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ABSTRACT
This investigation address electrical degradation processes in dielectric materials.
Specifically multiple characterization techniques have been used to develop a more
comprehensive understanding of mechanisms that control transient change during
electrical degradation. We utilize techniques such as impedance spectroscopy (IS),
thermally stimulated depolarization current (TSDC), and modern analytical transmission
electron microscopy methods including electron energy loss spectroscopy (EELS).
In this work, a detailed investigation of electrical degradation has been performed
on a model perovskite dielectric, Fe-doped SrTiO3 in both single and polycrystalline
forms. In the single crystals, three different types of relaxation process were identified by
TSDC, namely dipolar orientation of FeTi' − VO.. complexes, trap charges of FeTix − VO.. ,
and ionic space charge with the mobile VO.. . The energetics and concentrations of these
are monitored as a function of the degradation process. Furthermore, IS is used to model
the mechanisms that are spatially redistributed owning to the migration of VO.. towards
the cathodic region of the crystal. Through modeling all the complex impedance Z*,
modulus M*, admittance Y* and capacitance C*, an equivalent circuit model can be
developed and key contributors to the IS can be identified.
From this it is considered that the cathodic region changes to a conduction
mechanism that is both band electron and polaron controlled. The major change during
the degradation is to the polaron conduction pathways. Due to the nature of low polaron
hopping mobility in this model system, the conductivity from both conductions become
comparable providing that the calculated polaron concentration is around 5 order greater
than that of band electron. The spatial dimension of the distributed conduction
iii

mechanisms is also modeled through the I.S. analysis. Excellent agreement is obtained
between the IS data and the EELS data, where ≈30 μm of conducting region is developed
at the cathode, and a corresponding high oxygen vacancy concentration on the order of
1019/cm3 is obtained after degradation.
Other than those relaxation mechanisms identified in the Fe-doped SrTiO3 single
crystal system, an extra relaxation mechanism was found in the polycrystalline systems
and was attributed to the relaxation of oxygen vacancies across grain boundaries. Using
the initial rise method of TSDC, the activation energies estimated for the relaxation of
defect dipoles, the in-grain oxygen vacancies pile up at grain boundaries, and relaxation
of oxygen vacancies across grain boundaries are 0.73±0.03, 0.86±0.07, and 1.1±0.09 eV,
respectively.
An ionic demixing model is applied to account for the evolution of TSDC spectra
and to explain changes to the leakage behavior of the degraded samples. In the case of the
polycrystalline system, it is suggested that a strong degradation to the insulation
resistance occurs when oxygen vacancies migrate across grain boundaries and start to pile
up at the cathode region of metallic electrodes. Prior to that point, the vacancies
accumulate at partial blocking grain boundaries in each of the crystallites.
After gaining a comprehensive understanding of TSDC on Fe-doped SrTiO3
systems, the thermally stimulated depolarization current (TSDC) spectra conducted on
real capacitive systems which include multilayer ceramic capacitors (MLCCs), COG
capacitors and electrolytic capacitors are discussed based on the theoretical background
that was developed from the Fe doped SrTiO3 single and polycrystalline model systems.
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For the TSDC studies in Ni-BaTiO3 MLCCs, besides two pyroelectric peaks
released from the ferroelectric core and shell phase regions, an additional two peaks
above the core Curie temperature were ascribed to the relaxation of two types of oxygen
vacancy motions, in grain and across grain boundary oxygen vacancy transportation.
Activation energies calculated for in grain and across grain boundary oxygen vacancy
peaks are 1.06±0.05 and 1.24±0.08 eV, respectively.
Another important multi-layer capacitive device is the so-called COG capacitor.
In designing COG capacitors, high field break down properties are required at elevated
temperatures above 85

o

C. A source of the electrical breakdown could be the

depopulation of trapped charge. Therefore the trapped charge energies and concentrations
in COG capacitors were investigated. The capacitor’s MnO content was found to strongly
influence the trapped charge concentration as measured by TSDC.
TSDC to electrolytic capacitors was also demonstrated. It is shown that TSDC
technique can be a powerful tool to understand underlying defect properties which are not
manifested in traditional electrical measurements such as I-V measurement.

Electrolytic

capacitors based on tantalum oxide are often limited in their performance at high fields
and high temperatures due to trapped charges. It is known that leakage is often controlled
by Poole-Frankel conduction mechanisms in Ta2O5 electrolytic capacitors. It is
determined through I-V measurements that the leakage current indeed follows the
Poole-Frenkel conduction characteristic under high field. A parallel TSDC study also
confirms at high field and high temperature trapped charge phenomenon. Through the use
of TSDC, a new high voltage Poole–Frenkel mechanism at highest field range, >64V, in
this study was discovered.
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It is concluded that TSDC is one of best techniques for capacitor characterization,
and recommended other TSDC methods that could be extended to enhance our
understanding of structure-property-processing relations in capacitor characterization.
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Chapter 1
Introduction & Motivation

Perovskite-based titanates are essential materials in various electroceramic
devices such as capacitors, thermistors, actuators, varistors, and sensors. In the capacitor
industry, the trend toward further miniaturization and the demand for higher capacitive
volumetric efficiency of multilayer ceramic capacitors (MLCCs) have compelled the
active dielectric layer to be made thinner and thinner. As a result, higher electric field
stress is applied across the dielectric thickness. Under enhanced dc field and temperature
stress, over time resistance degradation occurs and eventually leads to a breakdown or
failure. Establishing the causes of failures and developing a methodology to analysis the
degradation phenomenon provide valuable information for improvements on fabrication
procedures, chemical formulation, and various operating conditions.
It has been well known that the degradation phenomenon in electroceramics is
closely related to the defect chemistry of the material. Due to sufficiently well known
defect chemistry on bulk SrTiO3 and its similarity of structure and transport properties to
BaTiO3, it has served as a good model material for studying resistance degradation under
field and temperature stress over the past decade. In Fig. 1.1, the typical dependence of
the concentration of bulk defects in acceptor-doped (p-type) SrTiO3 on equilibrium
oxygen partial pressure are displayed for both high temperature (HT) and low
temperature ˂ 700K. At low temperature and moderately large pO2, the relation is valid
for:

[ A' ] ≈ 2[VO•• ]〉〉 p〉〉 n

where [ A' ] is the concentration of the charged acceptor, [VO•• ] is the doubly ionized
oxygen vacancies, and p and n are holes and electrons, respectively.

Fig. 1.1 Bulk point defect concentration in p-type SrTiO3 as a function of the oxygen
partial pressure PO2 during equilibration, for both high temperature (HT) and low
temperature (LT), n, p, [Ax] and [A’] represent the concentration of electron, hole,
non-ionized and singlely ionized acceptor, respectively.–MIEC-Mixed Ionic
Electronic Conductor (Waser 1991).
Several physical models have been proposed to explain the degradation
phenomena. The stoichiometry polarization (demixing) model for the resistance
degradation under high field stress is mostly accepted and was described in detail by
Baiatu et al. (1990). In the case of single crystals and coarse-grained ceramics, its
mechanism may be regarded as relatively well understood in terms of a quantitative
model based on defect chemistry and transport properties of titanates. This stoichiometry
polarization model is based on the mixed electronic-ionic conduction of the material, and
the electrodes have to be considered more or less blocking for the ionic (i.e. oxygen
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vacancy) transfer. Due to this blocking effect, a demixing with respect to the oxygen
vacancy concentration between cathode and anode occurs. In the anode region, the
oxygen vacancy concentration decreases, and as a consequence of the local defect
chemistry, the p-type conduction increases. In the cathode region, the oxygen vacancies
pile up and the region becomes n-type conducting. As a whole, a p-n junction is
electrochemically induced. This junction is biased in the forward direction, leading to the
degradation of the insulation resistance.
Taking into account the defect chemistry in SrTiO3, Baiatu et al. (1990),
numerically simulated the concentration profile of oxygen vacancies, which was in very
good agreement with the observed color fronts in an electrocolored sample. It was
demonstrated that a model based on the stoichiometry polarization can be used to
calculate various charge carrier concentrations with respect to the time, voltage, and
temperature dependences of the leakage current. Later, using microcontact impedance
spectroscopy, Rodewald et al. (2000) determined the spatially resolved conductivity
distributions in iron-doped SrTiO3 single and poly crystals under dc field stresses. In the
case of single crystals, a very good agreement between experimentally determined
conductivity profiles and theoretical calculation was observed. However, the calculated
carrier concentrations only matched the local conductivity profile under extremely well
defined oxygen vacancy concentrations in a degraded crystal (see Appendix A).
Furthermore, based on Baiatu et al.’s (1990) simulation results, the compensating
electronic charges to those of high oxygen vacancy concentrations in the n-type
conducting region after degradation can easily exceed the critical carrier concentration,
3x1018/cm3, predicted by the Mott criterion (Mott 1974). Mott suggested that a transition
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from semi-conduction to free-electron (metallic) conduction should occur, the so called
Mott transition. This transition universally takes place at a critical defect concentration,
nc, given by nc1/3 a0 ~ 0.25 where a0 is the Bohr radius of the impurity orbital
(a0=aHɛr/(m*/m0)), where aH is the hydrogen Bohr radius, and m* is the electron
effective mass in the dielectric). In the case of SrTiO3, the value of aH=53 pm, ɛr=220 and
m*/m0=12 (Cox 1992), the critical carrier concentrations is then calculated nc ~ 3x1018
/cm3. This being the case, we may anticipate major changes to the conduction
mechanisms in the region of the cathode. In many semiconductors with high levels of
doping, the conductivity can radically change to metallic. In such systems, the transition
is not always direct, particularly in oxide semiconductors, and there can be intermediate
forms of conduction. These include hopping conduction mechanisms, such as Mott
variable range hopping (Mott 1974), Anderson localization (Anderson 1958), EfrosShklovskii variable range hopping (Shklovskii and Efros 1984), or polaron hopping (Cox
1992). From this simple consideration of the Mott criterion, the transition from
semiconducting to a metallic state in the n-type conducting region could be anticipated to
occur in perovskite oxides near the cathodic electrode; however, there is no experimental
evidence that has been found showing the existence of metallic state in the cathode region
of the degraded titanates. This motivated us to look more closely at this problem, and
look beyond a simple nearly free-electron semiconductor model previously presented.
With regard to resistance degradation in capacitive devices, techniques used to
characterize the degradation phenomena in the literature include simulation/theoretical
calculations on the basis of defect chemistry and the electrostatics, chemical analysis
such as energy dispersive spectroscopy (EDS) and electron energy loss spectroscopy
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(EELS), electrical measurements such as complex impedance spectroscopy (IS), I-V and
highly accelerated lifetime tests (HALTs), microscopy such as transmission electron
microscopy (TEM), voltage contrast scanning electron microscopy (VC-SEM) and
scanning tunneling microscopy (STM), and electron beam deflection measurements.
Despite a large number of techniques that are available and have been used, no
single technique alone can be used to identify the failure mechanism and pinpoint the
source of a mechanism on a relatively short time scale. The capability of doing so would
be extremely useful in the development cycle of new capacitive devices.
In this study, an experimental technique that has been selected to aid in the
analysis of transport properties of charge carrier and prediction of degradation processes
under d.c bias is thermally stimulated depolarization current (TSDC). This is attractive,
as it provides information about the type of defects that may exist in the system, such as
dipoles, trap charges, and mobile ions. It also provides information on the activation
energies and in some cases the concentration of those defects.
Even though the defect chemistry, equilibrium kinetics, and electrical properties
in SrTiO3 were explored in depth over the past decade, a detailed understanding of the
conduction mechanisms, the degradation mechanisms and oxygen vacancy transport
properties in acceptor-doped SrTiO3 is not available. Through better understanding of this
simple system, a link between the model system and real capacitive devices such as
BaTiO3 MLCCs can be developed.
Based on the above discussion the main objectives of this study include:
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Revisit single crystalline and poly-crystalline SrTiO3 to better understand

(I)

details of electrical and microstructural aspects found in Base Metal (BME)
Multilayer Capacitors.
(II)

Understand interface characteristics between grain/grain and electrode/grain
during the resistance degradation process.

(III)

Develop fundamental understanding of TSDC on Fe-doped SrTiO3 model
systems.

