade method. Platinum paste
was screen printed as the internal electrode onto green sheets, using 350 mesh stainless steel
screen. Printed sheets were then stacked and pressed at 55 ℃ in a square mold, successively
using isostatic laminators. The green chips were cut to a size corresponding to the 5 mm×3.5
mm final chip size with one active layer. After debinding at 550 ℃ for 8 h, the green chips
were sintered at 1400 ℃ for 5 hours in a 5% H2 / 95% N2 forming gas ( pO2 ~ 10-13 atm).
The as-sintered samples underwent reoxidation in a cube furnace at 1200 °C for 20 minutes
to 10 hours at a heating and cooling rate of 3°C /min in air. In addition, (1.0 mol% Mn)-doped
SrTiO3 and (0.6 mol% Nb)-doped SrTiO3, without added Nb2O5 and MnO2 were also
prepared under the same conditions. Disk-shaped samples without inner electrodes were also
prepared for X-ray diffraction measurement. The powder was prepared by the same process
described above and then pressed into a disk-shaped pellet without any binders. The pellets
were further pressed using cold isostatic pressing. The disk-shaped samples were reoxidized
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in air for 60 and 600 min after the sintering process.
X-ray diffractometer (XRD) (PANalytical Empyrean) with CuKα1 radiation
(λ=1.5406Å) was utilized to identify the crystal structure. The sintered surface of the samples
was first polished and then scanned at 0.02° intervals of 2 in the range of 10–70°. Grain
morphology was observed via Scanning Electron Microscopy (ESEM, FEI, Hillsboro, OR).
Average grain size was obtained based on the measurement of nearly 100 of grain sizes by
Image J.79 Microstructural and chemical studies were performed on both segregation layer
and grain region using a TITAN (FEI, TITAN G2 60-300 kV) microscope equipped with an
Electron Energy Loss Spectrum (EELS) system operating at an accelerating voltage of 200
kV. Samples annealed for 60 or 600 (min) were chosen to understand the change during the
annealing. Cross section specimens for transmission electron microscopy (TEM) were
prepared via standard procedures, including mechanical thinning, polishing, and ion milling.
The specimens were polished down to 20 µm, and then mounted on molybdenum grids. The
foils were further thinned with an Ar-ion mill (Gatan, PIPS II) until an electron transparent
perforation was formed. A cryogenic stage was used to cool the specimen to the liquid N2
temperature during ion milling to minimize structural damage and artifacts. Microstructural
and chemical studies were performed on a TITAN (FEI, TITAN G2 60-300 kV) microscope
equipped with an Energy Dispersive X-ray Spectroscopy (EDS) system and an Electron
Energy Loss Spectrum (EELS) system operating at an accelerating voltage of 200 kV. The
EDS mapping and EELS measurements were achieved in a scanning transmission electron
microscopy (STEM) mode. A monochromator was used to ensure adequate energy resolution
in the EELS experiments, and the half-maximum height of the zero-loss peak was 0.175 eV.
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The relative sample thickness, as estimated from t/λ of the zero-loss spectrum, was between
0.3-0.5 (λ is the inelastic scattering mean free path). To accurately monitor the random
fluctuations of the signal along the energy loss scale, the zero-loss peak was also
simultaneously recorded by employing the attached dual-EELS instrument.
The capacitance of the samples was measured over a frequency range of 100 Hz to 1
MHz using a computer-controlled LCR meter (HP4284A, Hewlett-Packard, USA) at room
temperature. The d.c. current-voltage characteristics were measured at room temperature
with a pA meter (HP 4140B, Hewlett Packard, USA). The current was measured after
applying a d.c. bias for 1 (min). The Q-DLTS characterization was performed in a homemade charge measurement system.80 Partially doped samples were used in addition to (Mn,
Nb) doped-SrTiO3 in order to investigate the nature of the traps. In this study, a 100 𝜇s long
voltage pulse with a magnitude of 1 V was applied.

3.3

Results and Discussion
3.3.1 Microstructure Analysis
A disc-shaped specimen was used for the XRD measurement because the chip

specimens were not large enough. Fig. 3-1 shows the XRD pattern of the disc-shaped (Mn,
Nb)-doped SrTiO3 capacitors annealed for 60 or 600 min. The cubic symmetry of SrTiO3 is
detected in both specimens and no secondary phase was observed. The chip specimen (singlelayer) annealed for 50-600 minutes will be used for the rest of this chapter.
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Figure 3-1: Measured XRD data for disc-shaped (Mn,Nb)-doped SrTiO3 capacitors
annealed for 60 min (a), and 600 min (From Wei Ting Chen).

Fig. 3-2 (a) and (b) show SEM images of (Mn, Nb)-doped STO single layer
ceramics annealed for 20 and 200 min. The distance between electrodes was confirmed to be
almost the same in these two specimens. The average grain size, 𝑑̅, for these two samples
was obtained from the intercept of grains. . Fig. 3-3 shows the distribution of grain size for
each specimen. The grain size in the specimen annealed for 20 min showed a broader grain
size distribution, but no significant change in 𝑑̅ was observed ( 15.48 ± 3.70 μm and
15.80 ± 3.66 μm for the 20 and 200 min specimens, respectively). Few differences are noted
between the two specimens, since the grain-growth probably occurred mainly during the
sintering process. The annealing process, performed 200 °C lower than the sintering
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treatment, did not affect the grain size. In this work, we assumed the 𝑑̅ for the (Mn, Nb)doped STO samples with different annealing times to be ~15 μm. As can be seen in Fig. 32, 3~4 grains between the electrodes should be a reasonable number.

Figure 3-2. SEM micrograph of (Mn,Nb)-doped SrTiO3 ceramics annealed for (a) 20 minutes
(b) 200 minutes.
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Figure 3-3. The distribution of the grain size in (Mn,Nb)-doped SrTiO3 ceramics annealed
for 20 minutes (top) and 200 minutes (bottom).

Figure 3-4 (a) and 3-4 (b) show the elemental mapping near the grain boundary by TEM
in the samples annealed for 60 and 600 (min), respectively. It reveals a Mn- and Nb-rich
phase at the grain boundary in the 60 (min) annealed samples, as shown in the Figure 3-4 (a).
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Such a phase was barely observed at the grain boundary after annealing for 600 (min), though
a small amount of Mn remained (Figure 3-4 (b)).Thus, 600 (min) of oxidative annealing
would be long enough for dopants to diffuse into the grains. No segregation of Sr, Ti and O
was observed.
Figure 3-4 (c) and Figure 3-4 (d) show the elemental mapping near the
electrode/ceramic interface in the samples annealed for 60 or 600 (min). The Mn was heavily
segregated and formed Mn-rich layer near the electrode/ceramic interface. Meanwhile, Sr is
found to be depleted from electrode/ceramic interface while both Ti and O still remained.
Minor differences in the microstructure between 60 (min) and 600 (min) annealing samples
near the electrode/ceramic interface are found.
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Figure 3-4. Elemental mapping at the grain boundary region for the sample annealed for 60
(min) (a) and 600 (min) (b), and at the interface with electrode for the sample annealed for
60 (min) (c),and 600 (min) (d). (From Hanzheng Guo)

Figure 3-5 shows an EELS spectra of O-K, Ti- L2,3, and Mn- L2,3 edges in the
samples annealed for 60 (min) and 600 (min) at the electrode/ceramic segregation area and
the grain region. The Mn-L3 edge in the Figure 3-5a and 3-5d exhibits a double peak, which
can be interpreted as mixed valence states.81 The peaks are located at ~ 642.5 (eV) and ~
643.9 (eV) for the 60 (min) annealed sample and at ~ 644.5 (eV) and ~ 645.8 (eV) for the
600 (min) annealed sample. Rask et al.,82 reported that the position of Mn-L3 edge is at 642.44
(eV) for Mn2+ , 643.82 (eV) for Mn3+ and 646.45 (eV) for Mn4+. Therefore, it is likely that
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the two peaks in the 50 (min) annealed sample correspond to Mn2+ and Mn3+, respectively.
For the sample annealed for 600 (min), the peak corresponding to Mn2+ disappears, while the
Mn4+ state is observed. This may be due to the initial sintering condition producing a Mn2+
state, which still remained even after annealing for 60 (min).
In Figure 3-5b and 3-5e, both Ti-L2 and L3 edge show clear peak splitting. The
number of peaks and their shape depends on valence state, coordination, and the site
symmetry of the Ti cations.83 The peak position, on the energy axis, is highly related to local
nonstoichiometry, in which oxygen deficiency leads to lower energy loss position.84 The
measured Ti-L2,3 spectra from both segregation layer and grain region are shifted to a higher
position with increasing annealing time. It is clearly consistent with the Ti4+ ion being
generated by annealing, which also annihilates oxygen vacancies.
Figure 3-5c and 3-5f shows O-K edge at the segregation and grain region. In the
grain region, the intensity of O-K edge increased with the increase in the annealing time. It
has been reported84 that higher oxygen vacancy would lead to weaker O-K edge intensity.
The peak shape of O-K edge from the grain region is very similar to the reported result84.
Interestingly, the O-K edge from the segregation layer in the Figure 3-5c and Figure 3-5f is
quite different from the one from the grain region. This remarkable difference can be seen at
~540 (eV) in Figure 3-5f. The absence of one peak has been reported in TixOy system83,85.
Thus, the difference of O-K edge could be explained if a non-perovskite structure of the
segregation layer is assumed. The TixOy phase can be commonly found in the SrTiO3
system86,87, and the elemental mapping also confirmed the absence of Sr in these Mn-rich
segregated regions (Figure. 3-4). This secondary phase was not observed by the XRD
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measurements because it should be caused by co-firing with electrodes, while Au-electrode
was sputtered on the disc samples used for XRD measurements.

Figure 3-5. EELS spectra of Mn-L2,3 edge, Ti-L2,3 edge and O-K edge for the (Mn, Nb)-doped
SrTiO3 capacitors with 60 (min) ((a)-(c)) and 600 (min) ((d)-(f)) annealing times. EELS was
performed on the segregation layer (Seg) and the grain region (STO). Mn-L2,3 edge was
obtained only from the segregated layer. (From Hanzheng Guo)

3.3.2 Electrical Characterization for DSB
Figure 3-6 shows the frequency dependence of dielectric properties of the (Mn, Nb)doped SrTiO3 capacitors with different annealing time. A colossal effective permittivity
(𝜀’>104) was obtained in all the samples. The values were almost invariant to frequency (from
100 Hz to 1 MHz) and decreased with an increase in the annealing time. This would be
consistent with the barrier layer width increasing by the annealing, and thus barrier layer
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capacitance was thereby decreased. The dielectric loss (tan𝛿) at the low frequency regime
were also decreased (improved) with the increase of annealing time. The increase of tan𝛿 at
the low frequency part can be owing to conductivity of the specimen. Hence, thicker barrier
layers (depletion width), which leads to the higher grain boundary resistance, is thought to
improve the low frequency tan𝛿. The minimum value of tan𝛿 is found to be ~0.008 at ~8k
Hz in the 600 (min) annealed samples while tan𝛿 < 0.03 was maintained in the range from
500 to 3.5×105 Hz. These dielectric properties are superior or/and comparable to existing
IBLCs.19,20,23 It is also noted these can be further improved by modifying the oxidative
annealing conditions. It is noted that chip specimens (co-fired with inner electrodes) and disc
specimens (with electrodes sputtered after the heat treatment) showed similar dielectric
properties and a trend with the annealing time. The segregation layers observed by the TEM
studies in chip specimens should not exist in the disc samples. These facts suggest that
segregation layers at the electrode interface should not have a huge influence on the dielectric
properties. At least, the origin of more than 104 of permittivity is not related to the segregation
layers.
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Figure 3-6. Dielectric properties in terms of a relative permittivity in (Mn, Nb)-doped SrTiO3
chip capacitors with different annealing time: (□) 50, (△) 100, (○) 200 and (▽) 600 (min),
and disc capacitors with the annealing time; : () 60 and () 600 (min)

To verify the IBLC structure on these chip specimens, impedance analysis was
performed. Fig. 3-7 shows the complex Z* plot, which was converted from permittivity and
loss in Fig. 3-6 using the relationships in Table. 2-1. Initially, the experimental data was fitted
with a conventional equivalent circuit model for the IBLC structure with a CPE element.88
The fitting results for each specimen are summarized Table. 3-1. 𝑅𝑏 ≪ 𝑅𝐺𝐵 in all the
specimens clearly suggests a characteristic structure of IBLC, that is, semiconducting grain
and insulating grain boundaries. The 𝑅𝐺𝐵 systematically increased while the 𝐶𝐺𝐵
decreased with an increase of the annealing time. These changes can be explained by an
increase of the depletion width at the grain boundaries. Experimental observation for this
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discussion is given in the later section. The trend in the 𝐶𝐺𝐵 is same as that of 𝜀’ in Fig. 36, suggesting that the origin of CP in this materials is owing to 𝐶𝐺𝐵 . n ~1 indicates the GBs
in all the specimens possess nearly perfect capacitor characteristics.

