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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 (‐ô~ 

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 ñlocal electric field at a grain boundary, EGBò 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 Q-

DLTS study revealed that there are three types of trap states existing in CCTO. The first trap 

with Ὁ~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 low-

temperature 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. Havriliak-

Negami (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 Motiv ation 

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 1960ôs 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 ñeffectiveò 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 oxygen7ï9 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 
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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 varistors14ï16. 

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, ‐ 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.19ï22 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 (~φ ρπ) with tanɿ πȢπυ 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.26ï28 

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.29ï31 These arguments focused on the resistance and activation energy of the 

grain and grain boundaries. On the other hand, a detailed study on the ñColossalò 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 

technique 

Strength Weakness 

Impedance It can reveal the resistivity of each 

component (grains, GBs and electrode 

contact). It is particularly effective to 

show DSB structure. 

No information for d.c. conduction. 

Schottky conduction is generally 

assumed from higher resistance of 

GBs. 

I-V 

measurement 

Temperature dependence of I-V 

characteristics could reveal d.c. 

conduction model. 

The I-V characteristics contain the 

total contribution of bulk, GB and 

electrodes. Assumption of ñaverageò 

electric field may result in spurious 

conclusions. 

Micro-contact 

I-V 

measurement 

It could provide a direct measurement 

of I-V characteristics in grain and across 

a GB. 

It is very difficult to perform the 

temperature sweep because one 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. 
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- 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 and Experimental 

Background 
 

2.1 Relative Permittivit y 

The relative permittivity (or the dielectric constant) ‐ 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, ὅ. The ὅ at a finite voltage, V, 

can be expressed as: 

ὅ
ὗ

ὠ
 (2.1)  

where: ὗ  is the charge on the plates. Then, the permittivity of free space is defined as: 

ὅ ‐
ὃ

Ὠ
 (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 ὗ, and then corresponding 

capacitance would change from ὅ to ὅ as shown in Fig. 2-1. By definition, ‐ can be 

expressed as: 

‐
ὗ

ὗ

ὅ

ὅ
 (2.3)  

In order to obtain large ‐, better understandings of the correlation between ‐ and the 

physical properties of the materials are necessary. Now, electric displacement (electric flux 

density), D, is introduced.     
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╓ ‐╔ ╟ (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: 

╟ …‐╔ (2.5)  

where; … is the electric susceptibility. From Eq. (2.4) and (2.5), D becomes 

╓ ρ … ‐╔ (2.6)  

Here, the magnitude of the D is equivalent to the total charge density. Thus, Eq. (2.6) is 

transformed to: 

ὗȾὃ ρ … ‐ὠȾὨ 

ὗ ‐ ρ …
ὃ

Ὠ
ὠ 

(2.7)  

Thus, the relationship, ‐ ρ … can be easily deduced. Thus, large ‐ is given by more 

ñpolarizableò 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 ñpulledò 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, ‐ is 

described in terms of the real and imaginary parts as; ‐ᶻ‫ ‐‫ Ὦ‐ᴂ‫  where is ‫ 

angular frequency. The frequency dependence of ‐‫  and ‐ᴂ‫  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, †ȟ to reach an equilibrium state, and showed that the 

complex permittivity, ‐ᶻ, would have a functional form of 34 

 ‐ᶻ‫ ‐
‐ ‐

ρ Ὦ†‫
 (2.8)  

where: ‐ and ‐  are static and dynamic permittivity. The ‐‫  and ‐ ‫  can be 

given as: 

 ‐‫ ‐
‐ ‐

ρ †‫
 (2.9)  

 ‐ ‫ ‐ ‐
†‫

ρ †‫
 (2.10)  
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The frequency dependence of ‐‫  and ‐ ‫  is shown in Fig. 2-3. The step-like change 

in ‐‫  and peak in ‐ ‫  are known as ñDebye relaxationò. 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 † 

follows the Arrhenius law; 

 † ρȾ‫ ρς“Ὢϳ †ÅØÐ
Ὁ

ὯὝ
 (2.11)  

where Ὁ, Ὧ , T, ʐ and Ὢ ʖ Ⱦς“ 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 