(IV)

Build upon the TSDC studies performed on the model systems, looking for
links in the real capacitive systems, including base metal electrode multilayer
capacitors, and electrolytic capacitors.

In this study, electrical characterizations are performed using impedance
spectroscopy and the thermally stimulated depolarization technique. With regard to
microstructural and compositional characterization, transmission electron microscope
(TEM) and electron energy loss spectroscopy (EELS) are used, respectively. The basics
and theoretical background of each of these techniques will be introduced in the
following chapter.
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Chapter 2
Theoretical Background

2.1 Introduction

When a dc voltage stress is applied to dielectrics for long time, it frequently gives
rise to a degradation of the electrical resistance. The resulting electrical current increase
is usually associated with introduction and re-distribution of various point and electrical
defects in the system; the current rise is often so pronounced that the degradation finally
leads to a fatal breakdown event (Waser et al. 1990). In this chapter the characteristic of
current behavior for titanate dielectrics under field and temperature stress will first be
introduced. Second, the effect of defect re-distribution and the change in conduction
mechanisms with increasing defect concentration will be discussed. Third, the
fundamental background of the three main techniques, i.e., IS, TSDC and EELS, that are
used to characterize either the virginal samples or samples under different stages of
degradation will be reviewed.

2.2 Long-Term Current Response under Field and Temperature Stress

The sketch of the general current response of a dielectric titanate ceramic upon a
d.c bias at an elevated temperature as a function of time is shown in Fig. 2.1.
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Figure 2.1. Sketch of the current response of a dielectric upon field and temperature
stress as a function of time.

The current response can generally be divided into three distinct regimes: initial
transitory regime, the intermediate leakage regime, and the long-term degradation regime.
Each of these regions can play a critical role in different types of device engineering.
Therefore understanding the current behavior under each regime can be very important
for developing products with better performance and better reliability.

2.2.1 Dielectric Relaxation in the Transitory Regime (Maxwell-Wagner Relaxation)

In the transitory regime, the relaxation currents can be described by the empirical
Curie-Von Schweidler law (Schweidler 1907):

I R (t ) = I 0 t − n

(2.1)

where I0 is initial current, t is the time, and n is an exponent parameter. Such current
decay can be ascribed to very different mechanisms:
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(1)

Distribution of Relaxation Times
A superposition of Debye-type relaxations, J α exp (-t/τ), with a distribution of

relaxation times can lead to Curie-von Schweidler type equations, and this is found in the
case of acceptor doped SrTiO3 thin films (Waser 1995).
(2)

Charge Trapping
For a good insulator such as SiO2, electrons injected from the metal cathode may

get trapped and generate a negative space charge region in front of the cathode (Wolters
et al. 1988). The formation of this space charge subsequently lowers the electric field at
the cathode and, therefore, reduces the injection current according to Eq. (2.1). In terms
of a theoretical model, Ramprasad (2003) has implemented several electronic transport
processes in the calculation, including trap assisted tunneling (TAT) of electrons from the
electrode to defect or trap states in the dielectric, modified Poole–Frenkel (MPF)
emission of part of the trapped electrons to the conduction band of the dielectric, and
Schottky emission of Fermi level electrons directly from the electrode to the conduction
band of the dielectric. In the result of total current as a function of time, the leakage
current at short times is dominated by the TAT current. This shows a characteristic decay
and the slope of the TAT contribution (and that of the total current at short times) is very
close to -1 in a log–log plot.
(3)

Space Charge Polarization (Maxwell-Wagner polarization)
Maxwell-Wagner relaxation occurs in media that show inhomogeneous electrical

conductivity (Maxwell 1892). The classical example of Maxwell-Wagner polarization is
demonstrated in two layer condensers which consist of two parallel layers of materials (1)
and (2). They are characterized by their dielectric constant, conductivity, and thickness.
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The dielectric response of the Maxwell-Wagner polarization can be derived from the
equivalent circuit as shown in Fig. 2.2. The resulting dielectric response is shown in Fig.
2.3.

k’

R

C

log ωτ
V (ω)

~

k”
R

C

Conductivity Term
Debye Term

log ωτ

Fig. 2.2. Equivalent circuit of two
layer condensers

Fig. 2.3. Relaxation spectrum of the two-layer
condenser. K’, real permittivity, K”, imaginary
permittivity (Jonscher, 1983).

The two-layer condenser gives a relaxation spectrum indistinguishable from the
simple orientation polarization of Debye theory as far as the real part of the permittivity,
K’, is concerned. However, the imaginary part of the permittivity, K”, characteristic
contains in addition an ohmic conductivity term that dominants at low frequencies.
For the Fe doped SrTiO3 ceramics, the model system used in this study, the
relaxation was explained by a grain-grain boundary Maxwell-Wagner polarization.
Taking into account the defect chemistry and charge transport, Holbling et al. (2002)
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developed a mathematical-physical model for simulation of the current behavior across
GBs in p-type SrTiO3 in the time domain. The model reveals a characteristic decay of
the electric current density. The current decay is due to the pile-up and depletion of
mobile charge carriers such as oxygen vacancies that arise at the interface between highly
conducting grains and poorly conducting phases, such as grain boundaries with a double
Schottky barrier, which leads to space charge polarization. In this system (with the
assumption that the grain boundary resistance, RGB, is much greater than the grain
resistance, RG, and the grain boundary capacitance, CGB, is also greater than the grain
capacitance, CG) the current decay can be described by the charging of the grain
boundary capacitance that is characterized by τr:

τ r = RG * CGB

( 2.2)

2.2.2 The Leakage Regime

For bulk ceramics, the voltage mainly drops across grains and grain boundaries,
as opposed to the electrode interfaces (Holbling et al. 2002). The stationary current after
Maxwell-Wagner relaxation is, therefore, determined by the sum of bulk and GB
resistance. Taking into account the formation of double Schottky barriers at grain
boundaries and thus the assumption of RGB»RG, a constant leakage current is determined
by the resistance of GB.
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2.2.3 Resistance Degradation Under dc Voltage Stress

The phenomenon of dc voltage induced resistance degradation is known for
acceptor-doped titanate ceramics (Waser et al. 1990). In the case of single crystals and
coarse grained ceramics, its mechanism is understood in terms of a quantitative model
based on the defect chemistry and transport properties of titanates. The model is based on
the mixed electric-ionic conduction (MEIC) of the material. The electrodes have to be
considered as blocking or at least partially blocking for the ionic (i.e. oxygen vacancies)
transfer. Due to its blocking effect, a de-mixing of double positively charged oxygen
vacancies takes place between cathode and anode. In the extended anodic region, the
oxygen vacancy concentration decreases and as a result of local defect chemistry, the
hole concentration increases. In the cathodic region, the oxygen vacancies pile up and the
titanate becomes n-type conducting. As a result, a p-n junction is electrochemically
induced. This junction is biased in the forward direction leading to the observed
degradation of insulation resistance.
It is worth noting that from the numerical current simulation in acceptor doped
SrTiO3 polycrystalline ceramics by Holbling et al. (2002), the overall redistribution of the
VO.. between two electrodes continues after the initial Maxwell-Wagner relaxation. The

simulation results do not necessarily suggest that the take-off of leakage current or the
onset of resistance degradation is triggered by the formation of forward biased p-n
junction under field and temperature stress; however, it, indeed, shows that the
accumulation of oxygen vacancies at extended cathode region occurs in every degraded
samples. This also implies that, for the bulk ceramics, in order to initiate the resistance
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degradation process, oxygen vacancies have to transport across grain boundaries. This
results in the accumulation at one side of the grain boundaries which may alter the field
potential at the grain boundary and lead to the increase of tunneling electronic currents.
Even though the aims and scope of this work mainly focus on the mechanisms
that control the resistance degradation in bulk titanate ceramics, one needs to keep in
mind that the mechanism that controls the above current regime can shift from bulk
dominant toward electrode/ceramic-interface dominant due to fewer grain boundaries
existing across the dielectric layers in modern day thin layer capacitors (Hwang 2001).

2.3 Conduction Mechanisms with Increasing Defect Concentration in
Semiconductors

The essential physical difference between metals and semiconductors lies in the
relative positions of the Fermi level, EF, and the allowed energy states that exist. The
Fermi level is a characteristic energy level that is defined at absolute zero temperature. At
0 K every available energy state up to EF is filled with electrons, and all state above EF
are empty. The Fermi level of a metal lies within a band of allowed electronic states. In
semiconductors, on the other hand, the Fermi level has a value within a forbidden energy
gap. In highly pure semiconductors at temperatures above absolute zero, electrons will be
thermally excited from the top of the valence band into the conduction band, in which
they can move freely under the influence of applied field. The presence of impurities
drastically influences the properties of a semiconductor (McClintock et al. 1984). The
primary effect of an impurity is to introduce into the crystal additional states whose
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wavefunctions and energies are localized somewhere in the forbidden energy gap. This
renormalizes the position of the Fermi-level.

2.3.1

Hopping Conduction

The quantum mechanical description of the impurity state has, in terms of a
wavefunction, a maximum at position r1, but with a non-zero value throughout all space.
There will always be a finite probability that an electron will appear at a later time in a
different impurity state localized around a different site, r2. The electrical conductivity of
the crystal with the lattice constant a0 will be proportional to P12, the probability that an
electron hops between the two states, as illustrated in Fig. 2.4. P12 is approximated by
Mott and Davis (Mott and Davis1979):

P12 ∝ exp{−2

r1 − r2
a0

−

E1 − E 2
}
K BT

( 2.3)
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wave function, ψ
Ψ1, E1

Ψ2, E2

position, r

r2

r1

Fig. 2.4. Illustration of the overlap between wavefunctions, ψi, of different impurity
states, Ei, that gives rise to hopping between positions r1 and r2.

The type of hopping is known as nearest-neighbor hopping, because it takes place
predominantly to the nearest available impurity sites (Miller and Abrahams, 1960). The
condition for nearest-neighbor hopping is that E1-E2˂˂KBT. If the electron makes a
transition to a state lower in energy so that E1-E2 is negative, then it can hop to a more
distance site for the same value of P12. This process is called variable range hopping. It
has a characteristic temperature dependence given by (Mott, 1969):

σ ∝ exp(

2.3.2

A
T

1/ 4

)

( 2.4)

Anderson Localization

The Anderson localization effect (Anderson 1958) on band structure is expressed
by introducing an increasing number of impurities and structural defects into a crystal, as
shown schematically in Fig. 2.5.

15

E

(a)

(c)

(b)

Ec1

Ec1
Ec2

Ec2
Conducting
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Density of States

Fig. 2.5 A schematic diagram of the effect of adding numbers of structural and point
defects to an initial perfect crystal. Hatched areas indicate localized states, separated
from the extended electron states by mobility edges, Ec1, Ec2 and Ec3. Detailed
description of each stage is given in the text.

For a perfect crystal (a) the electronic states have extended wavefunctions, so that
an electron has equal probability of appearing anywhere within it, and each band has
sharp edges with a density of states that varies with E1/2. When a small number of defects
have been introduced, Fig 2.5 (b), impurities give rise to states in the energy gap which
are localized around the defect atoms. Structural defects are also localized and the
electronic states to which those structure defects give rise occur as a tail on the edge of a
free electron band. Since extended and localized states cannot co-exist at the same value
of energy, there must be a series of critical energies Ec, called mobility edges that
separate the extended from the localized energy levels. As the concentration of impurity
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and structural defects increases further, the band of localized impurity states broadens
through interactions between the impurities, and may overlap the tail of the extended
band, as shown in Fig. 2.5 (c). Since the bands of localized states are broad compared to
the thermal energy, KBT, it is variable-range hopping that would be expected, and this is
actually observed in many cases (Morgan and Walley, 1971).

2.3.3

Mott Metal-Insulator Transition

From the above discussion, it would be intuitive to ask whether localized states
can be changed into extended states by decreasing the distances between the localization
points. In the semiconductor systems, by varying the concentration of dopants, the
separation of the centers can be changed. Fig. 2.6 shows some striking data for various
crystals of phosphorus-doped silicon obtained by Rosenbaum et al. (1980), suggesting
that extended states can indeed be built up from localized states, and that the transition is
very sharp. Mott suggested that this sharp change results from a transition from
conduction controlled by hopping to free-electron conduction. This become known as the
Mott transition, (Mott 1974), and should occur universally at a critical carrier
concentration, nc, given by

n1c/ 3ao = 0.26±.05

(2.5)

where a0 is the radius of the impurity orbital.
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Fig. 2.6 Electrical conductivity of phosphorus-doped silicon vs. various phosphorus
concentration, showing the metal-insulator transition (Rosenbaum et al., 1980).