Figure 3-7. Complex Z* plot of (Mn, Nb)-doped SrTiO3 chip capacitors with different
annealing time: (□)50, (△)100, (○)200 and (▽)600 (min). Solid line represents the fitting
result with the equivalent circuit shown in inset.

Table 3-1. The fitting result in Figure 3-7
Annealing

Rb [Ω ∙ cm]

𝑅GB [ Ω ∙ cm]

𝐶GB [ nF/cm]

n [-]

50

0.80

2.84 × 105

24.0

0.997

100

2.71

7.22 × 105

15.1

0.995

200

0.89

1.12 × 106

11.2

0.994

600

1.28

2.32 × 106

8.1

0.995

Time (min)
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Figure 3-8 shows the result of current density–electric field (J–E) characteristics
of (Mn, Nb)-doped SrTiO3 capacitors annealed for different times. The non-linear
characteristics were clearly observed in all samples, suggesting that IBLC effect plays an
important role in these specimens.14,24,29 Both insulation resistance and breakdown voltage
(𝑉𝐵 at 𝐽~1mA/cm2) improve with the increase of the annealing time. This should be owing
to the improvement in 𝑅𝐺𝐵 as characterized by the impedance analysis. Thus, the
macroscopic electrical properties, such as 𝜀’, tan𝛿 and 𝑉𝐵 can be explained in terms of the
barrier layer characteristics (𝐶𝐺𝐵 and 𝑅𝐺𝐵 ). More detail characterization results are shown
in the next few sections.

Figure 3-8. Current density–electric field (J–E) characteristics of (Mn, Nb)-doped SrTiO3
capacitors annealed for different times: (□) 50, (△) 100, (○) 200 and (▽) 600 (min)
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A C-V analysis was carried out to characterize the potential barrier at the grain
boundary. As can be seen in Eq. (2.39), the C-V analysis would give a number of the physical
parameters for the IBLC. The (1⁄𝐶 − 1⁄2𝐶0 )2 plot is shown in Figure 3-9. The parameters
in Table 3-2 were calculated from the slope and intercept of the data shown in Figure 3-9.
The values in this work are comparable to the reported values in SrTiO3-based varistors.14,59
It was found that 𝜙 and 𝛿 continuously increased with increased annealing time, which
can be associated with the decrease in Nd, based on Eq. (2.30) and (2.31). The oxygen
vacancies presumably acted as donors in these specimens. As discussed in the previous
section, the EELS showed that the oxygen vacancy concentration decreased with an increase
in the annealing time, while the Mn valence state increased. Thus, oxidative annealing was
effective in that it increased 𝜙 and L by decreasing Nd. It is also possible that Mn promoted
oxidation at the grain boundaries by changing its valence state.89 Overall, the increase of the
barrier height is consistent with the change of the breakdown voltage with increasing
annealing time (Fig.3-8).The increase in 𝛿 with increased annealing time could lead to the
observed decrease in effective permittivity (Fig. 3.6). Thus the macroscopic dielectric and
electrical properties can be explained in terms of modification of the internal barrier
properties (𝜙 and L).
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Figure 3-9. C - V measurements of (Mn, Nb)-doped SrTiO3 capacitors with different
annealing times: (□) 50, (△) 100, (○) 200 and (▽) 600 (min). Less voltage was applied on
the 50 (min) annealing sample because dielectric breakdown was expected above Vg =1 (V)

Table 3-2. Results of C-V analysis of (Mn, Nb)-doped SrTiO3 capacitors
Annealing

Nd

Time (min)

[× 1019 cm-3]

50

7.63±0.03

2.05±0.01

2.26±0.01

29.6±0.1

100

5.36±0.01

2.11±0.004

1.93±0.004

35.9±0.1

200

4.19±0.02

3.14±0.01

2.08±0.01

49.5±0.2

600

3.23±0.03

4.42±0.04

2.16±0.02

66.9±0.06

𝜙b [eV]

NS
[× 1014 cm-2]

δ[nm]

Figure 3-10 shows the DLTS signal of the samples annealed for 50, 100, 200, and
600 min. Three DLTS peaks were found at ~160, 230 and 350 K, respectively, indicating
multiple trap states. The trap states, which are essential for the formation of DSB,4 were
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successfully detected. Several values of t1 from 12 – 96 μs were used for the calculations
and t2 / t1 =10 was fixed. Fig. 3-11 shows Arrhenius plot using Equation (2.46). The resulting
trap levels are summarized in Table 3-3. The trap levels corresponding to the first and second
peak were found to be insensitive to the annealing time, while the third trap formed at the
slightly deeper level as annealing time increased.
To further investigate the nature of the traps, DLTS measurements were performed
on Nb-doped and Mn-doped SrTiO3 capacitors respectively. Figure 3-12 shows the DLTS
signal of Nb-doped-SrTiO3 and Mn-doped SrTiO3 capacitors annealed for 50 (min). Though
signals were weak, all three peaks in Mn-doped SrTiO3 were observed at almost the same
peak position in (Mn, Nb)-doped SrTiO3, as shown in Figure 3-10 and Figure 3-12a. However,
the third peak, which was found at ~ 350 K in both (Mn, Nb)-doped and Mn-doped-SrTiO3,
was clearly suppressed in Nb-SrTiO3 as shown in Figure 3-12b. Therefore, the third peak is
then deduced to be attributed to Mn-doping. Moreover, the first and second peak were
observed in all samples despite the dopant difference. These trap states should be created by
an intrinsic negative point defect, such as cation vacancies5,6 or chemisorbed oxygen.7–9,90
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Figure 3-10. DLTS signal of (Mn, Nb)-doped SrTiO3 capacitors with different annealing
times. The gate time ratio was set to t1/t2 = 48µs/480µs.
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Figure 3-11. Arrhenius plot of DLTS signals.
Table 3-3. Summary of Q-DLTS results
Annealing

∆ET1 [eV]

∆ET2 [eV]

∆ET3 [eV]

50

0.50 ± 0.03

0.56 ± 0.02

-a)

100

0.47 ± 0.03

0.54 ± 0.02

0.65 ± 0.01

200

0.49 ± 0.02

0.53 ± 0.02

0.73 ± 0.05

600

0.48 ± 0.04

0.58 ± 0.03

0.76 ± 0.02

Time (min)

a) ∆ET3 of the sample annealed for 50 min was not obtained due to its weak signal.);
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Figure 3-12. DLTS signal of Mn-doped SrTiO3 (a), and Nb-doped SrTiO3 capacitor (b) with
t1/t2 = 48µs/480 µs. The symbols and solid lines represent the experimental data and the fitting
curves respectively. The insets shows the lower temperature region on a magnified scale.

3.3.3 The Effect of Oxidative Annealing on the DSB Characteristics
So far, various physical parameters of IBLC (Nb, Mn)-doped SrTiO3 capacitors
were determined. The trends with the annealing time are summarized below;

Increase; Vb, 𝑅GB ,𝜙b , δ, ∆ET3
Decrease; ε′, tan δ, 𝐶GB , Nd
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No trend; Rb, Nt, ∆ET1, ∆ET2
Invariant; 𝑑̅, crystal structure

The changes in the DSB characteristics have been explained as follows; annealing in the air
reduced the Nd, resulting in the increase of 𝜙b and δ. These two parameters affect 𝑅GB ,
𝐶GB and hence ε′ and tan δ decreased. The schematic relationship is shown in Fig. 3-13 (a).
Considering a relatively small change in Rb, Nt, ∆ET1 and ∆ET2 , which did not show
systematic changes with the annealing time, I believe that they did not play a leading role in
modifying the electrical and dielectric properties during the annealing process. The following
scenarios could explain the insensitivity of the trap parameter to the annealing time. 1) The
trap states were formed by a diffusional process, which mainly occurred during highertemperature sintering. 2) Formation of the trap states by annealing were almost completed
within 50 min, so that no significant changes were observed subsequently. Though the trap
states had a small influence during the annealing, it should have been critical for introducing
depletion layer and Schottky barrier at the initial stage.
More importantly, Nd, thereby 𝜙b and δ have significance influence on the
macroscopic properties in (Mn, Nb)-doped SrTiO3. In the case where δ ≪ 𝑑̅ , and assuming
Nt is constant, 𝜙b should be inversely proportional to Nd (See Eq. (2.30) and (2.31)).91 This
condition is probably true in the specimens based on the characterization results in the
Section 3.3.1 and 3.3.2., The conventional model used in this study can explain the observed
results very well. The sintering condition was strongly reducing condition, so that as-sintered
sample should have the highest Nd. As Nd decreased during the annealing, 𝜙b increased,
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while δ became narrower. These changes are illustrated in Fig. 3-13 (b) and are consistent
with the experimental C-V result. The DSB model successfully demonstrates how the barrier
layer had been developed during the annealing process.