Ὢ . As can be seen from Eq. (2.11), the Ὢ  is determined by the characteristics 

parameters, ʐ, and Ὁ at a given T. As ʐ, and/or Ὁ increases a relaxation should appear 

in a lower frequency regime. It is noted that the Ὢ 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 Ὁ and ʐ, 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) 

 



 12 

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 ‐ᶻ‫  in the 

complex plot, K. S. Cole and R. H. Cole introduced a single parameter ɻ, to explain the 

existence of depression angle; 36 

 ‐ᶻ‫ ‐
‐ ‐

ρ Ὦ†‫
 (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 ñskewedò 

shape in the high frequency part. Davidson and Cole proposed the following expression for 

such types of relaxation; 37 

 ‐ᶻ‫ ‐
‐ ‐

ρ Ὦ†‫
 (2.13)  

The parameter ‍ is related to the angle of high frequency part with respect to x-axis (‐‫ ). 

Later, Havriliak and Negami investigated the relaxation behavior in a number of polymers 

and proposed a more general expression;38 

 ‐ᶻ‫ ‐
‐ ‐

ρ Ὦ†‫
 (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 ɻᴼρ and as Eq. (2.12) (Cole-Cole model, 

C-C) when ɼO ρ and as Eq. (2.8) (Debye model) when ɻȟɼO ρ. The application of De 

Moiverôs theorem to Eq. (2.14) results in: 39 
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 ‐‫ ‐ ‐ ὶ ϳÃÏÓ‍Ὸ (2.15)  

 ‐ ‫ ‐ ‐ ὶ ϳÓÉÎ‍ɡ (2.16)  

with 

 ὶ ρ †‫ ÓÉÎ
‌“

ς
†‫ ÃÏÓ

‌“

ς
 (2.17)  

 ɡ ÁÒÃÔÁÎ
†‫ ÃÏÓ

‌“
ς

ρ †‫ ÓÉÎ
‌“
ς

 (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, 

Ὂ††ϳ , where †  is a relaxation time at the peak maximum satisfying Eq. (2.10). 

Considering the Ὂ††ϳ  in the Debye model (Eq. (2.8)), one can get; 39 

 
‐ᶻὭ†‫ ‐

‐ ‐

Ὂ††ϳ

ρ Ὦ†‫
Ä ÌÎ††ϳ  (2.19)  

Fourier transformation yields; 

 Ὂ††ϳ
ρ

ς“Ὦ‐ ‐
‐ᶻ† †Ὡϳ ‐ᶻ† †Ὡϳ  (2.20)  

The solution to this integral equation is given as; 

 ‐ᶻ† †Ὡϳ ‐
‐ ‐

ρ ρȾ† †Ὡϳ
 (2.21)  

The solution for Ὂ††ϳ  becomes; 

 Ὂ††ϳ
ρ

“
††ϳ ÓÉÎ‍— ††ϳ ††ϳ ρ ϳ  (2.22)  

with38,40 
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— ÁÒÃÔÁÎ‰    ‰ π 

— ÁÒÃÔÁÎ‰ “    ‰ π 

(2.23)  

 ‰
†‫ ÓÉÎ“‌

ώ ÃÏÓ“‌
 (2.24)  

 

2.4 Impedance Spectroscopy 

2.4.1 Immittance Function 

In most a.c. measurements, the input parameters are either ὤᶻ (Resistance & 

Reactance) or ‐ᶻ (Capacitance & Dielectric loss). One can be readily converted to the other, 

and furthermore to admittance, ὣᶻ‫  and modulus, ὓᶻ‫ . 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, ὤᶻ‫  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. ὙȟὙ  ÁÎÄ Ὑ  for grain (bulk), GB and electrodes). 