2.3.4 Polaron Hopping

A polaron is the trapping of an electron or hole at one site by the local lattice
polarization/deformation which it causes. The site changes valence in this process, and
also modifies the local electronic configuration. The resulting lattice polarization acts as a
potential well that hinders the movements of the charge, thus decreasing its mobility.
Furthermore, when compared to normal band electron, there will be an apparent increase
in electron mass of the polaron that occurs because the electron drags the heavy ion cores
along with it. Under most conditions, polarons must move from site to site by a thermally
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activated hopping process and this hopping conduction occurs at ions of the same type at
equivalent lattice sites but with different oxidation states, (McClintock et al. 1984). It is
therefore more likely to be observed in transition metal oxides and in complex metal
oxides.
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0

Distortion Coordinate

Fig. 2.7 The configuration coordinate and energy diagram for small polarons. The
upper pictures show a portion of a distorted oxide lattice containing two metal atoms.
The horizontal coordinate corresponds to a vibrational mode which distorts the bond
length as shown. The two potential curves correspond to electrons on either one of
the metal ions (see text for more detailed description).

Fig. 2.7 demonstrates schematically polaron hopping from one metal lattice site to
another with the corresponding lattice deformation and electron potential energy. In Fig.
2.7, the horizontal coordinate in the diagram represents a vibrational mode which distorts
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the lattice so that the bond distances around the two cations become unequal. There are
two potential curves, corresponding to states where the extra electron resides on one atom
or the other. As can be seen, the minimum of each curve appears at the appropriate
distorted configuration, giving different equilibrium bond lengths around the atom. At the
symmetrical configuration in the middle, the curves cross, and in this simple model the
system must acquire sufficient vibrational energy to reach this point before the electron
can move between the atoms. Thermally assisted electron transfer can occur at the
crossing point, and it requires an activation energy Eact to distort the corresponding
ground-state configuration. The diagram shows what happens if the mixing of the two
states is sufficiently large: then the minimum will move to the symmetrical point, and in
the ground state the electron will be delocalized equally between the atoms.
It is well know that steady state small polaron hopping motion at sufficient high
temperature is characterized by a low thermally activated mobility. Namely, the steadystate mobility is then given by the semiclassical formula (Holstein 1959):

μ = ( qa 2ν / K BT ) P exp( − E A / K BT )

( 2.6)

where q is the carrier’s charge, a is hopping distance, ν is the atomic characteristic
vibrational frequency, KBT is the thermal energy and EA is the activation energy. The
mobility activation energy is the minimum strain energy required to bring the electronic
energy of equilibrated self-trapped carrier to coincidence with electronic energy level of
an adjacent site to which it will hop. The factor, P, is the probability that electron will
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transfer to an adjacent site within the duration of a coincidence event. For a very small
value of electronic transfer energy, J, hopping is “non-adiabatic” and

2πJ 2
P=
hν ( 4 E A K BT / π )1 / 2

( 2.7)

For a larger values of J, the hopping is “adiabatic” and P is replaced by unity in eq. (2.6).

2.4 Characterization Techniques

Details of the experimental techniques are outlined in Chapter 3. Here the
necessary background theory of each characterization technique is reviewed.

2.4.1

Impedance Spectroscopy (IS)

Impedance spectroscopy (IS) has been recognized as a powerful technique to
distinguish various conductivity contributions such as grain, grain boundary and
electrode/dielectric interface of many oxide ceramic materials that possess ionic or mixed
ionic-electronic conduction (Guo et al. 2001). The complex impedance can be written as:

Z * (ω ) = Z ' (ω ) − Z " (ω )

( 2.8)

where Z’ represents the resistance, Z” is the reactance, and ω is the angular frequency (ω
= 2πf). According to the Debye model, the frequency dependence of the impedance can
be written as:
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Z * (ω ) = R ∞ +

R0 − R ∞
1 + iωτ 0

( 2 .9 )

where R0 and R∞ are the low and high frequency resistances, respectively. The
characteristic relaxation time, τ0 is defined by ωτ0=1 and is shown in Fig. 2.8.

Z”

τ0=R0C0
ω

Z’

R0
Fig. 2.8. Schematic of impedance spectrum of single parallel R-C element.

IS data are often plotted as Z’ vs. Z’’, the so called Cole-Cole plot. The data are
modeled by an equivalent electrical circuit, i.e., some combination of resistors and
capacitors connected in series and/or parallel, which gives the same dielectric response as
the measured ceramics. As shown in Fig. 2.9, depending on the arrangement of the
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capacitive and resistive elements, the data will form into a number of semicircles and
lines.

Z”

Z’
Z”

Z’

Z”

Z’
Z”

Z’
Z”

Z’
Fig. 2.9. Impedance response for various combinations of equivalent circuit
models (Jonscher 1983).
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In the case of distributions of time constants that commonly exist in
inhomogeneous systems, there can be a suppression of the arcs below the real plane of
Cole-Cole plot (Jonscher 1983). In a number of cases with distributed time constants,
Constant Phase Elements (CPEs) can be used to model the distributions. A CPE has an
impedance defined as (Macdonald 2005):

Z *CPE = 1 /[T (iω ) P ]

( 2.10)

where, T and P are two parameters that define a constant phase element. If P equals 1
then the equation is identical to that of capacitor, and P equals 0 is a pure resistor.
Besides Z* plots, the same IS data can be re-plotted to one of the other three
complex impedance formalisms: admittance, Y*, relative permittivity, ε*, and relative
electric modulus, M*. These are in turn related to one another as follows:

Y * = 1/ Z *
ε * = 1/ M *

( 2.11)
( 2.12)

M * = jωC0 Z *

( 2.13)

Z* plots are the most commonly-used presentation of IS data. However, as

pointed out by Abram (et al. 2003) different weighting factors on various combinations of
circuit component are inherent in the use of these formalisms. Therefore, a successful
model must have a good fitting result on any chosen formalism. This can be understood
by looking at an example of particular physical process which is modeled using
equivalent circuit shown in Fig. 2.10.
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R1

R2

C1

C2

Fig. 2.10 Equivalent circuit model of 2 parallel RC in series.

The complex impedance for this 2 parallel RC in series circuit is written as:

Z * = (1 / R1 + jωC1 ) −1 + (1 / R2 + jωC 2 ) −1
= Z '− jZ "

( 2.14)

where

Z '=

R1
R2
+
1 + ( ω R 1C 1 ) 2
1 + (ω R 2C 2 ) 2

( 2 . 15 )

and

Z " = R1 (

ω R1C 1
ωR2C 2
+
)
(
)
R
2
2
2
1 + ( ω R 1C 1 )
1 + (ω R 2 C 2 )

( 2 . 16 )

The corresponding equations for M ' and M " are

C0
C0
(ω R1C 1 ) 2
(ω R 2 C 2 ) 2
(
)+
(
)
M '=
C 1 1 + (ω R 1C 1 ) 2
C 2 1 + (ω R 2 C 2 ) 2

( 2 . 17 )

and

M "=

C0
C0
ω R1C 1
ωR2C 2
(
)
(
)
+
C 1 1 + (ω R1C 1 ) 2
C 2 1 + (ω R 2 C 2 ) 2

( 2 . 18 )
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Choosing the values of R1=108 Ω, R2=106 Ω, C1=10-12 F and C2=10-12 F, yields Fig.
2.11~2.13.
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Fig. 2.11 Simulation of 2 parallel RC element in series with given R and C values

In the complex impedance plane, as shown in Fig. 2.11, a single semicircle is seen
since the impedance response is dominated by the parallel RC element with larger
resistance R1. In the Z” vs. frequency plot, Fig. 2.12, again only one relaxation peak is
observed, whereas, in the M” vs frequency plot, Fig. 2.13, two peaks are present because
the modulus response is dominated by the parallel RC element with smaller capacitance,
and in this case, the two capacitances are equal. Therefore, the key point in determining
whether RC elements are detected depends on which plot is used and the relative
magnitudes of the components.
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Therefore, a correct equivalent circuit must give a good fit to any chosen
formalisms and not just to Z* plots. It should be noted that in this thesis various
formalisms are utilized to identify the number of relaxations that exist in the system.
Attempts have then been made to develop equivalent circuits for these relaxations at
various temperatures, or through various degradation processes. The extracted data from
the chosen model must bear physical relevance and can be related to the data from other
measurements.
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Fig. 2.12 Z " vs. frequency plot

Fig. 2.13 M " vs. frequency plot
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2.4.2

Thermally Stimulated Depolarization Current (TSDC)

Compared to IS, the thermally stimulated depolarization current (TSDC)
technique is much less employed to characterize electrical behavior of inorganic
dielectric materials. However, as a complementary technique to IS, it is a powerful tool in
the study and quantification of defects and more importantly in this case to study the
transport of charge carriers i.e., oxygen vacancies. Typically, with this technique, the
sample is polarized under a constant electrical field, Ep, at an elevated temperature, Tp,
and the possible defects that exist in the system will respond to this field stress to form a
metastable state of the charge or dipole distribution. The sample is then rapidly cooled to
a lower temperature, T0, to freeze in those polarized defects. Subsequently, the electric
field is removed, and the sample is heated at a constant heating rate. As the temperature
increases, the thermal energy excites the lattice vibrations, and these activate charge
motion or aligned dipoles, resulting in the relaxations of those charge distributions or
polarized states, and gives rise to a small current in the external circuit, which is recorded
as TSDC.

2.4.2.1 The Bucci-Fieschi Theory

Historically, the TSDC technique was first demonstrated by Frei and Groetzinger
in 1936. They measured the discharged current as a function of temperature from an
electret between two electrodes. The first theoretical basis for the TSDC phenomena was
established by Bucci and Fieschi (1964) based on their work of point defect dipoles in
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ionic crystals. Assuming a symmetrical two-site barrier model for establishing the
polarization, the buildup of polarization P in a unit volume of the material during time t
after the application of an electric field Ep at a temperature Tp is described by an
exponential function (Braunlich, 1979) :

t
P ( t ) = Pe [1 − exp( − )]

τ

( 2.19 )

where τ is the dipolar relaxation time and Pe is the equilibrium or steady-state
polarization which can be described by the Langevin function:

Pe =

sN d Pμ2 E p

( 2 . 20 )

K BT p

In this expression s is a geometrical factor depending on the possible dipolar orientations,
Nd the concentration of dipoles, Pμ their electrical moment, KB Boltzmann’s constant and
Ep the polarization field operating on the dipoles.
The decay of polarization after removal of the field at t=∞ is given by

t
P ( t ) = Pe exp( − )

τ

( 2 .21)

The corresponding depolarization current density can be written

J (t ) = −

dP(t ) P(t )
=
dt
τ

(2.22)

To introduce the linear heating process in the course of a TSDC measurement, it can be
written:
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T = T0 + βt

( 2.23)

where β=dT/dt is the heating rate. Eq. 2.21 can then be expressed into
t

P ( t ) = Pe [exp( − ∫
0

dt

τ

)]

( 2 . 24 )

The temperature variation of τ is given by an Arrhenius-type equation

τ ( T ) = τ 0 exp(

Ea
)
kT

( 2 . 25 )

where τ0 is the relaxation time at infinite temperature and Ea is the activation energy of
dipolar orientation. The current density JD during a TSDC experiment is then:

JD =

Pe (TP )

τ0

T

E
Ea
1
exp(− a ) exp[−
exp(
−
)dT ' ]
∫
kT
qτ 0 T0
kT '

(1.26)

This discharge current expression represents an asymmetrical “glow” curve, the
amplitude of which is a linear function of the previously applied field. The first
exponential, which dominates in the low temperature range, represent the initial increase
of the current with temperature, while the second exponential, which dominates at high
temperature range, gradually slows down the current rise of the TSDC curve.
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2.4.2.2 Space Charge Polarization due to Traps

Other processes can also be involved in the polarization of insulators, for example
space charge polarization. Space charge can result from a variety of carrier drift or
injection process such as: field induced migration of intrinsic free charge carriers toward
electrodes or piling up of excess charges at the phase boundaries (Maxwell-Wagner
effect) or displacement of ionic defects (vacancies or interstitials) over macroscopic
distances; trapping of extrinsic charges that are injected either from the electrodes or
from the imperfections of electrode/dielectric contacts.
The first theoretical treatment for a single trap thermoluminance (TL) peak was
given by Randall and Wilkins (1945). These authors assume that the TL intensity is
proportional to the rate at which trapped charge carriers are thermally released, and that
rate is proportional to the population of trapped carriers. The idea is expressed as

I = −C (

dn
) = Csn exp(− Ea / K BT )
dt

(2.27)

where I is the TL intensity, n the concentration of trapped electrons, T the absolute
temperature, KB the Boltzmann constant, E the activation energy or depth of the trap, s
the frequency factor and C is a proportionality factor. The solution of equation (2.27) in
the case of constant heating rate β is
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T

E
E
I ( t ) = n 0 s exp( − a ) exp[ − ( s / β ) ∫ exp( − a ) dT ' ]
K BT
kT '
T0

( 2 .28 )

where T0 and n0 are the initial temperature and concentration of trapped charge carriers
respectively. By equating to zero the derivative of Eq. (2.28) with respect to T, it can be
shown that in a first order trap charge peak the condition for the maximum intensity
temperature is

β E a /( K B TM2 ) = s exp( − E a / K B TM )

( 2.29 )

This equation can be used for evaluating activation energy Ea when s is known or, visa
versa, finding s when Ea is given.