Figure 3-13. Summary of the DSB characterization. Proposed relationship between the
physical parameters in (Mn, Nb)-doped SrTiO3 (a) and schematic development of DSB
during the oxidative annealing (b). 91
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3.3.4 D. C. Conduction Analysis in the (Mn, Nb)-Doped SrTiO3
The difficulty for the d.c. conduction analysis on IBLC bulk ceramics originates
from the inhomogeneous microstructure, and therefore high field gradients. Since the
resistivity of the grain boundaries is much higher than that of the grain, the leakage current, 𝐽
in Eq (2.50)- (2.54) should be better expressed in terms of a “local electric field” at a GB,
instead of an average electric field, E (∴ voltage over distance between electrodes). The use
of E would therefore not give a reasonable value of 𝜂 and 𝛾 in Eq. (2.51) - (2.54). Here,
an effective electric field at a grain boundary, 𝐸GB , which is defined as voltage drop per grain
boundary, should be used for the GBLC analysis. Since grain boundary is much more
resistive than the grains, major voltage drops at the grains can be neglected. Thus, 𝐸GB can
be approximated as:
𝐸GB =

∆𝑉
𝑉
𝑑̅
≈
=𝐸
𝛿
𝛿
(𝐿⁄𝑑̅)𝛿

(3.1)

where: 𝑑̅ is the average grain size, 𝛿 is the depletion layer width and ∆𝑉 is the voltage
drop at depletion layer. Thus, the GBLC for the IBLC bulk ceramics would be expressed by
Eq. (2.50)-(2.54) using 𝐸GB instead of E. The estimation of EGB is schematically described
in Fig. 3-14. All the parameters needed for EGB were already characterized by SEM and C-V
analysis in previous sections.
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Figure 3-14. The concept of local electric field at a GB, EGB

Figure 3-15. Proposed leakage current mechanism across the DSB at a grain boundary. (a)
Schottky emission (b) Poole-Frenkel emission (c) Fowler- Nordheim tunneling.
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Fig. 3-16 (a)-(d) shows the temperature dependence of J-EGB characteristics in the
(1%Mn+0.6%Nb)-doped STO ceramics annealed for 50-600 minutes. Both the resistivity
and the breakdown voltage increase with an increase of the annealing time. At the low EGB,
J-EGB characteristics follow Ohm’s law and then the non-linear J-EGB characteristics appear
at the higher EGB. The non-linear J-EGB characteristics in this regime (Prebreakdown) is still
temperature dependent. Since the SE and the P-F are both thermally activated process as
shown in Eq (2.51) and (2.52), either one could be dominant in the prebreakdown regime in
(Mn, Nb)-doped STO ceramics. Interestingly, J at the high EGB (breakdown regime) show
little temperature dependence in all samples. This indicates that F-N tunneling would be the
dominant conduction mechanism across DSB based on Eq. (2.54). Indeed, the onset field of
the temperature-independent regime in Fig. 3-16 is close to 105 V/mm, which is high enough
for the transition from the SE to the F-N tunneling.69 The nonlinear coefficient, α =
d(log 𝐽)⁄d(log 𝐸) at 𝐽~10−6 (A/mm2 ) is given as 11.19±0.07, 12.69±0.05, 15.96±0.14
and 16.02±0.15 for the specimens annealed for 50, 100, 200 and 600 min respectively.

Figure 3-16. J-EGB characteristics in the (Mn, Nb)-doped STO ceramics annealed for (a) 50
minutes (b) 100 minutes (c) 200 minutes and (d) 600 minutes at (□) 298 K, (○) 278 K, (△)
258 K, (◇) 238 K and (▽) 218 K.
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Fig. 3-17 (a)-(d) shows the SE and P-F plot for the (Mn, Nb)-doped STO ceramics
annealed for 50-600 minutes. SE plot at the pre-breakdown regime clearly shows a linear
relationship in all samples. From the slope of the SE plot, 𝜂 at 298 K is calculated based on
Eq. (2-51) and (2-53) as 3.27±0.03, 2.08±0.07, 2.85±0.04 and 3.08±0.12 for the samples
annealed for 50, 100, 200 and 600 minutes. Here, 𝜀∞ (≡ 𝑛2 ) =5.78 was used92. The values
of 𝜂 extracted from the SE plot are reasonably close to the theoretical value, 𝜂SE = 4. On
the other hand, the value of 𝜂 at 298 K calculated from the slope in the P-F plot were
18.7±0.6, 8.36±0.32, 9.29±0.12 and 10.45±0.01 for the sample annealed for 50, 100, 200
and 600 minutes respectively. They are almost one order higher than the theoretical value,
𝜂PF = 1. The discrepancy between 𝜂 from the SE and the P-F is maintained from 218 to
298 K as shown in Table II. Also, the linear relationship in the PF plot is limited to a shorter
field regime, compared to the SE plot. Therefore, SE is suggested for the d.c conduction of
GBLC in the (Mn, Nb)-doped STO ceramics in the prebreakdown regime. It is noted that the
d.c. conduction is controlled by neither the shallow bulk traps nor the Schottky barrier of the
electrodes. The values of 𝜂 from the conventional SE and P-F plot with using 𝐸 are found
to be less than 0.01, which are far from 𝜂PF = 1 and 𝜂SE = 4. Thus, those d.c. conduction
mechanisms are unlikely. The SE over the DSB is then suggested. SE is also able to describe
the Ohmic regime. When the electric field is very small, the last term in the Eq. (2.50) can
be approximated as exp(− 𝑞𝑉 ⁄𝑘𝑇) ≈ (1 − 𝑞𝑉 ⁄𝑘𝑇) and then the linear relationship can be
deduced93. This is consistent with the Ohmic regime at the low EGB regime. The Schottky
barriers height can be estimated from the intercept in the SE plot based on Eq. (2.51) when
𝐸 → 0. Fig. 3-18 shows the Arrhenius plot of Eq. (2.51). 𝜙𝐵 is calculated to be 0.16± 0.01,
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0.17± 0.04, 0.24± 0.04 and 0.31± 0.03 eV for the samples annealed for 50, 100, 200 and 600
minutes, respectively. It is shown that 𝜙𝐵 increased with the increase of annealing time as
well as 𝛿. These values in this work are smaller than the ones determined by C-V analysis
while the trend with the annealing time is maintained. This is probably due to different values
of the permittivity with d.c. and a.c. measurement or a barrier lowering by d.c. bias might
give the smaller value of 𝜙𝐵 . The similar discrepancy of 𝜙𝐵 determined by C-V and SE
plot has been reported in ZnO varistors94 and CCTO95. For the conduction analysis, the value
of 𝜙𝐵 determined from SE plot will be used for the measurement consistency for d.c.
conduction.

Figure 3-17.SE (upper) and P-F (bottom) plot of the (Mn, Nb)-doped STO ceramics annealed
for (a) 50 minutes (b) 100 minutes (c) 200 minutes and (d) 600 minutes at (□) 298 K, (○)
278 K, (△) 258 K, (◇) 238 K and (▽) 218 K. 𝜼 at 298 K is shown for the reference. 𝜼 in
other temperature ranges can be found in Table 3-4.
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Figure 3-18. The barrier height of (Mn, Nb)-doped STO ceramics annealed for 50, 100, 200
and 600 minutes, fitted by Eq. (2.52). Error bars for each 𝝓𝑺𝑬 is shown in the text.

Table 3-4 The value of 𝜂 extracted from P-F and SE plot of the (Mn, Nb)-doped STO
ceramics annealed for 50, 100, 200 and 600 minutes

T (K)
298
278
258
238
218

(Mn, Nb)-STO
50min
𝜂PF
𝜂SE
18.7
3.27

(Mn, Nb)-STO
100min
𝜂PF
𝜂SE
8.36
2.08

(Mn, Nb)-STO
200min
𝜂PF
𝜂SE
9.29
2.85

(Mn, Nb)-STO
600min
𝜂PF
𝜂SE
10.45
3.08

± 0.6

± 0.03

± 0.32

± 0.01

± 0.12

± 0.01

± 0.01

27.6

4.08

11.2

3.36

11.9

3.22

11.90

3.70

± 0.6

± 0.07

± 0.5

± 0.02

± 0.37

± 0.01

± 0.03

± 0.4

39.8

4.15

27.7

4.00

18.57

4.40

12.91

4.29

± 1.2

± 0.04

± 1.9

± 0.03

± 0.50

± 0.06

± 0.01

± 0.5

56.8

4.73

66.9

6.02

33.9

6.40

21.32

6.04

± 1.6

± 0.09

± 0.2

± 0.18

± 2.31

± 0.04

± 0.11

± 1.4

± 0.2

82.5

5.88

55.8

6.97

125.6

11.6

25.51

11.97

± 4.8

± 0.12

± 4.2

± 0.22

±17.2

± 0.31

± 0.62

± 3.1
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As discussed in the J-EGB characteristics shown in Fig. 3-16, the F-N tunneling is
expected at the breakdown regime in the (Mn, Nb)-doped STO. Fig. 3-19 shows a F-N plot
near the breakdown regime. Clear straight lines suggest the F-N tunneling dominates the d.c.
conduction at high EGB in all the (Mn, Nb)-doped STO samples annealed for 50 to 600
minutes. The slopes in the linear regime, which correspond to – 𝛾 in Eq. (2.54), also increase
with the annealing time. Based on Eq. (2.54), 𝜙𝐵 is estimated as 0.13± 0.01, 0.18± 0.02,
0.29± 0.02 and 0.32± 0.02 eV for the samples annealed for 50, 100, 200 and 600 minutes.
Here, the effective mass of electrons in the samples is assumed to be 4.8.96 The values of 𝜙𝐵
from F-N plot are then in good agreement with the 𝜙B extracted from the SE plot shown
Fig. 3-18. Thus, it is likely that F-N tunneling was triggered at the critical field strength,
causing a transition in the conduction mechanism from SE controlled conduction. Therefore,
in summary, the sudden increase of J in Fig. 3-16 is attributed to the onset of the F-N
tunneling.
Prediction of a breakdown voltage is of interest for designing the operation voltage
in IBLC and varistor materials. Though this work suggested that the F-N tunneling is
dominant for the d.c. conduction at the high voltage regime, it is still difficult to predict the
value of the breakdown voltage for each sample. . This is because Eq. (2.54) is difficult to
analytically solve in terms of EGB at certain leakage current. Fig. 3-20 shows the relationship
between the breakdown voltage per a GB and the annealing time. Here, the breakdown
voltage was defined as the voltage at 𝐽 ≈10-6A/mm2 where the value of J converges due to
the F-N tunneling. The breakdown voltage increases with the annealing time but not in a
regular manner. So the precise value of the breakdown voltage cannot be easily extracted
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from the relationship with the annealing time. In principle, it can hypothesized that both the
tunneling probability, which corresponds to increase of J, and the transition point for F-N
tunneling at the fixed temperature, are determined by both 𝜙B and 𝐸GB 97. In IBL systems,
𝐸GB depends on 𝛿 as shown Eq. (3.1). Therefore, in the (Mn, Nb)-doped STO ceramics
those samples annealed with higher values of 𝜙B and 𝛿 should have higher breakdown
voltage because the higher 𝜙B and the thicker 𝛿 inhibit electrons to tunnel through the
DSB. For this reason, The breakdown voltage can be scaled with (𝜙B × 𝛿)/2 , which
corresponds to interpreting the barrier as a triangular area. Fig. 3-20 shows that this
hypothesis works extremely well, yielding a linear relationship between the breakdown
voltage and the triangular area of DSB. From this relationship, it seems to be possible to
predict the breakdown voltage of the (Mn, Nb)-doped STO ceramics with different annealing
times. Though more discussion for the relationship may be required, at least to a first order
approximation the use of two parameters, 𝜙B and 𝛿 , should be reasonable when F-N
tunneling dominates at the breakdown regime.