The relative relationship, Ὑ ḻ ὙȟὙ  is typical for IBLC structures. Likewise, ὓᶻ‫  

is convenient to investigate electrically heterogeneous ceramics41,42 and ὣᶻ‫  is often used 

when the hopping conduction contributes to the polarization in one material.43,44 

 

 



 15 

Table 2-1. Relationship between immittance functions45 

 ὓ ὤ ὣ ‐ 

ὓ ὓ Ὦ‫ὅ ὤ Ὦ‫ὅ  ὣ  ‐  

ὤ Ὦ‫ὅ  ὓ ὤ ὣ  Ὦ‫ὅ ‐  

ὣ Ὦ‫ὅ ὓ  ὤ  ὣ Ὦ‫ὅ ‐ 

‐ ὓ  Ὦ‫ὅ ὤ  Ὦ‫ὅ ὣ ‐ 

 

 

2.4.2 Equivalent Circuit M odel 

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, ὤ , of a ceramic capacitor with 

semiconducting grains and insulating GBs could be described as: 

 

ὤ ὤ ὤ  

Ὑ
ρ

ρ
Ὑ Ὦ‫ὅ

 

Ὑ
Ὑ

ρ Ὦ†‫
 

(2.25)  

where: †ḳὙ ὅ , and ὤȟ Ὑ and ὅare the impedance, resistance, capacitance of the 

each component of the ceramics. Here, Ὥ ὦ is defined as the bulk (in grain) and Ὥ Ὃὄ 

is defined as the GBs. The response of ὤ  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 Ὑ . The inhomogeneous structure 

could be validated if ὤ  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 Poissonôs 

equation considering electrons trapped at a GB and ionized donors: 32 

‬‰

‬ὼ

”

‐

ήὔ

‐
         ȿὼȿ ɿ 

(2.26)  

where: ‰, Ὡ, ὔ , ‐ are the potential barrier height, fundamental unit of electrical charge, 

donor density at the grain and permittivity of the material (‐ ‐‐). Integrating Eq. (2.26) 

gives: 

‬‰ὼ

‬ὼ

ήὔ

‐
ὼ ὃ 

‰ὼ
ήὔ

ς‐
ὼ ὃὼ ὄ 

(2.27)  

where: A and B are arbitrary constants. Both are determined from the boundary condition as: 

‬‰ɿ

‬ὼ
Ὁ πO ὃ

ήὔɿ

‐
 

‰ɿ π
Ὡὔ

ς‐
ɿ

Ὡὔ

‐
ɿ ὄᴼὄ

ήὔɿ

ς‐
 

 

(2.28)  

Thus, Eq. (2.27)-(2.28) gives 

‰ὼ
ήὔ

ς‐
ȿὼȿ ɿ  (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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‰πḳ‰
ήὔ

ς‐
ɿ (2.30)  

ɿὔ ὔ (2.31)  

where: ὔ 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  

ɿ
ς‐

ήὔ
‰ ȿὠȿ (2.32)  

ὅ
ρ

ς

ή‐ὔ

‰ ȿὠȿ
 (2.33)  

where: ‰ is Schottky barrier height, V is bias voltage, ὅ is capacitance per unit area, ‐ 

and ὔ  is permittivity and donor concentration of semiconductor. Thus, the slope and 

intercept of 1/C2 versus V plot give the value of ‰ and ὔ . 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, ɿ, and reverse bias side, ɿ, should be given as: 

ɿ
ς‐

ήὔ
‰ ὠ  (2.34)  

ɿ
ς‐

ήὔ
‰ ὠ  (2.35)  

Thus, the capacitance of interface is expressed as: 
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ρ

ὅ

ὰ ὰ

‐

ς

ή‐ὔ
 ‰ ὠ ‰ ὠ  (2.36)  

In the DSB model, qV1 is very small compared to qV2, then, ὠ ὠ ὠ ὠ and Eq. 

(2.36) is modified as. 

ρ

ὅ

ρ

Ὓ

ς

ή‐ὔ
 ‰ ‰ ὠ   (2.37)  

When ὠ π, ὅ ὅ is 

ρ

ςὅ

ρ

Ὓ

ς‰

ή‐ὔ
  (2.38)  

From Eq. (2.37) and Eq. (2.39), the following equation is finally derived: 

ρ

ὅ

ρ

ςὅ

ς

ή‐ὔ
‰ ὠ  (2.39)  

where: C0 are the capacitance per unit area at ὠ π and voltage per grain, ὠ, is assumed 

as ὠ 6Ⱦὲ, where n is the number of grain, which is assumed to be ὲ ὸὨӶϳ . ὨӶ 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 ñdeep trap levelsò in the band gap of semiconductors. It was 
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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 electron-

hole generation-recombination statistics.55 The number of electrons at the trap level in the 

band gap, ὲ  is defined as: 