2.4.2.3 Space Charge Polarization due to Ionic Movement

Besides permanent dipoles and trapped charges, ionic systems may contain
mobile charges, which will migrate towards the electrodes during the application of a
field. The charges may be ions or electrons and may originate from dissociation of
impurity dipoles. The polarization field will drive the positive carriers to the negative
electrode, and the negative carriers to the positive electrode. This field drift is weakened
by diffusion, while part of the moving electronic charges is lost by recombination with
opposite charges. Nevertheless, the field drift will dominate and the excess charges will
gradually be built up in the vicinity of the electrodes, where these metastable distributions
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are frozen in during the cooling process under field, (Chen and Kirsh, 1981). During
TSDC measurement, the frozen-in excess charges are thermally activated and mobilized.
These defects then start to move under their own field towards the shorted electrodes and
also by diffusion.
In an ionic system, the polarization density from moving ions can be expressed as:

P = qNVt p

(2.30)

where q: ionic charge, N: density of the moving ions and V: drift velocity.

Ep

Vo..
H

a
Fig. 2.14 Illustration of ionic hopping model, where oxygen vacancy hops over a
potential well, with depth of H under polarization field Ep.
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As shown in Fig. 2.14, if the material is represented by a series of potential wells of depth
H, and a separation a, the net probability, Γ, for a carrier jump to the left under applied
field Fp is given by:

H − qaE p
H + qaE p
] − v exp[−
]
Γ = v exp[−
2
2
K BT
K BT
= 2v exp( − H / K BT ) sinh(qaE p / 2 K BT )

(2.31)

where υ is the ion jump frequency and k the Boltzmann factor
The ion drift velocity is thus:

V = 2av exp( − H / K BT ) sinh(qaE p / 2 K BT )

(2.32)

Therefore, the total charge released, QTSDC, from the displacement of moving ions should
have the form of

QTSDC ≈ P = 2avNqtp exp(−H / K BT ) sinh(qaEp / 2K BT )
= Q0 sinh(qaE p / 2 K BT p )

(2.33)

(2.34)

Thus, for a TSDC peak due to ionic movement, the total charge (that is the area under the
current peak) should follow this sinh function.
An analysis of the space charge response of the study materials needs a clear
identification of a space charge contribution so that one can subtract it from the
experimental “glow” curve. These procedures are usually more complicated than the
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orientation and free-up of dipoles. Thus the analyses of the TSDC which are not due to
dipoles need to be more carefully exercised.

2.4.3

Electron Energy Loss Spectroscopy (EELS)

Electron energy loss spectroscopy (EELS) is the techniques in which an electron
beam interacts with the specimen and the scattered electrons are analyzed to form the
energy spectrum of electrons after the interaction. EELS has several advantages in
microanalysis over Energy Dispersive X-ray Spectroscopy (EDXS), with which one can
perform fully quantitative microanalysis across the periodic table with good accuracy (5
atom%), avoid peak overlaps in EDXS, such as Ba(L)-Ti(K) and Ti(L)-O(K), measure
direct specimen thickness from the zero loss peak (ZLP) and low loss region, and obtain
local coordination and bonding information from energy-loss near-edge structure
(ELNES) and extended energy-loss fine structure (EXELFS) (Williams and Carter 1996).
There exist two types of scattering mechanisms: elastic and inelastic scattering as
electrons travel through the specimen. Elastic scattering is the scattering mechanism
where no changes in the energy of electrons are involved. It usually takes places as Bragg
diffraction in crystalline materials. On the other hand, inelastic scattering is primarily an
electron-electron interaction and generally involves changes in both energy and
momentum of the electrons during the interactions. The amount of changes are collected
and analyzed in the form of an energy-loss spectrum.
There are three regions in a typical EEL spectrum: zero-loss, low loss and coreloss region, ranging from low to high energy-loss. The zero-loss region, originating from
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the unscattered and elastically scattered electrons and phonon excitations (˂˂1 eV energy
loss), contains a sharp narrow peak usually called the zero-loss peak (ZLP). Since the
ZLP is very intense, the detector can be easily saturated thus the ZLP is usually collected
with a very small collection time (5 ms) or under diffraction mode. The energy resolution
of EELS can be measured by the FWHM of the zero-loss peak. In this study, the energy
resolution at the zero-loss peak is about 1.1 eV at the FWHM for our instrument (JEOL
2010F).
The low-loss region, up to an energy loss of ~50 eV, contains electrons which
interacted with the loosely bound outer-shell electrons of the atoms in the specimen. This
type of interaction sets up plasmon oscillations of weakly bound electrons. The plasmon
peak is the second most dominant feature of the energy-loss spectrum after the zero-loss
peak. A piece of useful information provided by the low-loss region is the direct
measurement of the relative sample thickness, which can be calculated by Eq. (2.35)

t = λ * ln(

I ZL
)
IT

( 2.35)

where IZL is the integrated intensity of the ZLP, IT is the total intensity of the ZLP and
plasmon peak, and λ is the mean free path of the plasmon (usually on the order of 10nm).
When the sample is very thin, the low-loss spectrum contains only one plasmon peak,
while multiple peaks may present due to plural scattering in a thick sample.
The high-loss portion or core loss region of the spectrum above 50 eV contains
information from inelastic interactions with the inner or core shells. The ionization of a
K-shell electron in the 1s orbital gives rise to a single K edge. For the L-shell, if a 2s
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electron is excited, an L1 edge is obtained, and a 2p electron produces either L2 or L3
edge depending on the spin quantum number of the electron (Ahn 2004).
To ionize the atom in each orbital, there is a minimum energy, termed critical
ionization energy Ec, which is required to exceed the ionization threshold. It is also
possible that beam electrons lose more energy then Ec to ionize an atom. However, the
chances of ionization occurring become less with increasing energy above Ec, because the
value of the cross section decreases with increasing energy. As a result, ideally the
ionization-loss spectrum has a triangular shaped edge profile where a sharp rise to a
maximum intensity at Ec followed by a slow decay in intensity beyond the threshold. The
ideal triangular shape is called a hydrogenic ionization edge. This is only found in spectra
from isolated hydrogen atoms. The real edge shape near Ec may be more complicated due
to the bonding effects from the crystal lattice. The electron energy-loss near edge fine
structure (ELNES) contains information about local valence state and coordination
(Williams and Carter 1996). Fig. 2.15 illustrates the typical EELS spectroscopy which is
composed of the intense zero-loss peak, the low loss plasmon region and core-loss peak
with ELNES. Noted that plural-scattering background is also demonstrated in Fig. 2.15.
Plural scattering (> 1 scattering event) and multiple scattering (> 20 scattering events)
imply that the electrons have undergone a combination of interactions from a thicker than
ideal specimen.
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Fig. 2.15 An illustration of typical EELS spectrum which comprises zero loss peak,
plasmon peak and core loss region (after Williams and Carter 1996).

2.5 Summary

In this chapter some of the special conductive phenomena that can occur in metal
oxides are reviewed. It is pointed out that the classical model for degradation are limited
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to defect free electronic band models and do not consider alternatives. The scientific
aspects of techniques that are employed throughout this thesis are also reviewed. The
next chapter outlines in more regard the details of the processing and experimental
techniques that used to obtain the data.
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Chapter 3
Experimental Procedure
3.1 Introduction

This chapter describes the experimental procedures used to synthesize and
characterize the model systems: Fe-doped SrTiO3 single crystals and polycrystalline
ceramics, X7R and COG multilayer ceramic capacitors and Ta2O5 electrolytic capacitors.
For the model systems, the electrical properties were measured by impedance
spectroscopy (IS) (0.01Hz to 10MHz) and various relaxation phenomena were studied by
thermally stimulated depolarization current (TSDC) technique. The chemical information
associated with degradation processes such as changes in the valence states and
stoichiometry of the degraded Fe doped SrTiO3 crystals was investigated using electron
energy loss spectroscopy (EELS).

3.2 Impedance Measurements

3.2.1 Sample Preparation

1% Fe-doped SrTiO3 single crystals [10mm x 10mm x 0.8mm; with the crystal
face parallel to (100)], grown by the Verneuil crystal growth method, were purchased
from the Commercial Crystal Lab. Inc. (Naples, Florida). The crystals were cut into slabs
with a size of 3 x 3 x 0.8 mm and their major faces parallel to (100). After a surface
cleaning pretreatment, i.e., cleaned by alcohol, acetone, methanol and deionized water in
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sequence, and oven dried at 80 0C for 3 hrs, Cr (200 Å)/Au (1500 Å) electrodes were
sputtered onto top and bottom faces of SrTiO3 single crystals. The electrode deposition
was performed using AT3 sputtering system (Kurt, J. Lesker, Clairton, PA) under 5x10-3
Torr at room temperature.

3.2.2 Dielectric and Impedance Measurements

The principle of a dielectric measurement is shown in Fig. 3.1 (a) & (b).

Fig. 3.1 (a) Principle of a dielectric or impedance measurement (After
Alpha High Resolution Dielectric Analyzer User’s Manual)
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Fig. 3.1 (b) Amplitude and phase relations between voltage U(t) and
current I(t) of a sample for dielectric characterization.

A voltage U0 with a fixed frequency ω/2 is applied to a sample cell. U0 cause a
current I0 at the same frequency in the sample cell. In addition, there will generally be a
phase shift between the current and voltage described by the phase angle φ. The ratio of
U0 and I0 and the phase angle φ are determined by the dielectric properties of the sample
material. It is convenient to use complex notation where

U (t ) = U 0 sin(ωt ) = Re(U * exp(iωt ))
I (t ) = I 0 sin(ωt + ϕ ) = Re( I * exp(iωt ))

(3.1)
(3.2)

with
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U * = U '+U " = U 0

(3.3)

and

I * = I '+iI "

(3.4)

I 0 = I ' 2 + I "2

tan(ϕ ) =

(3.5)

I"
I'

(3.6)

For a sample with linear dielectric response, the measured impedance of the sample
capacitor

Z * = Z '−iZ " =

U*
I*

(3.7)

and this is connected to the dielectric function of the sample material by

ε * (ω ) = ε '−iε " =

−i
1
ωZ * (ω ) C0

(3.8)

where C0 is the capacitance of the empty sample capacitor.

3.2.3 Instrumentation and Measurement

Impedance measurements were conducted using an Alpha high resolution
dielectric analyzer (Novocontrol Gmbh, Germany), which is a device for measuring the
impedance or complex dielectric function of materials at frequencies between 3μHz to 10
MHz. That is especially optimized for dielectric materials with low loss factors over a
broad frequency range.
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The set up the sample cell is shown schematically in Fig. 3.2.