Figure 3-19. F-N plot of the (Mn, Nb)–doped STO ceramics annealed for (a) 50 minutes (b)
100 minutes (c) 200 minutes and (d) 600 minutes at (□) 298 K, (○) 278 K, (△) 258 K, (◇)
238 K and (▽) 218 K.
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Figure 3-20. The correlation between the breakdown voltage and annealing time & the area
of the barrier at the grain boundary, (ϕB δ ) /2

3.4

Conclusions
In summary, the correlations between microstructure, chemical valence state, and

electrical properties were investigated with increasing oxidative annealing time in the
SrTiO3-based IBLC.. The elemental mapping confirmed that Mn was heavily segregated to
electrode/ceramics interfaces. The EELS analysis revealed that the ratio of mixed valence
state of Mn with the increase in the annealing time, while oxygen was incorporated into
grains. The impedance measurement revealed that the IBLC effect has a leading effect on the
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electrical properties. The Schottky barrier height and depletion width at the grain boundaries
increased during the oxidative annealing and hence determine the macroscopic electrical
properties. These results correlate well with the changes in the dielectric and electric
properties with increasing annealing time and can be used to guide the optimization of
colossal permittivity or barrier layer dielectrics. Moreover, a detailed d.c. conduction analysis
quantitatively elucidated that Ohmic, SE and F-N tunneling dominated at the low,
intermediate and high EGB respectively. A new scaling law is introduced with the Schottky
barrier height and depletion layer width for the prediction of the breakdown voltage.
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4. D.C. Conduction in CaCu3Ti4O12 (CCTO)
4.1

Background
The CP in CCTO was firstly reported in 2000.18 Later, extensive studies were

performed to determine the origin of the huge permittivity. In addition to IBLC effects,
58,67,98,99

relaxation of defect complexes100,101 or electrode-sample interface effects102,103, have

been proposed to be a major contribution to CP in CCTO. Sinclair’s group successfully
explained the origin of CCTO in terms of the grain boundary resistance as influenced by the
heat treatment condition. It was demonstrated that when CCTO is sintered above ~1050°C,
segregation of secondary layers is promoted and then IBLCs becomes dominant due to the
increase of grain boundary resistance104,105. Single crystal samples or ceramics with a lower
temperature sintering possessed a smaller IBLC effect and the electrode-sample interface
effect becomes dominant. More detailed discussion of the nature of IBLs in CCTO can be
found in references.106–109
Besides a CP, the high reported nonlinearity coefficient, 𝛼, (> 900) for CCTO is also
of considerable interest.24 However, the reported value may be spurious because it was
measured at an unusually leaky stage (𝐽 = 1.6 − 31.3 × 10−4 (A/mm2)), compared to the
conventional points (𝐽 = 10−5 − 10−4 (A/mm2)). Later, it was demonstrated that the value
of 𝛼 could be altered by the measurement conditions due to the Joule self-heating.110,111
The methodology of the GBLC analysis was demonstrated in the previous chapter..
The motivation of this study is to expand the approach to the other IBLC materials. It would
also give a key insight into the anomalous value of 𝛼 in CCTO.
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4.2

Experimental Procedure
CCTO powders were synthesized by the soft chemistry method of co-precipitation

followed by a calcination treatment112. The CCTO thick ﬁlms were realized by the tape
casting method and single layers of CCTO film were stacked with screen printed Ag/Pd
electrodes. More details on the process can be found in previous work113. After thermocompression (SPECAC press, 50 MPa/50°C/20 sec), and binder removal the specimen was
sintered in air at 1100 °C for 24 h. The final device component (dimensions 6.2 x 6.4 mm2),
contains 10 interdigitated internal electrodes. The terminations, made of pure Ag, were
applied by screen printing and post-fired at 700 °C for 20 min.

The microstructure of

specimens was observed by Field Emission SEM (Merlin, Carl Zeiss Microscopy LLC,
Thornwood, NY). The specimen was cut into two pieces by an electric saw. The cross section
of CCTO MLCC was polished with SiC sand papers and then annealed at 1000 °C for 30
min, which was 100 °C lower than the sintering temperature. The specimens were supplied
to Penn State from the Toulouse Group. Average grain size was obtained based on the
measurement of nearly 100 of grain sizes by SmartTiff (Version V0.3.00 Carl Zeiss
Microscopy Limited. The capacitance of the specimen was measured with a computercontrolled LCR meter (HP 4284A, Hewlett-Packard, Palo Alto, CA). The d.c. current (I) –
voltage (V) characteristics was measured with a pA meter (HP 4140B, Hewlett Packard, Palo
Alto, CA). The d.c. field is applied for 1 minute and the current was recorded every 3 seconds.
Because it was proposed that Joule self-heating could greatly alter the I-V characteristics of
CCTO110, the voltage applied was removed for 30 seconds at each step. The 30 seconds
interval was confirmed to be sufficient by comparing I-V characteristics with 30 and 180
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second “resting steps”. The Q-DLTS characterization was performed in a home-made charge
measurement system80. The time resolution of the measurement was 4𝜇s. The pulse voltage
with 0.8 V height and 100 𝜇s duration was applied as a charging voltage.

Figure 4-1. Schematic showing the program for the I-t-V measurements (a) pulse voltage
profile with 30 s interval. (b) Current measurement during the d.c. bias. The data was taken
every 3 s.

4.3

Results and Discussion
4.3.1 Estimation of Depletion Layer Width
Fig. 4-2 shows the FESEM images of CCTO MLCC. A porous microstructure was

observed for samples with stacked electrodes. The distance between electrodes was ~110 ±
4 μm. For the estimation of the average grain size, 𝑑̅ , nearly a hundred grains were
randomly chosen and 𝑑̅ was found to be 32.4 ± 1.3 μm. The distribution of the grain size
is shown in Fig. 4-3. Over 60 % of the grain size is between 20 and 40 μm. Thus, 3 ~ 4
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grains are expected in one layer.

Figure 4-2. FESEM micrograph of CCTO MLCC (a) Larger scale with 10 electrodes (b)
Expanded scale.

Figure 4-3. Distribution of the grain size of CCTO
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The C-V analysis was carried out to characterize the potential barrier at the grain
boundary. Assuming a DSB structure at GBs, the space charge capacitance should have a
bias dependence as indicated in Eq. (2.39). The (1⁄𝐶 − 1⁄2𝐶0 )2 plot of the CCTO MLCC
is shown in Fig. 4-4; the plot demonstrates a relatively symmetric response for the positive
and negative bias voltages. From the slope and the intercept of the linear regime, 𝜙 and Nd
are calculated to be 0.80±0.03 eV and 2.90±0.11× 1019 cm-3 respectively. Then NS and δ
are calculated to be 4.23±0.16× 1013 cm-2, 14.6±0.1 nm based on Eq. (2.30), (2.31) and
(2.39). The difference between the parameters extracted from positive and negative voltages
is less than 6 % for all the parameters. The summary of the SEM and the C-V measurements
is shown in Table. 4-1 with the dielectric properties (ε′ , tanδ) measured at 1 kHz. Coupled
with the SEM analysis, the 𝐸𝐺𝐵 can be now estimated based on Eq. (3.1).
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Figure 4-4. (1/C-1/2C0)2 plot of CCTO as a function of voltage per a grain.

Table 4-1. Summary of C-V and dielectric measurement at 1 kHz

𝜀′

tan 𝛿

𝑑̅(μm)

𝜙b (eV)

1.1× 104

0.16

32.4±1.3

0.80±0.03

Nd
(× 1019 cm-3)
2.90±0.11

NS
(× 1013 cm-2)
4.23±0.16

𝛿 (nm)
14.6±0.1

4.3.2 D.C. Conduction Analysis
As mentioned in the background, α in CCTO can be sensitive to the holding time
of bias voltage and hence, the current density (J) – time (t) characteristics should be
considered. Fig. 4-5 (a) shows J-E characteristics of CCTO with different holding times at
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15, 30 and 60 seconds at 𝑇 = 298 K. Few differences in the J-EGB characteristics of CCTO
were observed among the different holding times, except where the leakage current was
larger than 2×10 mA/cm2. The nonlinear coefficient was found out to be 𝛼~5.5 ± 0.01,
where it is defined as 𝛼 ≡ log(𝐽1 ⁄𝐽2 )/ log(𝐸1 ⁄𝐸2 ) and J1 and J2 were selected as 1 and 10
mA∙cm-2 respectively and E1 and E2 are the value of EGB corresponding to J1 and J2. The
difference of 𝛼 with different holding times is less than 3 %. The 𝛼 obtained in this study
is close to some previous studies68,114,115. The Joule self-heating should not have an influence
on the 𝛼 below J =10 mA∙cm-2. Fig. 4-5 (b) shows J- t characteristics of CCTO in the high
leakage regime (𝐽 > 8 × 10−6 (A/mm2)). The time dependence of 𝐽 was almost stable up
to 𝐽~10−4 (A/mm2). With 𝐸GB = 2.59 × 105 (A/mm2), the value of 𝐽 did not reach the
stable point within 60 (s). The time dependence of 𝐽 gets stronger with the increase of 𝐸GB ,
suggesting the Joule self-heating could have an influence on the 𝐽 − 𝐸 characteristics at the
high leakage regime. It is clear that taking α from such a leaky regime would not give a true
value originating from the specimen. Thus, the reported high nonlinear coefficient, 𝛼 > 900,
which was measured at

𝐽 = 1.6 − 31.3 × 10−4 (A/mm2) may include a contribution from

the Joule self-heating. Therefore, it is not unexpected that when self-heating is minimized, as
was done in this work, CCTO shows a much lower 𝛼. This relatively low value of 𝛼 in
CCTO, compared to 𝛼 > 10 our (Mn, Nb)-doped SrTiO3, will be discussed in terms of the
d.c. conduction mechanism.
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Figure 4-5. (a) J-EGB characteristics of CCTO at 298 K as a function of the holding time for
which voltage was applied. (b) J-t characteristics of CCTO at 298 K. An arbitrary EGB was
selected. The unit of EGB is (V∙mm-1). The highest data corresponds to the last points of J in
(a) with 15, 30 and 60 (s) of holding time respectively.

The temperature dependence of the J-EGB characteristics of CCTO was
investigated. As can be seen in Fig. 4-6 (a), the leakage current in the CCTO is thermally
activated within the whole range of EGB. Unlike in the (Mn,Nb)-doped STO, no temperatureindependent regime was observed even at the high leakage regime (~1mA/mm2). Then, F-N
tunneling is not expected in CCTO based on Eq. (2.54). Instead, SE or P-F conduction may
be responsible for the d.c. conduction. Fig. 4-6 (b) and (c) show P-F and SE plots of CCTO,
respectively. Two separate straight lines are shown in both plots, suggesting that a different
d.c. conduction mechanism may appear at the lower (pre-breakdown regime) and the higher
EGB (breakdown regime). Table 4-2 shows 𝜂 from pre-breakdown and breakdown regime
in the P-F and SE plot. Here, 𝜀∞ = 6.0 is assumed based on theoretical116 and
experimental117 results. Over the whole temperature range, 𝜂 from the P-F plot at the pre-
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breakdown regime is closer to the theoretical value, 𝜂PF = 1 than 𝜂 from the P-F plot at
the breakdown regime. The values of 𝜂 from the SE plot does not follow 𝜂SE = 4 in the
pre-breakdown regime. Thus, one can deduce that the P-F conduction dominates the
conduction mechanism for GBLC at the pre-breakdown regime. It has been previously
suggested that CaTiO3 and TiO2 could act as charge trapping centers for P-F emission in the
CCTO systems118–121. In addition, a previous study suggested that CaTiO3 and TiO2
secondary phases, as well as a CuO phase, exist in CCTO

113

. In this study, one of those

secondary phases located at the grain boundaries could be responsible for the P-F emission
by forming trap centers. The significance of the trap center will be discussed later in this
chapter. The trap level, 𝜙𝑡 is calculated from the temperature dependence of ln( 𝐽⁄𝐸GB ) at
the certain 𝐸GB value in the P-F regime. Fig. 4-7 shows the Arrhenius plot for thr P-F
emission. With the selected 𝐸GB , 𝜙𝑡 ~0.66±0.05 eV of the trap level at the grain boundaries
was derived from Eq. (2.52).
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Figure 4-6. (a) Temperature dependence of J-EGB characteristics of CCTO (b) P-F plot of
CCTO (c) SE plot of CCTO. 𝜼 at 298 K is shown in (b) and (c) for the reference. 𝜼 for
other temperature ranges can be found in Table 4-2.
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Table 4-2 The value of 𝜂 extracted from P-F and SE plot of CCTO in the Pre-breakdown
and Breakdown regimes.
𝜂PF
T (K)