 

Ὠὲ Ὠὸϳ  (# of electrons trapped per unit time)  

ï (# of electrons emitted per unit time) 

(2.40)  

The first term in Eq.(2.40) can be described in terms of  

 
 

(2.41)  

where: p and n are hole and electron concentrations in the valence and conduction bands, ὧ 

and ὧ are capture coefficients for holes and electrons, and Ὡ and Ὡ 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, ὔ , is defined as ὔ ὲ ὴ. By 

taking the integral of Eq. (2.41), ὲ  is obtained as follows. 

 

 

(2.42)  

In the case that electron trapping from the conduction band is dominant, ὩḻὩ and for 
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an n-type material (̀ ὴ π), Eq.(2.42) becomes 

 

 

(2.43)  

where: †ḳρὩϳ .  Now, the relationship between † and ЎὉ Ὁ Ὁ is considered. 

In general, electron emission to the conduction band is given as:50 

 
 

(2.44)  

where: electron thermal velocity, ὺ , and effective density of states in the conduction band, 

Nc is defined as  

 

 

(2.45)  

 
 

(2.46)  

Thus, if constant number, ɾ is defined as ɾ ὺ ὔȾὝ , Eq. (2.44) becomes 

 
 

(2.47)  

The amount of charge released within gate time, Ўὸ, is described as follows based on 

Eq.(2.43) 

 Ўὗ ὗ ÅØÐ
ὸ

†
ÅØÐ

ὸ

†
 (2.48)  

where: Q0 is a constant and Ű is the time constant. When Ўὗ Ўὗ , †  is simply given 

by solving ‬Ўὗ‬†ϳ π as; 56,57  

 †
ὸ ὸ

ÌÎὸ ὸϳ
 (2.49)  
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The simulation result of the temperature dependence of Ўὗ as a function of †  is shown 

in Fig. 2-6. The DLTS peak, Ўὗ  shifts towards lower temperature with the increase of 

† . Then, the peak position, Tm can be obtained at Ўὗ Ўὗ , and a trap level, ЎὉ can 

be determined from the slope of ÌÎ †Ὕ  against ρȾὝ . 

 

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). 

sn =10-12 (cm2), ɾ =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 non-

linear I-V characteristics are associated with the grain boundaries. Thus, ñgrain boundary 

limited current (GBLC)ò 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 

 ὐ ὃᶻὝÅØÐ
‍Ὁϳ ή‰

ὯὝ
ρ ÅØÐ

ήὠ

ὯὝ
 (2.50)  

where: E is the electric field between electrodes, ὃᶻ is the effective Richardson constant, 

‰  is the Schottky barrier height, Ὧ is the Boltzmann constant, ή 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 

 ὐθ Ὕ ÅØÐ
‍ὉȾ ή‰

ὯὝ
 (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 field-

assisted thermal hopping and expressed as 48,65,66 

 ὐθ ὉÅØÐ
‍ὉȾ ή‰

ὯὝ
 (2.52)  

where: ‰ is the trap level at the insulating layer. Whether the sampleôs behavior is better 

described by SE or P-F can be determined from the slope (= ‍ὯὝϳ ) in the SE plot 

(,ÎὐὝϳ  ÖÓ ЍὉ). The P-F plot (,ÎὐὉϳ  ÖÓ ЍὉ). The ‍ in Eq (2.51) and (2.53) can be 

expressed as 48,65,66 
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 ‍
ή

–“‐‐
 (2.53)  

where: ‐  is dynamic permittivity (ḳὲ). ὲ is a refractive index for STO and CCTO. 

Then, – can be extracted from the slope of a SE and P-F plot. The SE should give the –

τ while the P-F should give a – ρ.  

When a high voltage is applied, electrons could tunnel through the DSB. It can be 

expressed by Fowler-Nordheim (F-N) tunneling equation48,66: 

 

ὐθ Ὁ ÅØÐ‎Ὁϳ  

‎
ψ“Ѝςάᶻ

σήὬ
ή‰ Ⱦ 

(2.54)  

where: Ὤ is the Planck constant and άᶻ 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 (ÌÎ ὐὉϳ  ÖÓρὉϳ ).  