Fig. 3.2 Schematic diagram of an electric material measurement with the Alpha analyzer
(After Alpha High Resolution Dielectric Analyzer User’s Manual)

In this setup, the dielectric converter (current to voltage converter) is directly
mounted on top of the sample cell, which is in contrast to Fig. 3.1(a), avoiding the usage
of BNC cable in the sample circuit.
The Alpha analyzer dielectric converter can measure impedance from 0.01 Ω to
1014 Ω, enabling measurement on dielectric sample down to lowest frequencies in the
μHz range. This is in contrast to so-called general impedance analyzers typically covering
a broad impedance range from 0.01 ≤ Z ≤108 Ω (limiting the measurement of dielectric
samples typically to frequencies above 10 Hz due to the high impedance limit (108 Ω)).
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For frequencies above 1 MHz, the sample impedance may be on the same order as the
inductive impedance of the BNC cables connecting the sample holder with the analyzer.
This limits the measurement to frequencies below approximately 1 MHz. Therefore, the
inductance of the sample cell cables has to be kept as small as possible for optimum high
frequency performance. This is realized in Alpha analyzer as shown in Fig. 3.2. This
setup can measure dielectric samples up to 10 MHz. The accuracy of a measurement at
high frequency range is especially critical in this study, since some information is directly
extrapolated by modeling those high frequency responses. Before conducting any
impedance measurements, a calibration was carried out using an internal reference
calibration. This includes the calibration of the reference capacitors relative to each other
and additional internal components used in the reference measurement mode.

3.3 Thermally Stimulated Depolarization Current (TSDC) Measurements

3.3.1 Sample Preparation

Fe-doped SrTiO3 ceramics were prepared in our laboratory by the conventional
mixed-oxide technique, starting from high-purity SrCO3 (99.99%, Alfa Aesar, Ward Hill,
MA) and fine grained TiO2 powder (99.9%, Alfa Aesar, Ward Hill, MA). Figure 3.3 is
the flow chart for the ceramic preparation. The Fe dopant was added as a nitrate solution
to a 2-propanolic suspension of TiO2 and precipitated with NH3/(NH4)2CO3 solution. The
suspension was dried at 120 oC for 12 hrs and deagglomerated. Subsequently, the
powders were mixed with the SrCO3 in a cyclohexanolic suspension, ball milled for 5 hrs,
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and calcined at 975 oC for 18 hrs. The formation of perovskite was checked by powder
X-ray diffraction (XRD) using a Scintag (model X2, Scintag Inc., Cupertino, CA) and the
result is shown in Fig. 3.4.

Starting materials: TiO2, Fe(NO3)3.9H2O, 2propanolic suspension

Starting Material:
SrCO3
Precipitated with
NH3/(NH4)2CO3

Dry at 120 oC for 12hr
Ball mill for 5 hr
Calcined at 975 oC for
18hr
X-ray diffraction for
phase determination
Isostatically pressed into pellets

Sintered at 1500 oC for 6hrs

Figure 3.3 Flow chart for the iron doped SrTiO3 ceramic sample
preparation
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Fig. 3.4 X-ray diffraction spectrum of 1% Fe doped SrTiO3. The reference pattern of SrTiO3
is shown below the experimental spectrum.

As shown in Fig. 3.4, the closest match to the experimental XRD spectrum is the
perovskite SrTiO3 reference and no secondary phase peaks could be found. The SrTiO3
powders were then isostatically pressed into pellets and sintered at 1500 oC in air for 6
hrs. The density of 1% Fe doped poly crystalline ceramic is 94-95 % of the theoretical
value, and the measured tan δ, dielectric loss, is 0.02% at 1 kHz at room temperature on a
LCR meter. After surface polishing and thermal-etching to reveal the grain structure
under a scanning electron microscope (SEM), HITACHI (S-3500N), an average grain
size of 3µm is determined. In-situ energy dispersive spectroscopy (EDS), PGT PRISM,
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imaging analysis did not reveal any noticeable segregation of the iron dopant at the grain
boundaries.
The finished ceramic discs were cut and polished down to the size of 3 mm x 3
mm x 0.8 mm. After surface cleaning pretreatment, Au (1500 Å) electrodes were
sputtered onto the top and bottom faces of the SrTiO3 ceramic samples.

3.3.2 Instrumentation and Measurement

The TSDC measurements were performed using a HP 4140b pA meter.
Temperature data were acquired by an HP 3478A MULTIMETER. Data acquisition and
device control programs were written in Itemp program. The sample stage was shielded
with a 1mm thick cylindrical metal cap. The noise level measured under open-circuit
conditions in the experimental setup was on the order of pico-amp range at 150 oC. The
working temperature in this instrumental setup is at the range of -170 to 250 oC. The
experimental apparatus used for the TSDC measurement is shown in Fig 3.5.
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HP

Fig. 3.5 Schematic diagram of TSDC instrumental setup

In this study, the typical profile procedures are described as followed: the
specimen was held at the polarization temperature Tp, and polarized for a period of time,
tp, using a constant DC electric field, Ep. It was then cooled to a starting temperature To,
while maintaining the electric field. The electrodes were then short circuited and a TSDC
was recorded as a function of temperature at a constant heating rate, β, 4 ≤ β ≤ 8 oC/min.
The polarization and heating rate conditions were chosen to maximize sensitivity to this
specific experiment in the temperature range -150 0C to 250 0C. It should also be noted
that fields were selected to ensure that there is no saturation in the current response for
any specific type of relaxation. In some cases, after the sample was cooled down to low
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temperature, a small collecting bias 0.2V ≤ Vc ≤ 8V, was applied to the shorted sample
while measuring the TSDC current. The heating and polarization scheme is shown in Fig.
3.6.

Fig. 3.6 A schematic heating and polarization profile of the TSDC measurement.
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3.4 Transmission Electron Microscope (TEM) and Electron Energy Loss
Spectroscopy (EELS)

3.4.1 Sample Preparation

Due to the ease of movement of oxygen vacancies in the model system, any heat
treatment of the degraded samples including the measuring temperature of IS and TEM
sample preparation should be minimized.
Since the cathode and anode side of the degraded samples can be easily polished
away during polishing steps in TEM sample preparation, these two sides have to be
protected during polishing steps. To do that, the degraded sample were cut into two small
and equal sized samples, and two piece with cathode and anode side facing each other
were then glued together by M-bond 610 adhesive at room temperature for 4 days. Again
to minimize the heat treatment, the glued cross-sectional samples were hand polished on
diamond polishing film on one side to 0.1 µm grit. This polished side was later mounted
onto a tripod polisher by crystal bond; the glued piece was mechanically thinned with
diamond polishing film down to less than 10 μm. The thinned sample was removed from
the polisher stage by immersing it in acetone and was mounted using M-bond 610
adhesive onto a 3 mm copper support grid and left in air for at least 1 day. The sample
attached to the copper grid was then placed into a Fishion precision ion milling system
and thinned at liquid nitrogen temperature using argon ion beams at 4.5 keV at a 120
incident angle for about 1 to 2 hours of sputtering until a small hole appeared near the
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center of the specimen. The samples were then ion milled at 3.5 keV at a 10o incident
angle for 15 minutes and plasma cleaned for 10 minutes to remove contaminants.

3.5 Current vs. Voltage (I-V) measurements

The studies of conducting mechanism on electrolytic capacitors were conducted
by the means of I-V measurements. Current-voltage measurements were made on a
Hewlett Packard 4140b Pico-Amp meter and Delta furnace, over a temperature range.
Await time was utilized, >900 seconds, after the application of the voltage to ensure that
leakage current was free from the depolarization current, and only reflecting the steady
state current.
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Chapter 4
Parallel Conduction of Band Gap Electrons and Polarons in the
Degraded SrTiO3 Crystals

4.1 Objective

In this chapter, the Impedance Spectroscopy (IS) data from Fe-doped SrTiO3
single crystals subjected to different stages of degradation were modeled. As stated in the
previous chapter, in the degraded model system, the measured low conductivity near the
cathode region reveals the deficiency of traditional band gap models often used in the
literature if a Mott criterion is considered. Through impedance modeling, a new
conduction path near the cathode region is proposed. This solves the incompatibility
between observed low conductivity and measured high oxygen vacancies concentration
near the cathode region in the degraded samples. Furthermore, the physical parameters
extracted from the proposed model give excellent agreement with the results obtained
from other characterization technique such as EELS.

4.2 Electrical Degradation of Fe Doped SrTiO3 Single Crystal System

4.2.1 Impedance Spectroscopy on 1% Fe Doped SrTiO3 Single Crystal

In this study, impedance measurements were conducted on a number of 1% Fe
doped crystals, which were subjected to various levels of degradation during HALT tests
at 150 oC with a 100V/mm field stress. The impedance measurements were conducted
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immediately after samples were removed from the HALT furnace to minimize recovery.
Fig 4.1 shows a typical time-dependent change of the leakage current during a HALT test
for 1% Fe doped SrTiO3 crystals.

Fig. 4.1 HALT test on a 1% Fe-doped SrTiO3 single crystal for an applied
field=100V/mm and holding temperature=150 oC. Open circles represent
different stages of sample degradation.

It is noted that when the leakage current starts to take off, after a period of time
there is a saturation in the last stages of degradation. It should also be noted that the
saturation effect is real and not an artifact of a current limit on the power supply. The
degradation conditions and times for the samples, which were taken for impedance
measurements, are marked along the leakage-time curve in Fig. 4.1. The impedance data
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for the virginal crystal are given in Fig. 4.2 curve (a), where the bulk response is shown
as a semi-circle and the tail represents the response from the electrodes. The electrode
impedance generally is assumed to be due to a Schottky barrier at the electrode/ dielectric
interface (Denk 1997). Figure 4.2 curve (b) is the impedance data of the degraded
sample; it shows a high leakage current and corresponds to the sample at the degradation
stage of (C) in Fig. 4.1. Impedance data of a typical degraded crystal shows two arcs,
from low to high frequency range, representing the bulk and electrode interface response,
respectively. Compared to the impedance response of virginal sample, Fig. 4.2 curve (a),
it is readily seen from the intercept of real axis of Z* plot that both dielectric and
electrode/dielectric interface resistance are greatly reduced for the degraded samples.

Fig. 4.2 Impedance response of the (a) virginal sample, (b) degraded sample, and (c)
degraded sample after recovery.
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Impedance measurements were conducted again after leaving the degraded
sample in the furnace for 20 hrs under open circuit conditions at 150 oC in air. As seen in
Fig. 4.2 curve (c), the impedance data are almost recovered, compared to the impedance
response found in the virginal samples. This resistance recovery is associated with the
relaxation of oxygen vacancies from their piled up, spatially heterogeneous state at the
cathode that leads to a reduced resistance. This recovery, through the thermal anneal for
20 hours at 150 oC, indicates a high mobility of oxygen vacancy. However, despite this
recovery, the impedance data are reproducible for 3 consecutive scans conducted at 150
o

C within a total measuring time of 12 minutes. Based on that observation, all impedance

measurements were conducted to the temperature less than 150 oC.

4.2.2 Selection of Impedance Model

As demonstrated by Sinclair and West (1989) in the modeling of impedance
spectra, it is extremely useful to re-plot impedance spectra into different formalisms, such
as admittance and modulus, since some data can be overlooked or hidden over a certain
frequency range in one formalism, while the data in the same frequency range can be
emphasized by plotting into another formalism. Good examples of this approach can be
found in LaGaO3, by Abram (et al 2003), and in core-shell BaTiO3 dielectrics after
Morita et al. (2007). Besides Z* plots, the same IS data may be re-plotted to one of the
other three impedance formalisms: admittance, Y*, relative permittivity, ε* and relative
electric modulus, M*, using the equations:
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Y* = 1/Z*
ε*= 1/M*
M* = jωCoZ*

(4.1)
(4.2)
(4.3)

The IS data were therefore re-plotted into M’ and M” vs. frequency f and Y’ and
Y” vs. frequency to give a full weighting to the IS data over the entire measured
frequency spectrum. Due to the heavily distorted electrode response, as shown in 4.3,
only bulk responses are modeled in this study.