Pre-breakdown

𝜂SE
Breakdown Pre-Breakdown

Breakdown

298

1.65±0.01

3.10±0.04

1.05±0.003

2.18±0.01

278

1.86±0.06

5.10±0.06

1.28±0.04

3.33±0.10

258

1.31±0.12

6.47±0.17

0.98±0.08

4.39±0.11

238

2.34±0.06

9.06±0.14

1.72±0.05

5.10±0.17

218

2.90±0.12

9.69±0.39

2.17±0.08

5.81±0.23

Figure 4-7. Arrhenius plot of the P-F emission for the CCTO. The selected EGB corresponds
to the value at P-F emission regime shown in Fig. 4-6 (b)
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Next, the d.c. conduction mechanism in and near the breakdown regime is discussed.
The change of slope from the P-F regime, and linear relationship in SE plot suggest that the
SE is the dominant d.c. conduction mechanism in the breakdown regime. The 𝜂 in the prebreakdown regime is not close to 𝜂SE = 4, as expected by the dominance of P-F emission
at this regime. On the other hand, the values of 𝜂 at the breakdown regime in Table 4-2 show
a reasonable range of values, 2.2-6.0, for the SE conduction. Thus, SE type conduction is
dominant at the breakdown regime of CCTO. The transition from P-F to SE may be caused
when electrons acquire enough energy to go over the DSB at the grain boundaries. This is
consistent with the temperature and field dependence of the transition points in Fig. 4-6 (b)
and (c). The PF becomes less effective (or SE appears) at the lower EGB with the higher
temperature, which is probably because the electrons are thermally excited over the DSBs.
As a result, three types of conductions, Ohmic, P-F and SE are successively observed in the
CCTO with the increase of EGB. It is noted again that the 𝜂 turned out to be very small (<
0.002) if E is used for the SE and PF plot instead of EGB. This means that the J-EGB
characteristics of CCTO with an IBLC structure did not follow neither the well-known “bulklimited” P-F emission nor “electrode limited” SE but the GBLC. The non-linear factor,
𝛼~5.5 ± 0.01, in CCTO was relatively smaller than that of (Nb, Mn)-doped STO (𝛼~10 −
15). This could be explained by the difference in the conduction mechanism or electronic
structure at the GBs. Further reserch is required to explain the difference of α in some
varistor materials..
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4.3.3 DLTS Measurements
Since the importance of the trap states for the CCTO was inferred from the
conduction analysis in the previous section, Q-DLTS measurements were performed to
further investigate the trap states and their relationship to the P-F emission in CCTO. Fig. 48 shows the Q-DLTS spectra from 100 to 350 K. ∆𝐸𝑇 for each peak can be obtained based
on Eq. (2.47)-(2.49). Fig. 4-9 shows an inverse time constant Arrhenius plot corresponding
to Eq. (2.49). ∆𝐸𝑇 was found to be 0.15±0.04, 0.79±0.09 and 0.66±0.01 eV for the peak
1, 2, and 3 respectively. The existence of the trap states, which is crucial for the formation of
DSB, is elucidated. The number of trap states and their energy levels correspond well to
reported values from the dielectric spectroscopy measurement122,123. The trap level with ∆ET
= 0.15 eV from peak 1 may be associated with the ionized donor level in the grain. Many
studies have shown that the n-type grain (bulk) of CCTO have a small activation energy (~
0.1 eV).58,98,124–126 The origin of the peak 2 is not clear. It could be from a specific point
defect5, adsorbed gas7 as suggested in other titanates, or defect dipoles, as proposed for
CCTO.100,101,127 Most importantly, the trap level with 0.66 eV from peak 3 is in very good
agreement with the P-F analysis in Fig. 4-7. This proves that P-F conduction dominates the
pre-breakdown regime in CCTO with the existence of trap state at ∆ET = 0.66 eV. The origin
of this trap should be related in the secondary layers as discussed in the previous section.
Moreover, the electronic trap states would have a significant influence not only on the d.c.
conduction, but also on the dielectric properties. It was reported that both the leakage current
and tan𝛿 were remarkably improved due to the existence of P-F emission121. The tan𝛿 can
be expressed as128
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tan𝛿 =

𝜀" 𝜀𝑟 " + 𝜎/𝜔𝜀0
=
𝜀′
𝜀′

(4-1)

where 𝜀′, 𝜀", 𝜎 and 𝜔 are real part and imaginary part of the permittivity, conductivity
and angular frequency. Thus, the reduced 𝜎 would lead to lower tan 𝛿 at lower
frequencies128. According to Lee et al., tan𝛿 was improved because the P-F emission with
relatively deep trap center decreased 𝜎121. This might be the case for the CCTO with IBLC
structure in this work. It is also reasonable to infer that the tan𝛿 is improved due to an
increase the depletion layer width. As can be understood from Eq. (2.31), an increase in the
density of negatively charged trap will increase the depletion layer width. In either case, the
trap state should play an important role in the tan𝛿. In summary, Q-DLTS revealed three
electronic trap states. One at ∆ET = 0.66 eV should be responsible for P-F conduction. In
addition, it may affect tan𝛿 at the lower frequency by modifying the electronic state at DSB.

Figure 4-8. DLTS spectra of CCTO. The gate time, t1 and t2 are shown in the inset with the
ratio of t2 / t1 =10.
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Figure 4-9. Arrhenius Plot of DLTS Spectra of CCTO.

4.3.4 DSB Model of CCTO
Here, the electronic structure of the DSB of CCTO is proposed by summarizing the
C-V, DLTS and J-EGB measurements. According to the P-F analysis and DLTS (3rd peak),
one trap state at ~0.65 eV below the conduction band was indicated with good agreement
between the two measurement results. The C-V measurement suggests 𝜙𝐵 to be ~0.80 eV.
DLTS measurement detected 2 other trap states. One with ~0.15 eV is thought to be shallow
trap states in the grain originating from the ionized donors, as discussed. It is concluded that
the other unknown trap state (2nd peak in DLTS) could exist at the GB or grain. Possible
interpretations are as follows: (i) it exists at the GB below the trap states, which is associated
with 3rd peak of DLTS. Possibly, the trap level is distributed, instead of 𝛿 function-like
density of state, and is partially filled. DLTS detected the empty state with shallower level.
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The Fermi level was “pinned” by the filled deeper level. (ii) it exists at the grain or
grain/secondary phase interface. The influence on the other properties is unknown. The
barrier model is discussed in this section and summarized in Fig. 4-10.

Figure 4-10. Proposed electronic structure of DSB in CCTO with EGB = 0.

Two possible

interpretations of ET2 are shown as (i) and (ii) and are explained in the text. A schematic
electronic transport representation is also shown with the arrow (PF and SE) when EGB ≠ 0

4.4

Conclusions
The d.c. conduction of IBL system and CCTO is demonstrated. The effective electric

field at the grain boundary, EGB, is estimated based on the SEM and C-V measurements. The
d.c. conduction mechanism is discussed from the result of the temperature dependence of JEGB characteristics. The J-EGB characteristics of CCTO are more thermally activated
compared to (1%Mn+0.6%Nb)-doped STO. They are explained by an Ohmic conduction at
the low EGB, P-F at intermediate EGB and SE at high EGB. The Q-DLTS measurements
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demonstrate that the trap center at ∆ET = 0.66 eV is responsible for the P-F conduction, which
could result in better insulation and lower tan𝛿. Although the (1%Mn+0.6%Nb) –doped
SrTiO3 and CCTO showed similar macroscopic varistor-capacitor properties, the d.c.
conduction of GBLC in two IBLC systems has distinct differences. The SE conduction at the
high EGB may be responsible for the low 𝛼, compared to the one with F-N tunneling in
(1%Mn+0.6%Nb) –doped SrTiO3. Based on the combination of different characterization
techniques, the electronic structure of DSB in CCTO is proposed. Most importantly, this
study demonstrated that the approaches and methodologies shown in this work could help
many of the other GBLC studies in various electroceramic systems.
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5. The Origin of Colossal Permittivity in (Nb, In)doped TiO2 Rutile Ceramics Synthesized Via a
Low Temperature Spark Plasma Sintering
(SPS) Process.
5.1

Background
It is of interest to search for new colossal permittivity (CP) materials for low frequency

capacitor applications. In the last 20 years or so, the CP has been reported in many materials
systems, such as CaCuTi4O12,98,129 doped-NiO,19 Ba4YMn3O11.5,22 and CuO.20 The CP in
those materials has been explained in terms of Maxwell-Wagner interfacial polarization,
resulting from a depletion layer between grain/grain boundaries or grain/electrodes interfaces.
The former case is often referred to as “internal barrier layer capacitance (IBLC)”. The CP
owing to Maxwell-Wagner polarization, however, is often accompanied by a high dielectric
loss (tanδ > 0.05) and temperature-frequency instabilities.21
In 2013, Hu et al. demonstrates that (Nb, In)-doped TiO2, (NITO) rutile structure could
achieve the CP (~ 6 × 104 ) with tan δ < 0.05 and excellent temperature-frequency
characteristics over 100-400 K and 10-105 Hz.25 They ascribed the CP in NITO to a complex
and localized defect dipole relaxation, and this was inferred from a combined density
functional theory calculation, as well as structural and electrical characterizations. Later, their
conclusion was further supported by other groups.26–28 In contrast, the IBLC effect has also
been proposed as an origin of CP in the NITO ceramics. The IBLC structure of NITO was
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elucidated from current-voltage and impedance measurements.29–31 More recently,
alternative explanations, such as polaronic relaxation,130 or mixed contribution of the defectdipole, polaronic, and electrode-ceramics interface effect, have also been proposed.131 In
many cases, the origin of the CP has been argued by the existence of the “barrier”, that is, the
resistance and activation energy of the grain and grain boundaries. But the complexities arise
when the IBLC effects co-exist with the other polarization mechanism. 44,132
For the early days on the dielectric relaxation phenomenon, Debye showed that a
complex permittivity, 𝜀 ∗ , would have a relaxation behavior (Eq. 2.8). Although 𝜏 is known
to have a characteristic time depending on the nature of the relaxation mechanism, less
attention has been paid to the arguments for CP in NITO, compared to the barrier layer
characteristics. Therefore, an extensive study of the relaxation phenomena within a classical
theoretical work, such as Havriliak-Negami38, Jonscher133, or Macdonald45, should give
critical insights into the physical aspect of the CP in NITO ceramics.
Previously, it was demonstrated that CP in the nano-crystalline NITO ceramics
synthesized by a low temperature spark plasma sintering (SPS) technique is not owing to the
IBLC effects, but rather can be ascribed to the relaxation of localized electrons.134 In the
present work, the dielectric relaxation is investigated, focusing on the origin of CP in NITO
ceramics. First, the electrode-ceramic interface effect and the IBLC effect were investigated.
Then, dielectric spectroscopy was performed on a huge dielectric relaxation in NITO600.
The nature of the relaxation is discussed, based on the Havriliak-Negami (H-N) model. The
role of the localized electrons for the CP is explained through the correlation with the a.c.
transport mechanism.
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5.2

Experimental Procedure
The NITO powders were prepared by the oxalate precipitation method used in previous

work.134 Raw powder, InCl3 (Sigma-Aldrich, 98%) and NbCl5 (Sigma-Aldrich, 99%), were
all dissolved into water and ethanol and then mixed with lab made TiOCl2 solution oxalic
acid. Then, oxalic acid was added into the final precursors and homogeneous oxalates were
precipitated. It was dried at 120℃ overnight and calcined at 1000℃ for 1 hour under static
air. The oxide powder was then sintered using a Dr. Sinter 2080 SPS system (Sumimoto Coal
Mining Co., Tokyo, Japan). The SPS condition was performed at 800 ℃ under 100 MPa for
20 minutes. As-sintered specimens underwent post-annealing at 600 ℃ for 12 hours in static
air. One as-sintered specimen was also annealed 1100℃ for 12 hours under static air. These
were supplied to Penn State from the Toulouse Group. More details on the processing are
described in ref 134. Three specimens, undoped TiO2 annealed at 600 ℃, NITO annealed at
600 ℃ and NITO annealed 1100 ℃ were used for this work. These will be labeled as
TiO2600 NITO600 and NITO1100. The Au and Pt electrodes (99.99%, Kurt J. Lesker
Company, USA) were coated by a sputter coater (EMS 150 R S, Electron Microscopy
Sciences, USA). Ag electrodes were painted on and dried in the air. Impedance measurement
was performed using a computer-controlled LCR meter (HP 4284A, Hewlett-Packard, USA).