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 film70 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, ñpolaronic hoppingò 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, ὠ ὶ, is described as; 72  

 ὠ ὶ
ή

ὶ

ρ

‐

ρ

‐
 (2.55)  

where: ὠ ὶ ή ὶ‐ϳ  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, ὴȟ to move from one localized 

state to a different localized state. In this case, ὴ should depend on the following factors; (i) 

the Boltzmann factor, ÅØÐ ὡ ὯὝϳ , where ὡ is the energy difference between the two 

states. (ii) a factor for the overlap of the wave functions, ÅØÐ ς‌Ὑ, where Ὑ is the 

distance between two localized states and ‌ is the decay length of a wave function. (iii) a 

factor for the phonon frequency, ’ . The factors (i) and (ii) give two possible paths, hopping 

over a potential well or tunneling between two localized states. Furthermore due to electron-

phonon interactions, factor (iii) should also be considered. Then ὴ is simply given as: 73 
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 ὴ ’ ÅØÐ ὡ ὯὝϳ ÅØÐ ς‌Ὑ (2.56)  

Conductivity, „ is given by Einsteinôs relationship 

 „ȢȢ ήὴὙὔὉ  (2.57)  

where: ὔὉ  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: 

 „ȢȢθ ÅØÐ ὡ ὯὝϳ  (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 

 ς‌
ω

τ“
’ ὙὔὉ ὯὝ (2.59)  

The conductivity resulting from Eq.(2.56), (2.57) and (2.59) is given as: 

 „ȢȢθ ÅØÐ Ὕ ὝȾϳ  (2.60)  

and Ὕ 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 Ln„ȢȢ 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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 „ȢȢθ ÅØÐ Ὕ Ὕϳ  (2.61)  

The activation energy, Ὁ, is defined from the slope of Arrhenius plot 

 Ὁ ḳ Ὧ
ÄÌÎ „ȢȢ
ÄρȾὝ

 (2.62)  

Eq. (2-61) and (2-62) result in 

 Ὁ ᶿ ὯὝάὝ  (2.63)  

Thus, a plot of ÌÏÇὉ  against ÌÏÇὝ 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, ὉȢȢ the polarization, P, is given as follows:73 

 ὖ
ὉȢȢὈ ÃÏÓ— ὯὝϳ

ρ ÅØÐ ὡȾὯὝ
 (2.64)  

where: ὈÃÏÓ— are the dipole moment to the direction of Ea.c.. q is difined as the averaged 

angle to ὉȢȢ. By introducing an average time, †, for a transition between two states, and 

assuming ὡȾὯὝḻρ, the frequency dependence of conductivity is given as:72,77,78 

 ‐ ‐
†‫

ρ †‫

ὃ

ὯὝ
ÅØÐ

ὡ

ὯὝ
 (2.65)  

 „ ‫
ὃ

ὯὝ
ÅØÐ

ὡ

ὯὝ

†‫

ρ †‫
 (2.66)  

and ὃ 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 tape-

cast on a green sheet of 35 ʈm 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 ᴈ 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 ᴈ for 8 h, the green chips 

were sintered at 1400 ᴈ 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 



 31 

in air for 60 and 600 min after the sintering process. 

X-ray diffractometer (XRD) (PANalytical Empyrean) with CuKŬ1 radiation 

(ɚ=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 2q in the range of 10ï70°. 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/ɚ of the zero-loss spectrum, was between 

0.3-0.5 (ɚ 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 home-

made 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 ‘s long 

voltage pulse with a magnitude of 1 V was applied. 

3.3 Results and Discussion 

3.3.1 Microstructure A nalysis 

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 (single-

layer) 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, ὨӶ, 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 ὨӶ was observed (ρυȢτψ σȢχπ ʈÍ and 

ρυȢψπσȢφφ ʈm 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 ὨӶ for the (Mn, Nb)-

doped STO samples with different annealing times to be ~15 ʈm. As can be seen in Fig. 3-

2, 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). 






























































































































