Fig. 4.3 Impedance response, open circles, measured at 150 oC on 1% iron doped
SrTiO3 crystal which was subjected to a field stress of 100V/mm, at 150 oC for 800
mins. The fitting result using the 3RC equivalent circuit element model for the bulk
response (3.05 to 1x107 Hz) is shown as sold lines. The insert shows the equivalent
electrical circuit used to model the IS data.
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When Z* plot is re-plotted into log M” vs. log f, as shown in Fig. 4.4, three
overlapped peaks are observed. Since Debye peaks for the parallel RC circuit element in
series are scaled with 1/C in a log M” vs. log f plot (Sinclair 1989), the correct fitting
model could consist of at least three capacitance circuit elements as suggested by these
three overlapped peaks.

Fig. 4.4 Impedance response and fitting results are plotted as complex modulus vs.
frequency. Arrows mark the effect of three capacitive circuit elements.
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In a spectroscopic plot of log Y’ against log f in Fig. 4.5, three frequencyindependent plateaus are seen, as indicated by the arrows, where Y’ ~ R-1, followed by a
dispersion region, where log Y’ increases linearly with log f. The three plateaus suggest
that three resistance elements should exist in the correct fitting model.

Fig. 4.5 Impedance response and fitting results are plotted as complex admittance vs.
frequency.
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From the visual inspection of the imaginary part of the modulus, Fig. 4.4, and the
real part of the admittance against frequency plot, Fig. 4.5, the high frequency fitting
circuit model was initially set as three parallel RC in series, as shown in the insert of Fig.
4.3. It goes without saying that the proposed model must bear physical meaning for each
circuit element. This 3RC model is believed to represent the conductivity profile across
the degraded crystal. From the cathode to the anode are three different types of
conducting regions, i.e., n-type, ionic, and p-type regions (Baiatu 1990, Waser 1990,
Rodewald 2000). These conducting regions are created due to the displacement of oxygen
vacancies and local defect chemistry in the degraded SrTiO3 crystals. Therefore, the
combination of 3 parallel R-C circuit elements in series could readily account for the
different conducting regions. The high frequency impedance response of the degraded
crystal and the fitting result is given as open circles and solid lines, respectively, in Fig.
4.3.
Using the 3RC circuit model, reasonably good fitting results are obtained in the
complex impedance and modulus plot; however, the highest frequency part of linear
dispersion response in the log Y’ vs. log f is not fully modeled. As pointed out by
Almond and West (1983), the high frequency dispersion in the single crystal Na βalumina system was attributed to the conductivity of a carrier hopping mechanism. To
account for the possible hopping mechanism in this system, an additional set of elements
is placed (R 4-C 4) in the cathode region, and the chosen equivalent circuit model to the
impedance spectroscopy data is shown in Fig. 4.6.
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Fig. 4.6 The modified 3 RC equivalent circuit model

This modified 3-RC circuit elements gives the best fit to all data representations,
especially with log Y’ vs. log f plots, as shown in Fig. 4.7.

Fig. 4.7 Impedance response, open circle, and fitting result, solid line, from the
modified 3 RC equivalent circuit are plotted as the real part of the admittance vs.
frequency.

61

In the interpretation of impedance spectroscopy data, it is known that there are
different approaches such as the linear system theory (Macdonald 1982), the many body
interaction model (Bowen 2006), and the equivalent circuit models. These approaches all
have their strengths and weaknesses. In this study, a focus is placed on an equivalent
circuit model to the impedance spectroscopy data, and use alternative microstructure and
chemical characterization to guide the equivalent circuit models with a minimum of
components, that all have physical relevance.

4.2.3 Interpretation of the Proposed Equivalent Circuit (Polaron Hopping)

Given the excellent fit to the ac response, the modified 3-RC also shows simple
Arrhenius temperature dependences for R 1, R 2, and R 3, as shown in Fig. 4.8.

ECathode: 0.8±0.02 eV

EAndoe: 0.75±0.02 eV

EMiddle: 0.9±0.03 eV

Fig. 4.8 Arrhenius plot of ln Ri vs. 1/T of 1% Fe doped SrTiO3 crystal. The activation
energy for each circuit element is calculated from the slopes of the plot.
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The assignment of R 1, R 2 and R 3 to the crystal near the cathode, anode and
middle region, respectively, is based on the calculated width, conductivity and activation
energy of each assigned region, detailed below. The extrapolated data after the
assignment is consistent literature data and is given in the following paragraphs.
Compared to the virginal sample, which has a calculated activation energy of 0.89±0.03
eV, the activation energies for the degraded cathode and anode region have reduced
significantly, indicating a mechanistic change, while the activation energy of the
degraded middle region remained nearly unchanged. The p-type region has an activation
energy of Ea=0.75±0.02 eV; this is in very good agreement with p-type activation
energies reported by Vollmann and Waser (1997). The intermediate region would be
anticipated to be a mixed ionic and electronic conductor, if the electronic conduction was
dominant, then the activation energy would be close to 1.5eV, i.e. an intrinsic band gap
conduction. However, the observed activation energies are 0.9±0.03 eV, and this would
correspond with bulk oxygen vacancy conduction. This activation energy is in
accordance with those of Waser (1991), and also in extremely good agreement with
thermally stimulated measurement that has previously been conducted (Liu 2008). R 1 is
taken to be an n-type band gap conduction that is electrically parallel to a second
conductive mechanism, represented by R 4.
Unlike R 1, R 2 and R 3, the R 4 does not show a typical semiconducting
behavior in which Arrhenius temperature dependence is applicable. The temperature
dependence was tested against Mott variable range hopping, and also the Efros –
Shklovskii variable range hopping schemes, but these approaches did not describe the
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data (Schon 2000 and McClintock 1984). Instead, a linear relation is found on the plot of
ln (1/R x T1.5) vs. 1/T, as shown in Fig. 4.9.

E=0.096±0.01 eV

Fig. 4.9 Linear relations between ln (1/R4) x (T1.5) and 1/T.

This temperature dependence suggests the occurrence of a non–adiabatic polaron
conduction characteristic in the cathode region of the degraded dielectrics, and from the
slope the activation energy is calculated to be 0.096±0.01 eV. Conduction arises by the
activated hopping of carriers between different valence states of the same type lattice ions,
and in this case Ti3+ and Ti4+ octahedral sites are thought to be responsible. When the
concentration of small polarons is independent of temperature, the conductivity
temperature dependence takes the form for the non-adiabatic case (Holstein 1959):
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σ = (A/T1.5) exp (-Ea/KBT)

(4.4)

Previously, Gillot (et al. 1992) studied the conductivity of a Nb-doped BaTiO3
single crystals in the temperature range 40–420 K. The authors found that the dc
conductivity in the four phases of BaTiO3 has a small polaron characteristic, with the
activation energy in rhombohedral phase found to be 0.09 eV. At intermediate
temperatures, the thermally activated polaron mobility can be expressed in the form of:

μ polaron = μo (T ) −1.5 exp(

− Ea
)
K BT

(4.5)

As a result from polaron hopping, the conductivity is given by:

σ polaron = qnμ polaron

(4.6)

where n is the polaron density and q is the electronic charge. From eq. (4.5), the polaron
mobility, μpolaron, can be determined by using Ea, and the available μ0 value from the
literature (Gillot et al. 1992). σpolaron is determined by R 4 and sample geometry. From eq.
(4.6), polaron concentration, n, is then calculated to be (1.01±0.3) x 1019/cm3 in the
degraded cathode region at 150 oC.
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4.3 Electron Energy Loss Spectroscopy (EELS) of the Degraded SrTiO3 Single
Crystal System

In this study, it is primarily interested in the titanium oxidation state and oxygen
content. To investigate this, the near-edge fine structure of the titanium L edge which
contains valuable information about the nearest neighbor bonding, O 2p with metallic 3d,
and the hybridization with the metal sp band was studied.
The valence state of the transition-metal elements in the structure can be
determined from the analysis of the L2 and L3 white lines that are visible due to the spinorbit interaction. More specifically, the L3 and L2 lines are a result of the transitions
2p3/2 to 3d3/23d5/2 and 2p1/2 to 3d3/2, respectively (Ahn 2004). Further, the chemical shift
of the transition metal L-edge onset can be correlated directly to its formal oxidation state
(Williams and Carter 1996).
The two core-loss edges of SrTiO3 that are accessible by EELS are the Ti-L3,2
edges and the O-K edge. The spectrum obtained from virginal SrTiO3 crystal is shown in
Figs. 4.10. The Ti-L edges exhibit the splitting of the individual L edges, which is
attributed to the crystal field. The 3eg peak of the Ti-L3 edge is at 462.0±0.5 eV, whereas
the 3eg-peak of the Ti-L2 edge is at 467.5±0.5 eV. The O-K edge from the bulk contains
four distinct peaks in the near edge fine structure, and the onset is located at 532.0±0.5
eV. The fine structure of O K edge fine structure is controlled by the oxygen content and
the linear Ti–O bond in the perovskite.
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Fig. 4.10 EELS from the virginal SrTiO3 sample. Spectrum shows the peak
splitting of Ti-L2, 3 peaks and O-K edge fine structure.

The bright field TEM micrograph of 1% iron doped SrTiO3 crystal degraded
under E=100V/mm at 150 oC for 2 hrs is shown in Fig. 4.11; the corresponding electron
energy loss spectra obtained from the position labeled in Fig. 4.11 and from the virginal
sample is shown in Fig. 4.12.
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Cathode
Fig. 4.11 TEM image of the degraded SrTiO3 crystal close to cathode region

SrTiO2.92±0.07
SrTiO2.92±0.05
SrTiO2.95±0.05
SrTiO2.97±0.05

Fig. 4.12 EELS from the virginal and degraded samples. Spectra are taken from the
positions labeled in Fig. 4.11 (E=100V/mm at 150 0C for 800 mins).
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In Fig. 4.10 the EEL spectra are aligned at the onset of the oxygen K-edge
(532±0.5 eV). The spectrum from the region close to the cathode exhibits three main
differences, outlined below, in comparison to the region close to the anode or virginal
spectrum.
(1) The Ti-L3 edge is shifted by 0.6±0.5 eV to a lower energy-loss, indicating a
lower oxidation state of titanium close to the cathode region in a degraded SrTiO3
crystal.
(2) The degree of peak splitting of Ti-L2,3 edge fine structure, namely, the t2g and
eg peaks, are suppressed, resembling a mixed Ti3+ and Ti4+ valence state. The
mixed valence state of Ti3+ and Ti4+ was demonstrated in the EEES study in
superlattice of LaTi3+O3 and SrTi4+O3 by Ohtomo et al. (2002).
(3) Peak intensity for the O-K edge fine structure near cathode region is reduced
with respect to anode or virginal sample while peak 1, 2, 3 and 4 become more
distinctively separated away from the degraded cathode region. This suggests a
destruction of long range order and the presence of excess oxygen vacancies at
degraded cathode region (Browning et al. 1998).

The oxygen vacancy content in degraded SrTiO3 in this study is quantified using
the K factor approach, in which an EEL spectrum obtained from an undoped SrTiO3
crystal is employed as a standard and is assumed to be fully stoichiometric (Williams and
Carter 1996). The calculated nonstoichiometry of the strontium titanate in different
regions from cathode to anode are given in Fig. 4.10, which are determined through
integrating the counts under the Ti L2,3 and O K peaks.
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The average non-stoichiometric composition in the region close to cathode is
SrTiO2.95±0.05 and corresponded to 8.43x1020 oxygen vacancies/cm3. From the EELS data,
this high concentration of oxygen vacancies is found to be confined to a thickness of 25
μm.

4.4 Comparison Between EELS and IS Data

Assuming the dielectric permittivity remains unchanged, εr=300, in the three
regions identified with impedance spectroscopy; the thickness, di, of each region can be
calculated from the corresponding capacitance Ci=ε0εrA/di, and total thickness. The
calculated thickness for cathode, ionic, and anode region is 30, 653, and 117 µm,
respectively. The thickness of the n-type conducting (cathode) region calculated from
impedance data is in excellent agreement with oxygen vacancy profile determined by
EELS. The carrier concentration, conduction mechanism and physical width of the n-type
conducting region deduced from EELS and IS are summarized in Table 4.1:
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Table 4.1: Summary of critical evidence and concentration in the n-type region of
the sample under degradation (C) in Fig. 4.1.