5.3

Results and Discussion
5.3.1 Dielectric Spectroscopy
Fig. 5-1 (a) represents the frequency dependence of dielectric properties of

NITO600, NITO1100 and TO600 at 298 K. The codopants of Nb and In greatly increased 𝜀′.
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The obtained 𝜀′ in NITO600 was calculated to be ~5500 at 104 Hz. Further annealing at
1100 oC resulted in a drop of the dielectric properties in NITO1100. Noting that the 𝜀′ in
NITO1100 shows a step-like decrease accompanied by the peak in tan𝛿. This is a typical
characteristic of a Maxwell-Wagner type of relaxation and it is also clearly seen in Fig. 5-1
(c). The relaxation frequency of NITO1100 in Fig. 5.1 (a) is shifted to a higher frequency
with the increase of temperature so that the tan𝛿 in Fig. 5.1 (c) showed a peak as a function
of temperature. The activation energy for this relaxation was obtained from the Arrhenius
law, as can be seen in Fig. 5-2 for NITO1100. The 𝐸𝑎 and τ0 were calculated to be 0.50
(eV) and 8.2×10-14 (s). These are very close to the values of typical Maxwell-Wagner
relaxations.98 Hence, the dielectric relaxation in NITO1100 is likely to be associated with a
Maxwell-Wagner relaxation. In contrast, neither NITO600 nor TO600 showed the MaxwellWagner relaxation. The relaxation in NITO1100 may have developed because the grain
boundary was oxidized, resulting in a higher resistance than the grain. The other possible
explanation is dopant segregation into the grain boundaries. The diffusion of the dopants
would be promoted by the higher temperature annealing. The increase of 𝜀′ and tan 𝛿 at the
higher temperature (T>350 K), which is observed in all the specimens, is probably due to the
space charge relaxation at the electrode-ceramics interface. Similar observations are also
reported in NITO and other ceramics.104,130
The rest of chapter is focused on the origin of the large permittivity (𝜀 ′ ~5000) in
NITO600. First the Schottky barrier effect at the electrode/ceramics interface was
investigated. Fig. 5-3 shows the frequency dependence of the dielectric properties of
NITO600 ceramics with different metal electrodes. Both 𝜀′ and tan𝛿 are almost invariant
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to the type of electrode. The slight difference with the electrode metal in this work is much
smaller than the reported values in Nb+Ga co-doped rutile TiO2, which showed an order of
magnitude difference.131 As seen in Fig. 5-1(c), the electrode-ceramic interface effect is
“activated” only above 350 K, at which point delocalized electrons may have been
accumulated at the interface. Therefore, the origin for the large permittivity below the room
temperature is still not clear.

Figure 5-1. Frequency-dependence of dielectric properties of NITO600 and NITO1100 and
TO600 (a), Temperature dependence of dielectric properties of NITO600 (b), NITO1100 (c)
and TO600 (d). Sputtered Au electrodes were used for all the measurements.
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Figure 5-2. Arrhenius plot of dielectric relaxation in NITO1100.

Figure 5-3. Dielectric properties of NITO600 (a) as a function of frequency with Pt, Au and
Ag electrodes at room temperature.
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In order to investigate the dielectric relaxation of NITO600, dielectric spectroscopy was
performed at liquid helium temperatures. As shown in Fig. 5-4 (a), 𝜀′ started to rapidly
decrease below 35 K from the higher frequency side, though the plateau regime of 𝜀 ′ could
not be observed due to the measurement limit (𝑓 < 2 × 106 Hz). The dielectric relaxation
observed in Fig. 5-4 (a) is similar to the typical Debye relaxation, indicating that one
polarization mechanism contributes to the CP in NITO600 in the measured range. Meanwhile,
the imaginary part of the relative permittivity, 𝜀′′ shows a Debye-like dielectric loss peak.
As temperature decreased, the loss peak in 𝜀 ′ ′ shifted towards lower frequency, with a slight
increase in the peak height. For this kind of a thermally-activated process, the relaxation time,
τ, is given by the Arrhenius law.35 An Arrhenius plot of Eq. (2.11) is shown in Fig. 5-4 (b),
and the 𝐸𝑎 = 9.33 ± 0.81 × 10−3 (eV) and τ0 = 1.44 ± 0.89 × 10−9 (s) were given,
respectively. Table 5-1 summarizes τ0 and 𝐸𝑎 for various types of relaxation in some
ceramics. The typical 𝐸𝑎 for both the Maxwell-Wagner and dipolar relaxation requires
much larger 𝐸𝑎 to described either an interfacial potential barrier at the grain boundaries135
or ionic motion over the local potential well.47,136 As a result, relaxations corresponding to
either of those mechanisms are observed at higher temperatures (𝑇 > R.T.) due to the large
value of 𝐸𝑎 .98,137–140 Thus, these types of relaxations are both ruled out as an origin of the
large relaxation in Fig 5-4. Instead, the smaller value of 𝐸𝑎 suggests that the relaxation may
originate from a localized electronic motion. The measured 𝐸𝑎 = 9.33 ± 0.81 × 10−3 (eV)
and τ0 = 1.44 ± 0.89 × 10−9 (s) are close to typical polaron based relaxations in many
materials systems, as shown in Table 5-1. Thus, hopping and trapped electrons are believed
to cause the relaxation phenomena in NITO600.77 The electron hopping between two cation
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sites corresponds to a redistribution of charge and creation of a local dipole, and this can
result in the large permittivity. One can find from Eq. (2.11) that the smaller values of 𝐸𝑎
and τ0 should result in a fast relaxation process at a fixed temperature, so that such polaronic
relaxations have been observed at low temperature (𝑇 < 100 K) with frequency range is less
than 106 (Hz).141–144 In our case, the characteristic time constant τ exponentially became
faster (smaller) as temperatures increased, and then it reached τ~6 × 10−8 (s) at 30 K,
which corresponds to 𝑓𝑚 > 2× 106 MHz. Hence, the relaxation was not observed in the
measured frequency range above 30 K in Fig. 5-4 (a). The temperature-independent
characteristics of 𝜀′ in Fig. 5-1 (b) are attributed to a nanosecond order of 𝜏. Also, the result
predicts that the dispersion appears at 𝑓𝑚 ~7 × 107 Hz at 298 K, which is consistent with
the frequency-independent large permittivity of amorphous NITO thin film up to 107 Hz.26
For practical applications, the utilization of polaronic hopping polarization with the smaller
𝐸𝑎 and τ0 should more stable temperature-frequency characteristics in a capacitor
application. Our previous report demonstrated that the fast and low temperature processing
may have been helpful to achieve such novel characteristics, by suppressing the IBLC
effect.134 The thermally hopping polaron (THP) model predicts the following relationship;145
𝑇ε′′
m =

𝑁0 𝜇 2
𝐸a
exp (−
)
3𝑘B
𝑘B 𝑇

(5.1)

where: 𝜇 and 𝑁0 are the local dipole moment and the pre-exponential factor of the hopping
′′
dipole. 𝜀𝑚𝑎𝑥
is the loss peak maximum at various temperatures, obtained from Fig. 5-4 (a).

The Arrhenius form of Eq. (5.1) is then plotted in Fig. 5-4 (b). As can be seen, the
experimental data follows the THP model. The 𝐸𝑎 =2.01±0.06 × 10−3 (eV) was found to

86

be relatively smaller than the 𝐸𝑎 = 9.33 ± 0.81 × 10−3 (eV) from Eq. (2.11), but the same
order is maintained. Therefore, the polaronic model in NITO600 is further confirmed in this
system. The small discrepancy is discussed in a later section. The evidence of the polaronic
motion can be proved by investigating the temperature dependence of d.c. conductivity
around near the half of the Debye temperature, 𝑇𝐷 /2. It was estimated according to 𝑇𝐷 =
530 and 532 K for TiO2 and Nb-doped TiO2.146,147 Fig. 5-5 (a) shows a temperature
dependence of the d.c. conductivity in NITO600. It clearly deviates from the Arrhenius type
of next nearest hopping motion near 𝑇𝐷 /2 . The temperature dependence, Ln𝜎 ∝ 𝑇 −𝑝
below 𝑇𝐷 /2, was obtained using Eq. (2.63) The plot of log E as a function of log T should
give a slope of (1-p). Fig. 5.5 (b) indicates (1-p)= 0.77 and therefore 𝑝 ≈ 0.25. The result,
Ln𝜎 ∝ 𝑇 −1/4 , strongly suggests that a polaronic variable range hopping plays important roles
for NITO600.

87

Figure 5-4. (a) Frequency dependence of 𝜀′ and 𝜀" in NITO600 at different temperatures
(𝑇 =16.6-31.2 K), and (b) Arrhenius plot of a Debye model and a thermally activated
hopping polaron (THP) model.
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Table 5-1. Summary of relaxation parameters for different mechanism
Material

𝐸a (eV)

𝜏0 (s)

Mechanism

Ref

CaCu3Ti4O12

0.60

7 10-14

Maxwell-Wagner

98

TiO2

0.70

2 10-11

Maxwell-Wagner

137

0.46-0.53

a)

Dipolar Complexes
Mg-doped BaTiO3

138

-

∙∙
(Mg ′′
Ti − Vo )

Dipolar Complexes
Zr-doped SrTiO3

0.77-0.86

-

a)

139

′′
(VSr

−

Vo∙∙)

Dipolar Complexes
NiO

0.30

140

-6

1.610

(Ni′Ni

−

∙∙
VNi
)

SrTi1-x(Mg1/3Nb2/3)xO3

0.005

(1.4-1.7)10-9

Polaronic

141

SrTiO3-SrMg1/3Nb2/3O3

0.001

10-10-10-8

Polaronic

142

Polaronic

143

Polaronic

144

Pr1-xCaxMnO3

0.04-0.14 10-11-2.510-9

TiO2-x
a)

0.02

10-7-10-8

not given in the reference.
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Figure 5-5. Temperature dependence of conductivity in NITO600 (a), logE – log T plot
where the conductivity deviates from the Arrhenius law.
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5.3.2 Hopping Polarization of Localized Electrons with a Distributed
Relaxation

Fig. 5-6 (a) shows a complex permittivity 𝜀* plot of NITO600 at 16.6 K. Clearly,
the “suppressed” semi-circle of 𝜀 ∗ (𝜔) suggests the deviation from the Debye relaxation.
The 𝜀 ′ (𝜔) can be expressed using a more general form, known as a Havriliak–Negami (HN) relaxation (Eq. 2.14). The best fit was given with the exponents; 𝛼 = 0.63, 𝛽 = 0.99,
and the characteristic time constant 𝜏HN = 8.9 × 10−7 (s), respectively. Here, 𝜏 in Eq.
(2.14) is re-defined as 𝜏HN . Such a low value of 𝛼 indicates the relaxation time is widely
distributed, but with a symmetrical distribution

(𝛽 = 0.99).39 The distribution function

can be given as a function of 𝛼 and 𝛽. Fig. 5-6 (b) shows a F(𝜏⁄𝜏HN ) at 16.6K in NITO600
ceramics calculated with 𝛼 = 0.63, 𝛽 = 0.99 and 𝜏HN = 8.9 × 10−7 (s) using Eq. (2.20).
As expected, 𝐹(𝜏⁄𝜏HN ) is nearly symmetric and widely distributed over decades. The
distributed 𝜏 is often ascribed to a distribution of activation energy.148,149 In this case, it
could originate from localized states interacting with the surrounding ions, as suggested for
polaronic hopping.150 The multiple Debye-type relaxations with distributed Ea were
overlapped each other and show broad distribution of the 𝜏.133

The total time for the

electron to move and for the surrounding atoms to reach the thermal equilibrium positions
may vary with the localized states. In addition, the dopant should also play an important role
in increasing the number of local dipoles, N, contributing to the net polarization.. The Nbdoping increased the carrier concentration and the number of Ti′Ti sites. The increased
number of the hopping electrons should enhance the N. In fact, it was reported that Nb-only
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doped TiO2 could show a large permittivity (𝜀 ′ > 104 ) with tanδ > 0.1, while In-only
doped TiO2 produced 𝜀 ′ ~120.25 Since the Nb and In co-doped TiO2 showed lower loss
(tanδ < 0.1), the In doping may influence the localized states of electrons. Unfortunately,
good fitting results could not be obtained above T >22 K, due to the lack of higher frequency
part of 𝜀′′, and T =16.6 K was the minimum temperature in our system. However, the
relationship ln(𝜏HN ) vs1/𝑇 in the small temperature range yielded similar results from the
Debye model (𝐸𝑎 = 6.8 × 10−3 (eV) and τ0 = 7.9 × 10−9 (s)). This is probably because
the 𝐹(𝜏⁄𝜏HN ) was nearly symmetrical, so that it did not affect the position of the loss peak.
Thus, the previous result of 𝜏0 and Ea in the previous section should be valid. For this reason,
the temperature dependence of the distribution function is discussed, based on the loss peak
analysis. Fig. 5-7 shows the normalized loss peak from Fig. 5-1 (a). The peak shape is almost
invariant with temperature. In addition, the slope of the left side of the loss peak at even
higher temperatures up to 31.2 K in Fig. 5-4 (a) was almost constant (𝑠~0.48 ± 0.02 in
𝜀 ′′ ~𝜔 𝑠 ). Thus, the 𝛼 , 𝛽 and hence

𝐹(𝜏⁄𝜏HN ) were probably not very sensitive to

temperature change in the measured temperature range. Similar observations have been
reported.151,152 Therefore, similar 𝐹(𝜏⁄𝜏HN ) is expected in the measured temperature range
in Fig. 2.
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Figure 5-6. (a) 𝜀 ∗ plot of NITO600 fitted with Debye model and Havriliak-Negami (H-N)
model, and (b) Simulated distribution function, F(τ / τHN), at 16.6 K. The FWHM was found
to be ~1.45.
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Figure 5-7. Normalized 𝜀" of permittivity in NITO600 at different temperatures

For the hopping electrons, the frequency-dependent a.c. conductivity is expected.45
In the case of a constant activation energy profile, the a.c. conductivity is expected to be
constant as a function of the frequencies and determined by the barrier height between two
states (Fig. 5-8 (a)). In the double potential well, a.c. conductivity tends to be zero at the
lower frequency because of the infinite potential. The conductivity then increases at the
higher frequency because of the Debye-like transition in Fig. 5-8 (b). The theory for this type
of hopping conduction had been proposed as Eq. (2-16). Eq. (2-16) predicts 𝜎′(𝜔) ∝ 𝜔2 at
𝜔 < 𝜔𝑟 and 𝜎 ′ (𝜔) = 𝑐𝑜𝑛𝑠𝑡. at 𝜔 > 𝜔𝑟 at fixed temperature as shown Fig. 5-8 (b). In the
case of the multiple activation energies, a combination of the Debye-like transition gives rise
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to the step-like profile corresponding each activation energy (Fig. 5-8 (c)).Fig. 5.8 (a) shows
the temperature dependence of a.c conductance of NITO600 ceramics. No plateau regime at
a low frequency, which is known to be the d.c. component, was clearly observed down to the
lowest frequency limit. The weak temperature-dependence is probably due to a small hopping
activation energy. Similar behavior has already been shown in TiO2 73,147,153. The conductance
in NITO600 ceramics greatly increased with the increase of 𝑓. The slope is found to be
𝑠~1.47 at 𝑓~104 Hz and 𝑠~0.63 at the higher frequency side of 𝑓𝑚 with a slight
temperature dependence.

The conventional theoretical expression for the a.c. conduction

with the localized states in Eq. (2-66) and Fig. 5-8 (a)-(c) cannot explain the observed
frequency dependence of 𝑌(𝜔).

This is because the activation energies in 𝑛-NITO are

expected to be widely distributed as suggested by H-N fitting. As shown in Fig. 5-8 (d) and
(e), such widely distributed potential wells would give rise to the smooth profile in the a.c.
conductivity by overlapping step-like profile. Then,

𝑌(𝜔) at 16.6 K was fitted including

distribution parameters using Eq. (2.16)-(2.18). Combining the H-N form of 𝜀 ′′ (𝜔) (∴ Eq.
2.16) with 𝜎 ′ (𝜔)~𝜔𝜀 ′′ (𝜔), the Debye term is modified (𝜎 ′ (𝜔) ∝ 𝜔2 → 𝜎 ′ (𝜔) ∝ 𝜔 𝑠 ).
Fig.5-9 (b) shows the fitting result with Debye and H-N model at 16.7 K. The modified model
fits very well with the experimental data for both sides of 𝜔m . This result proves that the
𝑌(𝜔) is affected by the distributed potentials in 𝑛 -NITO at low temperatures.

The

deviation below 103 Hz might be owing to the d.c. contribution. It is to be stressed that Eq.
(2.66), which was developed for the a.c. hopping process, is still valid in NITO600 at low
temperatures with the modification of the Debye term. Therefore, the large relaxation
phenomenon is suggested to be correlated with electron hopping motion between localized

95

states. The net polarization appears to be due to the hopping electrons, corresponding to the
reorientation of local dipole moments. The total time for the hopping motion results in these
Debye-like relaxations. As discussed, the dopant level of Nb and In contributes to the net
dipole moment, achieving CP in NITO600.

Figure 5-8. Frequency dependence of the hopping conductivity for different potential energy
profiles: (a) Periodic constant activation energy, (b) a single bi-well, (c) a potential profile
with three different activation energies, modified and redrawn from ref 58.

(d) distributed

potential well proposed in this work, and (e) expected conductivity profile with the potential
energy profile of (d). Notation, l and r in (d) represent hopping direction and 1,i and n
represent the lattice sites.
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Figure 5-9. (a) a.c. conductance of NITO600 at different temperature, and (b) Fitting result
of the Debye model and the Havriliak-Negami (H-N) model.
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5.3.3 Nonlinear J-E characteristics due to the Localized States
Finally, the d.c. conduction mechanism was investigated below 40 K. Fig. 5-9 (a)
shows the J-E characteristics of NITO600. The temperature dependence was barely observed
in the range of 20.2-35.7 K. This should be the similar case as seen in the temperature
dependence of a.c. conductivity at low frequency (f < 100 Hz) and such observations have
been reported in ref73,147,153. It has been proposed that the non-Ohmic hopping conduction
could have a relationship, Ln(𝐽) ∝ 𝐸 −1/4, at very high fields (𝑒𝐸 ⁄2𝛼𝑘𝑇 ≫ 1 ).75 Fig. 5-9(b)
shows 𝐿𝑛(𝐽) as a function of 𝐸 −1/4 . Although it seems to show a linear relationship at the
higher 𝐸, the theory cannot explain the high field condition. Assuming 𝐸 ≈ 102 (V/mm)
and 𝛼 ≈ 1⁄𝑎 , where 𝑎 is the interatomic distance of Ti in rutile structure, 𝑒𝐸 ⁄2𝛼𝑘𝑇
becomes less than unity over all the measured temperature range. Also, it fails to explain the
temperature-independent characteristics in the Ohmic regime. Thus, the 𝐿𝑛(𝐽) ∝ 𝐸 −1/4
relationship cannot explain the observed nonlinear J-E characteristics in NITO600.
The other possible explanation in Poole-Frenkel conduction. Emin showed PooleFrenkel conduction can be equivalent to a “high-field driven polaronic hopping”.154 Fig. 5-9
(c) and (d) shows P-F and SE plot of NITO600 from 20.2-35.7 K. Because a detailed optical
study on NITO system has not been reported, the value of 𝜀∞ could not be estimated. Instead,
𝜂 in Eq. (2.53) was fixed as 1 and 4 for P-F and SE respectively and 𝜀∞ was determined
from the slope of P-F and SE plot. It was estimated that 𝜀∞ = 1.1~3.2 for P-F and 𝜀∞ =
0.15 − 0.46 for SE. 𝜀∞ < 1 from the SE plot is unrealistic, while 𝜀∞ = 1.1~3.2 from PF plot is more reasonable, considering 𝜀∞ = 5.93 for Nb-doped TiO2, determined from
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optical measurements.155 GBLC type is also considered. Assuming a DSB structure exist at
GBs, the depletion layer width, 𝛿 was estimated to be ~6.6 nm assuming IBLC structure
using the ~5500, 150, 241 nm for 𝜀eff , 𝜀GB and 𝑑̅ . The P-F and SE plot with 𝐸GB (= 𝑉/𝛿)
at 35.7 K resulted in 𝜀∞ ~1.0 × 105 and 6.7 × 104 , which are highly unlikely for the value
of 𝜀∞ . These results suggest P-F behavior originating from polaron hopping is most likely
among the P-F, SE and GBLC mechanisms, and hence would be responsible for the nonlinear
J-E characteristics in NITO600. Unfortunately, the temperature-independence cannot be fully
explained by Emin’s model.154 It suggests the hopping rate should be promoted by a factor
of (− 1⁄𝑘𝐵 𝑇). Thus, further study is needed to fully explain the d.c. conductivity of NITO.
It was probably because the very small value of Ea for the polaronic hopping and narrow
temperature regime for the measurement may end up the temperature independent J-E
characteristics in Fig. 5-10.
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Figure 5-10. J-E characteristics of NITO 600 from 20.2 to 35.7 K. log J vs log E (a), Ln J vs
E-1/4 (b), SE plot (c) and P-F plot (d).