Oxygen vacancies and
charge carrier
concentration
Evidence of polaron and
critical concentration

Width of n-type
region

EELS
10 /cm (2[ VO.. ]≅[e’] )
(1019/cm3 on 0.1 % iron
doped crystal calculated by
Baiatu et al.)
Mixing of Ti3+ and Ti4+
(The shift of Ti L edge
toward lower energy loss)
20

3

25 μm

IS
10 /cm (deduced from R 1
and C 1) (1013/cm3 deduced
from local conductivity data
by Rodewald et al.)
14

3

Localized polaron
hopping (σ = (A/T1.5) exp
(-Ea/KBT))
1019/cm3 (deduced from R 4
and polaron mobility
data)
30 μm, 4% of total width
(7% of total width from
conductivity profile by
Rodewald et al.)

As summarized in table 4.1, instead of free electrons, the electron charge carriers
that compensate most of the oxygen vacancies exist in the form of polarons that hop
between different valence states of titanium sites.
For the less degraded samples under degradation stage of (B) in Fig. 4.1, it has a
calculated polaron concentration of 3.8 x 1018/cm3, and relative thickness of 19, 716, 65
µm for the cathode, ionic and anode region, respectively. Attempts to use the modified
3RC circuit elements or other models bearing physical meanings to fit the impedance
response of sample under degradation stage (A) in Fig. 4.1 has not been as successful
suggesting no distinct formation of p-i-n conducting profile has been created across the
degraded crystal at this condition. Finally, impedance measurement was performed on the
degraded sample under degradation stage (D) in Fig. 4.1. From the modeling, the relative
thickness of the cathode and the anode to the middle region of sample under degradation
stage (D) are further increased compared to those from sample under degradation stage of
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(B) and (C). The relative thickness calculated from this modified 3RC circuit are found
be very consistent with the degree of degradation. Various R and C elements change as
the impedance is measured at different degradation stages after HALT treatment, and
these are summarized in Table 4.2.

Table 4.2: Summary of various R and C elements in the proposed model to the
samples under different stages of degradation.

R2
R3
R4
C1
C2
C3
C4
Stage of
R1
4
7
6
-10
-11
-10
Degradation (10 Ω)
(10 Ω)
(10 Ω)
(Ω)
(10 F)
(10 F)
(10 F)
(10-10 F)
(D)
1.20±0.05 3.96±0.09 1.03±0.03 7.90±1.0 9.5±1.5 6.60±3.0 2.55±0.8 5.62±0.8
(C)

1.56±0.08 4.95±0.10 1.34±0.04 19.50±4.0 11.4±0.8 5.38±3.0 2.95±0.8 6.20±2.0

(B)

1.81±0.05 5.54±0.05 1.56±0.08 32.00±6.0 15.9±0.8 4.31±2.0 4.78±1.2 7.10±2.0

The calculated polaron concentration is also increased with the degree of
degradation. Fig. 4.13 shows the polaron concentration vs. the leakage current for the
degree of degradation in the final stages of failure. As pointed out by Meyer et al. (2005),
the movement of oxygen vacancies modifies the transient conduction, but within a
coupled ionic–band gap model this does not fully explain the degradation process. The
addition of another mechanism that involves the induction of electronic transport process
such as local polaron hopping, could account for the increase in leakage current.
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Fig. 4.13 Calculated polaron concentrations from the samples under degradation
stages of B, C and D vs. their corresponding leakage current.

4.5 Summary and Conclusions

The impedance response of the degraded Fe-doped SrTiO3 is modeled using a
modified 3 RC equivalent circuit in this study. Three lumped RC elements represent the
three different types of conducting regions across the degraded crystal. An extra R-C
element inserted in parallel with the circuit element, representing cathode region, shows a
temperature dependence with polaron hopping characteristics. With these adjustments, an
equivalent circuit was developed that has physical meaning and also has excellent fitting
in the Z*, Y*, and M* formalism. The proposed polaron hopping between Ti+3 and Ti4+

73

ions near the cathode region is consistent with the existence of the mixed Ti valance state
revealed by the EELS. The width of the cathode and anode regions calculated from the
proposed model increases with the degree of degradation, and the corresponding polaron
concentration also increases from ~1018 to ~1019/cm3. The oxygen non-stoichiometry of
SrTiO3-δ near the cathode region of the degraded crystal was quantified by EELS analysis.
The resulting oxygen vacancy concentration is on the order of 1020/cm3, which is
consistent with the data calculated from defect chemistry modeling in the literature. The
majority of the corresponding high concentrations of electron carriers near the cathode
region control the electronic transport in the form of non-adiabatic small polaron hopping
between Ti3+ and Ti4+ in this study.
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Chapter 5
Thermally Stimulated Relaxation in Fe Doped SrTiO3 Systems: Single
Crystals
5.1 Objective

As time-dependent phenomena such as resistance degradation become more
important with future dielectric and piezoelectric materials in applications, better
methodologies need to be adopted to quantify these defect origins. In recent times, there
has been an increase in the use of impedance spectroscopy as one method to identify
interfacial phenomena (Chazono et al. 2001, Rodewald et al. 2001, Yang et al. 2004), but
this technique is not sensitive enough to completely identify all given defect contributions.
A complementary technique to impedance spectroscopy is thermally stimulated
depolarization current (TSDC) measurements. This is a technique that is used frequently
in the polymer community (Kim et al. 1996, Malm et al. 2002, Turnhout et al. 1975) but
is far less utilized within inorganic dielectrics (Amjadi 1999).
This chapter basically introduces the validity of the TSDC technique to the model
system, Fe doped SrTiO3 single crystals. It gives insight into the different contributions to
the depolarization current, and demonstrates that there are three main defect mechanisms
that exist in Fe-doped SrTiO3 single crystals. Methodologies are used that enable the
technique to quantify the energetics and/or concentrations of defect dipoles, trapped
charges and ionic space charge. With such a technique, key degradation mechanisms in
dielectric materials can be better quantified and understand.
SrTiO3 was utilized as a model system owing access to high quality single
crystals. In addition, the material is not ferroelectric, and therefore does not give off
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pyroelectric depolarization currents under the stress and temperature conditions explored
here. Furthermore, controlled acceptor doping, which is then compensated by oxygen
vacancy defects in this system, can be modified with different additions of iron oxide
substitutions.

5.2 TSDC Curves on 1% Fe Doped SrTiO3 System

A typical result of TSDC measurements is presented in Fig. 5.1 for a 1 % Fe
doped SrTiO3 single crystal with a polarization field Ep=150-250V/mm, polarization time
tp=10 min, and a heating rate β=8 oC/min.
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Fig. 5.1 TSDC spectra of 1% Fe doped SrTiO3 crystals with polarization field Ep of
150 to 250V/mm, Tp=100oC, tp=10min and β=8oC/min. Dashed arrows indicate the
peak current positions, Tm. (Inset: polarization field dependence of Jm of peak A. The
range of polarization fields explored was from150 to 450 V/mm)

The spectra indicate three peaks, A, B, and C, at temperature around 90 oC, 128
o

C and 195 oC, respectively. Using the excellent work on the theoretical origins of TSDC,

the fundamental origins of the depolarization currents associated with each peak can be
deduced. (Braunlich 1979, Fukami et al. 1987, Devautour et al. 1997, Hino 1980, Chen
1976, Nicholas and Woods 1964).
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5.2.1 TSDC Peak with Dipole Origin

Peak A is determined to be of dipole origin and is assumed to be the associated
defect complex of ( FeTi' )-( VO.. ), where Fe is an acceptor occupying the octahedral Ti site
and VO.. is the oxygen vacancy that is ionically compensating the FeTi' . In the defect
association study in Fe-doped SrTiO3 system using in-situ EPR spectroscopy, Merkle and
Maier (2003) have stated that ( FeTi' )-( VO.. ) is the most relevant associate in the system.
However, the detailed configuration of this defect complex or the existence of higher
order associates such as ( FeTi' )-( VO.. )-( FeTi' ) and their local charge distribution cannot be
determined in this study. The nomenclature used here is from the classical work of
Krogen-Vink (1956). The time and temperature dependence of the dipolar polarization is
determined by the competition between the dipole alignment of the field and randomizing
action of thermal energy in the lattice. Assuming an ideal symmetrical barrier model for
the dipole, the TSDC can be described with a single relaxation mathematically described
by the equation (Chen and Kirsh 1981):

JD(T ) =

Pe(Tp )

τ

0

T

−E
1
E
exp( a ) exp[−
exp(− a )dT ' ]
∫
kT
kT '
βτ 0 T 0

(5.1)

whereupon Ea: activation energy of the dipoles, β: heating rate. τo is the characteristic
dipole relaxation time at infinite temperature, and Pe is the equilibrium polarization
which is given by the Langevin function:

sN d Pu2 E P
Pe =
kT P

(5.2)
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In this expression (5.2), s is the geometrical factor depending on the possible dipolar
orientation. For nearest-neighbor face-centered vacancy positions in ionic crystals s=2/3,
Nd is the concentration of dipoles, Pu is the electrical dipole moment, kB is the
Boltzmann’s constant, and Ep is field applied to polarize the dielectric (Braunlich 1979).
The concentration of dipoles, Nd, can also be evaluated from equation (5.2), since the
area under the dipolar peak is equal to equilibrium polarization, Pe.
Equation (5.1) represents an asymmetrical peak and the amplitude of which is a
linear function of the previously applied field. By differentiating eq. (5.1), the maximum
temperature Tm corresponds to the peak current position.

Tm = [

Ea
Ea
βτ 0 exp(
)] 1 / 2
kB
k B Tm

(5.3)

From eq. (5.3), it is readily seen that for a given heating rate, β, it will have a fixed value
Tm characteristic.
From the polarizing field dependence of peak A in the Fe doped SrTiO3 system as
shown in Fig. 5.1, it is seen, for a given heating rate, that the maximum temperature Tm
of peak A is fixed, as indicated by the dashed arrow, as the applied polarizing field is
increased. These characteristics suggest that the origin of peak A is associated with
dipoles. This is further verified by plotting the maximum peak current density, Jm, at Tm,
as shown in the insert in Fig 5.1, where the peak current intensifies linearly with the
increase of applied field and then starts to saturate at high field. So all the evidence infers
that peak A originates from the orientation of defect dipoles, and the most probable
dipole caused by doping in our sample is ( FeTi' )-( VO.. ). To determine the activation
energy for dipolar polarization, the so–called “initial rise method” was used (Garlick and
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Gibson 1948), which is based on the fact that the first exponential term of eq. (5.1)
dominates the temperature rise of the initial current, such that

ln J D (T ) ≅ const . −

Ea
k BT

(5.4)

Therefore, by plotting ln JD against 1/T, a straight line is obtained and the
activation energy is determined to be 0.76±0.05 eV. This activation energy and peak
position are in good agreement with dipolar peak studied by T. Fukami et al. (1987) and
Karasawa et al. (1996).
In this study the concentration of defect dipoles was tested in the crystals with 0.1
and 1% Fe dopant concentration. For a TSDC peak caused by dipole orientation, the
concentration of dipoles, Nd, can be evaluated from eq. (5.2). By integrating the area
under peak A, the calculated dipole concentration for 0.1 % iron doped sample is 1.6±0.8
x1019/cm3 and for 1% iron doped sample is 6.6±0.4x1019/cm3. The expected factor of 10
differences in dipole concentration was not found from the corresponding variation of
dopant concentration. This discrepancy can be affected by the variation of Fe valence
states and the detailed configurations of defect dipoles in the lattice.
It is also noted that there is a possibility of additional defect dipole contributions
from a partial Schottky defects reaction that could be compensated ionically, i.e. a ( VSr'' )( VO.. ) defect complex. The partial Schottky defect is written as:

SrSrx + OOx ←
⎯→VSr'' + VO.. + SrO

(5.5)

To clarify which type of dipole is dominant or coexists in our system, TSDC was
performed on 0.1 and 1% iron doped samples.
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Fig. 5.2 TSDC spectrum of 0.1 and 1% iron doped SrTiO3 single crystals,
Ep=100V/mm, tp=10min and β=6oC/min.

In Fig. 5.2, the magnitude of the first peak increases as dopant concentration
increases from 0.1 to 1%. The increasing magnitude of peak A indicates that the majority
of the dipoles in single crystal are in the form of ( FeTi' )-( VO.. ) instead of ( VSr'' )-( VO.. ). If VSr''
were dominant over FeTi' , the electroneutrality equation, Eq. (5.6), would simplify to Eq.
(5.7). This is inconsistent with the finding in Fig. 5.2. This would imply that the oxygen
vacancy concentration, and the associated defect dipole concentration should be
independent of the Fe concentration.