5.4

Conclusions
Dielectric spectroscopy was performed in SPS NITO ceramics. The electrode-ceramic

interface and IBLC effect were ruled out as the origin of giant permittivity in NITO600. The
large dielectric relaxation was observed below ~35 K. The H-N analysis suggested that the
Debye-like relaxation had a symmetrical and distributed nature. The temperature dependence
of the distribution was shown to be weak. The fast relaxation process, owing to the small
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values of 𝐸𝑎 and τ0 , suggests that the relaxation is attributed to the hopping motion of
electrons, which are believed to be localized at the cation site. The mean relaxation time was
found to be much faster than that of dipolar reorientation or interfacial relaxation. The a.c.
transport at this temperature range was successfully explained by the hopping conduction
model with H-N parameters. The strong correlation between the relaxation and a.c.
conductance suggests the large dielectric relaxation should be associated with the hopping
motion of localized electrons.
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6. Conclusions and Future Work
6.1

Conclusions and Summary
In this work, the electronic structure of DSBs was investigated in (Mn, Nb)-doped

SrTiO3 and CCTO by a combination of C-V, impedance spectroscopy and DLTS
measurements. The depletion layer width at the GBs led to an estimation of EGB, which
allowed one to perform the GBLC analysis. It elucidated that 2 different conduction
mechanisms were responsible for the nonlinear J-E characteristics in these materials. In (Mn,
Nb)-doped SrTiO3, SE and F-N tunneling were successively observed with increasing EGB. In
contrast, P-F and SE were observed in the CCTO ceramic system.
In (Mn, Nb)-doped SrTiO3, the systematic change of DSB during an oxidative
annealing process was explained in terms of the donor concentration. It increased both the
average barrier height and average depletion layer width. Considering the tunneling
probability through the DSB, a new scaling factor, (𝜙𝐵 ∙ δ/2), was introduced. The
proposed scaling factor could give a critical insight to understand the breakdown voltage per
grain boundary.
In CCTO, GBLC analysis indicated that trap states should play an important role for
the d.c. conduction. DLTS detected one trap state at ~0.65 eV showing excellent agreement
with P-F analysis. By summarizing the C-V, J-E and DLTS results, the electronic structure
of DSB in CCTO was proposed.
In contrast to (Mn, Nb)-doped SrTiO3 and CCTO, non-IBLC type of ceramics, NITO
was also investigated as an alternative system to observe CP. The dielectric spectroscopy
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indicated a bulk and localized polaronic hopping polarization would be responsible for the
CP in NITO. This is further verified by the temperature and frequency dependence of the
conductivity. The local structure was quantified by a modified Mott model utilizing a
distribution of relaxations of these localized states with a H-N distributed model.

6.2

Future Work

It is the nature of science that as people build understanding one also see the limitations of
the contribution. Here I point out some of these possible new studies that could be explored
to further advance the interconnection of colossal permittivity and localized electronic
behavior.
6.2.1 Improvement of the Breakdown Model
For the GBLC analysis, the local electric field at GBs, EGB, was introduced and then
the validity and usefulness of the methodology was demonstrated in Chapter 3 and 4. The
specimens used in this study had a relatively small average number of grains between the
electrodes (𝐿⁄𝑑̅ =3~4). Additional experiment on specimens with 𝐿⁄𝑑̅ > 10 would be
useful for practical applications. In addition, the d.c. conduction analysis in a material with
mixed conduction44,131,132 would be more complicated as reoxidation processes are more
distributed. In this case, the estimation of the local field could become much more difficult.
A new scaling factor, 𝜙𝐵 ∙ δ/2, was proposed for the prediction of the breakdown
voltage in (Mn, Nb)-doped SrTiO3. While the result showed an excellent linear relationship,
obtaining 𝜙𝐵 and δ can be time-consuming. Ideally, it would be useful if one could find a
new function, 𝑔(𝑋) with variables which are easily determined (e.g. annealing time, t). In
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this study, it was demonstrated that both 𝜙𝐵 and δ increased by the decrease of the Nd.
Therefore it is likely that one can establish a new function 𝑔(𝑡, 𝐴, 𝐿, 𝑃𝑂2 ) ∝ 𝜙𝐵 ∙ δ/2, by
considering the oxygen diffusion model into the grain. The possible variables,
𝑡, 𝐴, 𝐿 and 𝑃𝑂2 would be the annealing time, surface area, height of specimen and partial
oxygen pressure. The 𝑔(𝑡, 𝐴, 𝐿, 𝑃𝑂2 ) can be determined by the measuring the decreasing
ratio of Nd with the arbitrary 𝐴, 𝐿 and 𝑃𝑂2 .
The discussion above is effective only when the specimens are prepared by 2-step
heat treatment (Sintering under a reduction atmosphere + Annealing with an oxidative
condition). CCTO, on the other hand, requires only a one-step sintering in the air. The
significant difference between these materials is often explained in terms of a Cu loss during
the heat treatment so that semiconductive grains are developed. While 𝜙𝐵 ∙ δ/2 would be
somewhat effective for CCTO, it is likely that some different approaches to find the direct
connection among the sintering time, 𝜙𝐵 ∙ δ/2 and Vb would be required.
On the GBLC analysis in this work, the direct tunneling process through the
symmetric Schottky barrier was assumed without any potential barrier change during the d.c.
bias applied. The theoretical calculation is required for more detailed discussions. For such
purpose, Transfer matrix (T-matrix) method could be a powerful tool to analyze the observed
F-N tunneling current.156 In T-matrix method, an arbitrary potential barrier is approximated
as a series of the rectangular potential barriers. Then, the transmission probability for each
element is calculated by solving the time-independent Schrödinger equation. The T-matrix
method should allow us to discuss the detailed tunneling mechanism such as the shape of the
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potential and change of the wave vector and effective mass.157

Figure 6-1. Illustration of the approximation of a continuously varying potential by a stepwise potential (Redrawn from Ref. 157)

6.2.2 For the Electronic Structure of DSB Model in CCTO
The electronic structure of DSB in CCTO was presented in Fig. 4-9. The remaining
work would be specifying the origin of one trap state at 0.79 eV. The DLTS measurement
with a different cation ratio or heat treatment condition may give an insight into the origin of
the trap state. If possible, DLTS on the single crystal of CCTO would be effective to discuss
whether it exist at the grain boundary or in the grain. Either fundamental modelling with
molecular dynamics or density functional theory could also aid to understand the local
structure and nature of the traps and their respective energetics.
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6.2.3 The Model for Localized Electrons in NITO
Preliminary Thermally Stimulated Depolarization Current (TSDC) measurements
were conducted on the NITO600 in order to investigate the defect-dipole models. Fig. 6-1
(a) shows the TSDC result of NITO600. The peak shifts towards lower temperature with the
increase of square root of the poling field, indicating the existence of a trap state as clearly
shown in Fig. 6-1 (b).159 The calculated Ea was in the range from 0.1 to 0.2 eV and did not
show a clear dependence on the charging field, Ep (Fig. 6-1 (c)). Because these are much
larger than the activation energy for the dielectric relaxation below 35 K (0.002-0.010eV)
and TSDC peak was observed at much a higher temperature, it is, therefore, unlikely that the
trap state detected by TSDC measurement is related to CP in NITO600. It was suggested
from EPR measurements that 𝑇i3+ − 𝑉𝑂̈ centers act as atrapping center with an activation
energy of ~0.1 eV.160 Interestingly, ~0.1 eV of activation energy has been commonly observed
in some perovskite oxides.161 Therefore, the TSDC measurement may have detected this type
of trap center. If all the observed experimental results are correlated, one local potential
model shown is proposed as shown in Fig. 6.2. The very small activation energy from the
dielectric relaxation at very low temperature may be because electrons can hop between only
shallow trap states. However, d.c. conduction require electrons to go from cathode to anode.
Thus, electrons have to overcome large potential barriers, which might be the trap state
detected by the TSDC measurement. The nonlinear J-E in NITO600 may be caused by this
deep potential well. Further study is required to prove the proposed model.
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Figure 6-2. TSDC result in NITO600. (a) TSD current. Inset shows charging field, Ep. (b)
Relationship between TSDC peak and Ep (c) Relationship between activation energy and Ep
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Figure 6-3. Proposed local potential model in NITO 600. The arrows represent the response
of localized electron with (i) high frequency, (ii) low frequency and (iii) d.c. field. Processes
(i) and (ii) correspond to the hopping model proposed in Fig.5-8.

6.2.4 Development of Better Large Permittivity Ceramic Capacitors
As discussed in Chapter 5, polaronic hopping polarization with a smaller activation
energy would result in better temperature-frequency characteristics in the range of practical
application. It has been shown that low-temperature heat treatments can be useful for this
purpose by suppressing grain boundary resistance. The development of colossal permittivity
ceramics by cold sintering processing would be attractive.162 The potential difficulty is to
increase the insulation resistance without inducing potential barriers at the grain boundaries.
With the discovery of cold sintering, there are new and novel ways that CP materials can be
fabricated. Both with low-temperature sintering and oxidative treatment, microstructures can
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be designed. There is also an opportunity with semiconductors and small polymer segregates
at grain boundaries to develop barriers.
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Appendix A: Matlab code for DLTS simulation
%------------input timeconstant-------------------t1=24e-6;
t2=10*t1;
%------------state physical constant-------------------k=8.617e-5;% eV/K
Et=0.25; %eV
s=1e-12%captured cross section

Unit:cm2

g=1e16%Unit: 1/cm2/s/K2
Q0=20e-9;
%------------Calculation-------------------Gam=s*g;
T=[100:1:500]'; %temperature
er=Gam.*T.*T.*exp(-Et/k./T); %emission rate
Qt=Q0*(exp(-t1.*er)-exp(-t2*er));
%------------Plot------------------set(0,'defaultAxesFontSize',18)
set(0,'defaultTextFontSize',18)
set(0,'defaultAxesFontName','Arial')
set(0,'defaultTextFontName','Arial')
plot(T,Qt,'-','MarkerSize',10,'Color','b');
xlabel('Temperature(K)','FontSize',18,'FontName','Arial');
ylabel('DLTS signal(C)','FontSize',18,'FontName','Arial');
grid on;
axis([100,500,0,2e-8]);
set(gca,'FontName','Arial','FontSize',18);
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Appendix B: Matlab code for DLTS analysis
%========================================
%input file is .xlsx file created by Visualize 2.0 software
%Row: temperature
%Column: Measured charge at each time window
%========================================
A=transpose(filename);%input data
r=10;%window rate
t1=[24 36 48 56 72 96];%set t1
t2=r*t1;%set t2
%----------set pulse voltage condition-------w=4; %time between each data point (in micro sec)
t0=200; %set t0(us) V=0 at t<t0
dt=0; %set offset time(in micro sec)
%--------------Calculation----------------R1=(t0+t1+dt)/w+2; %convert us to #of row +2 is for temp and 0(s)
R2=(t0+t2+dt)/w+2;

q1=A(2:end,R1); %take Q(t1) from A over all temperature
q2=A(2:end,R2);

dq=q1-q2;
x=A(2:end,1)+273.15;% x=A(2:end,1)
dlts=[x,dq];

%--------------Plot----------------set(0,'defaultAxesFontSize',22)
set(0,'defaultTextFontSize',22)
set(0,'defaultAxesFontName','Times New Roman')
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set(0,'defaultTextFontName','Times New Roman')

plot(x,dq(:,1),'o','MarkerSize',10,'Color','k'); hold on
plot(x,dq(:,2),'o','MarkerSize',10,'Color','m');
plot(x,dq(:,3),'o','MarkerSize',10,'color','b');
plot(x,dq(:,4),'o','MarkerSize',10,'Color','r');
plot(x,dq(:,5),'o','MarkerSize',10,'color','c');
plot(x,dq(:,6),'o','MarkerSize',10,'Color','g');hold off
legend('24-240 ¥mus','32-320 ¥mus','48-480 ¥mus','56-560 ¥mus','72-720
¥mus','96-960 ¥mus','interpreter','latex','location','northwest');
xlabel('Temperature (K)','FontSize',22,'FontName','Times New Roman');
ylabel('$$¥Delta
Q$$ (C)','interpreter','latex','FontSize',18,'FontName','Arial');
grid on;
axis([300,600,0,6e-9]);
set(gca,'FontName','Times New Roman','FontSize',22);

% output
t1_out=[0 t1]*1e-6;
t2_out=[0 t2]*1e-6;
B=[t1_out;t2_out;dlts];
save('outputfilename.txt','B','-ascii','-double','-tabs')
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