2[V O.. ] + [V O. ] + [ h . ] = [ e ' ] + [ Fe Ti' ] + 2[V Sr' ' ]

(5.6)
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2[VO.. ] ~ 2[V Sr" ]

(5.7)

So we anticipate that the majority defect dipoles are through the ( FeTi' )-( VO.. ) complex.

5.2.2 TSDC Peak with Trap Origin

The second peak shown in Fig. 5.1 is partially convoluted with peak A. However,
a distinct maximum peak temperature can be observed at approximately 128 oC.
Furthermore, this peak shifts with different experimental conditions, indicating a nondipole origin, and this is quantified with different polarization fields, as shown in Fig. 5.1.
The position of second peak shifts to lower temperatures with increasing magnitudes of
the polarization field. An electric field dependence of the TSDC peak position was
reported by several authors in the studies of traps in oxide semiconductors or organic
polymers (Zielinski and Samoc 1977, Hayashi et al. 1982, Gupta and Van Overstraeten
1974). From fundamental arguments, this observation is associated with trapped charges
that were thermally released during the measurements. From the study of Nadkarni and
Simmons (1972), Tm shifted to lower temperature with increasing applied field, and a
linear relation was found between the peak temperature Tm and the square root of applied
field E½. As shown in Fig. 5.3 straight line is obtained by plotting Tm2 vs. polarization
field, indicating that peak B is consistent with a space charge polarization due to
electronic traps.
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(K2)

Fig. 5.3 Polarization field dependence on Tm2 of peak B

Another characteristic of this type of relaxation is the electrode dependence. In
TSDC measurements, various metal chemistries used as contacting electrodes do not
affect a dipolar polarization significantly, but they may lead to considerable variations in
electrode potential and Schottky barriers with difference in the work function (Braunlich
1979). In this study, two different electrode materials, silver and gold, which have work
function of 4.26 and 5.1 eV (Streetman and Banerjee 2000), respectively, were sputtered,
and the results of TSDC spectrum on samples with these two types of electrodes are
shown in Fig.5.4
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Fig. 5.4 TSDC spectra with two different sputtered electrode materials, silver and
gold.

It is clearly shown that the amplitude of dipolar peak A is relatively insensitive to
these changes; however, the position and amplitude of peak B has a considerable
dependence on electrode material. From the TSDC characteristics with field and the
electrode dependence on Tm and Jm of peak B, it is believed that peak B is from the
relaxation of space-charge polarization due to traps.
In order to utilize the initial rise method to estimate activation energy or trap
depth, Ea, of this trap peak, a peak cleaning technique was applied to resolve peak B from
peak A.11) In this technique, a polarized sample was first heated up to Tm of peak A,
followed by cooling the sample down to a starting temperature T0, and then heating the
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sample up again to a higher temperature while recording the relaxation current, as shown
in Fig. 5.5.

Third

Fig. 5.5 TSDC on 1% Fe doped SrTiO3 crystal, illustrating the sequence of peak
cleaning technique and the resolved peak B

The resolved peak B is shown in Fig. 5.5. Using the initial rise method, the trap
depth is estimated to be 0.65±0.08 eV. These activation energy and peak positions are in
excellent agreement with the data reported by Lakshminarayanan et al. (2000) and
Khoklin et al. (1987). They attributed the TSDC peak to the trapped holes that were
thermally released during the measurement. These hole traps with trap depth of
0.65±0.08 eV would correspond to trap centers of FeTix − VO.. , as reported from electron
paramagnetic resonance (EPR) analysis by Morin and Oliver (1973). However, in general
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caution has to be taken when applying the peak cleaning technique to resolve convoluted
peaks. Peak cleaning is an excellent tool provided there is not a wide distribution of
relaxation times associated with the peaks (Braunlich 1979).
Further quantification of the concentration levels of these trapped charges can be
obtained from the depolarization current, as described by the first order kinetic equation
originally derived for thermoluminescence (TL) peak. It is given as follows (Nicholas
and Woods 1964):

T

− Ea
Ea
I ( T ) = n 0 s exp(
) exp[ − ( s / β ) ∫ exp( −
) dT ' ]
kT
kT
'
T0

(5.8)

where n0: the carrier density of the filled traps (cm-3), k: the Boltzmann’s constant (eV/K),

β: the heating rate (K/s) and s: trap escape frequency factor which takes the form:

s = βEa /(kTm2 ) exp(− Ea / kTm )

(5.9)

where Tm: The maximum temperature of the peak. Using the obtained activation energy
from the initial rise method as an input value, the trap density can also be calculated by
curve fitting using eq. (5.8) and (5.9). The fitting result is given in Fig. 5.6 and the trap
density is estimated to be 2x1014/cm3 for the 1% iron doped sample.
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Fig. 5.6 The resolved trap charge peak, dotted curve, is fitted using eq. (5.8) and the
simulation result is shown as the thin solid line.

5.2.3 TSDC Peak with Mobile Ion Origin

With application of an electrical field, there is a probability of dissociation of the
defect dipoles and ionic transfer of the oxygen vacancies toward the cathode. The
transportation or the accumulation of oxygen vacancies has become an important issue in
the time degradation breakdown of dielectrics (Kishi et al. 2003, Yang et al. 2004). In an
ionic system, if we assume the space charge effect is very small and the displacement of
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mobile ion is not that large at the early stage of polarization, the polarization density from
moving ions can be expressed as:
P=q N V tp

(5.10)

where q: ionic charge, N: density of the moving ions and V: drift velocity. If the material
is represented by a series of potential wells of depth H, and a separation a, the probability
for a carrier jump to one direction under the applied field Ep is given by (McKeever
1985):

Г=2υ exp(-H/kT) sinh(qaEp/2kT)

(5.11)

where υ is the ion jump frequency and k the Boltzmann factor
The ion drift velocity is thus:

V=2a υ exp(-H/kT) sinh(qaEp/2kT)……(5.12)

Therefore, the total charge released, QTSDC, from the displacement of moving ions should
have the form of
QTSDC ≈ P=2 a υ N q tp exp (-H/k T) sinh (q a Ep/2 k Tp)
=Qo sinh (q a Ep/2 k Tp)…….(5.13)
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Fig. 5.7 TSDC total charge of peak C as a function of polarization field.
The simulation result using eq. 5.13 is given as a dotted line.

Fig. 5.7 shows the bias dependence of the total charge, QTSDC, of peak C. The
total charge released from peak C indeed follows the sinh function of the applied field,
which is the characteristic of space-charge polarization due to moving ions. However, the
curve fitting using eq (5.13), shown as small dots in Fig. 5.7, gives the hopping distance
of 6.2 nm, and that is beyond the realistic range of hopping distance. Unrealistic hopping
distance numbers are also found in other systems by using eq (5.13) in the literature (Kim
et al. 1994). Therefore, the quantitative description of eq (5.13) needs to be further
studied. Besides, this sinh polarization field dependence of QTSDC, when ion migration
takes place, it is often found that for a given field strength, Jm decreases with increasing
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sample thickness (Van Turnhout 1975). As shown in Fig. 5.8, Jm of peak C decreases
linearly with increasing thickness, further suggesting the moving ionic charge origin of
this peak. The most mobile ions and with the highest concentration in this system are
oxygen vacancies, VO.. .

Fig. 5.8 Thickness dependence of peak C

Therefore, peak C is considered to be from the relaxation of space-charge
polarization due to mobile oxygen vacancies, and the activation energy calculated from
the initial rise method is 0.91±0.05 eV. In the case of Ni: (Ba,Sr)TiO3 system, Hafi et al.
(1998) assigned the origin of high temperature peak positioned around 160 oC to the
oxygen vacancy migration based on the enhancement of the peak height with oxygen
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vacancy concentration, the calculated activation energy, 0.8 to 0.9 eV, and the hyperbolic
poling field dependence on peak current.
Another technique which was applied to further study peak C was TSDC with
collecting bias, where a small collecting bias, Vc, was applied to a previously polarized
sample while measuring the TSDC current. The results of TSDC under collecting bias are
shown in Fig. 5.9.

Vc=0 V

Vc=0.2 V

Vc=0.4 V
Vc=4 V
Vc=8 V

Fig. 5.9 TSDC spectra with various collecting voltage, Vc=0-8V. Current reversal
occur at temperature~150 oC with Vc>0.4V
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The positive collecting field was applied in the same direction as the polarization
field. As seen in Fig. 5.9, collecting bias has a great effect on the relaxation current of
peak C, where current reversal occurs with a collecting bias >0.4 V. When collecting
voltage reaches 0.4 V, no relaxation current of peak C was observed. The absence of peak
C suggests that the relaxation of oxygen vacancies under internal field and temperature
stress during linear heating step can be hindered by applying external filed, and the value
of this field, 0.4 V, is close to the activation energy of oxygen vacancies, ~0.8 eV, if the
possession of two electronic carriers per oxygen vacancy is considered.

5.3 Summary & Conclusions

The application of TSDC to Fe doped SrTiO3 model system has been evaluated.
Each of the three peaks found in the temperature window in this study shows a distinct
bias dependence characteristic, indicating the presence of different defect origins for each
of the peaks. From the characteristics of peak position and magnitude with various
polarization conditions the origin of these three peaks are identified as from the
relaxation of polarized dipoles, traps, and oxygen vacancies. The low temperature TSDC
peak is assigned to ( FeTi' )-( VO.. ) defect dipoles with calculated activation energy of
0.76±0.05 eV and estimated dipole concentration on the order of 1019/cm3. The second
peak is identified as a trapped charge peak with trap center of FeTix − VO.. . The trap density
for a 1% iron doped sample is calculated to be 2x1014/cm3. The high temperature peak
has a characteristic parabolic bias dependence, thickness dependence, and calculated
activation energy of 0.91±0.05 eV; therefore, this high temperature peak is assigned to
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the relaxation of oxygen vacancies. From the collecting bias study, this relaxation of
oxygen vacancies during heating can be hindered by applying a small bias in the direction
opposite to the internal field build-up by the oxygen vacancies and interfacial traps.
Following the fundamental analysis, the calculated activation energies and defect density
falls in a reasonable range and agree well with the literature data (Fukami et al. 1987).
This allows us to further apply this technique to samples at different stage of degradation
and ultimately study dielectric degradation as discussed in the following chapters.
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Chapter 6
Thermally Stimulated Relaxation in Fe Doped SrTiO3 System, as a
Function of Degradation

6.1 Objective

From the details of the analysis of TSDC in the Fe doped SrTiO3 single crystals in
the previous chapter, key defect concentrations and energies are identified and quantified.
In this chapter, these techniques are employed to address transient changes in the nature
of these defects during the dielectric degradation process.
Thermally Stimulated Depolarization Current (TSDC) measurements were carried
out on degraded SrTiO3 crystals and ceramics to investigate the relationship between
depolarization effects and degradation phenomena. Using this technique, the origins of
dielectric relaxations in Fe-doped SrTiO3 crystals and ceramics have been verified; the
physical origins of relaxation mechanisms were later linked to the transient leakage
behavior of the samples undergoing degradation from oxygen vacancy migration. An
ionic demixing model is applied to account for the evolution of TSDC spectra and to
bridge changes to the leakage behavior of the degraded samples. In the case of the
polycrystalline system, it is suggested that a strong degradation to the insulation
resistance occurs when oxygen vacancies migrate across grain boundaries and start to pile
up at the cathode region. Prior to that point, the vacancies accumulate at partially
blocking grain boundaries in each of the crystallites.
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From such model systems, it is hoped that TSDC will later be taken as a new
technique to address failure analysis in other dielectric materials and capacitor
technologies.

6.2 TSDC Spectrum of Non-Degraded SrTiO3 Ceramics

Fig. 6.1 shows the TSDC spectra obtained from non-degraded polycrystalline Fedoped SrTiO3 ceramics that were polarized under polarization fields ranging from Ep=50
to 350V/mm at Tp=190 oC, measured with a heating rate of β=2 oC/min.

Fig. 6.1 TSDC spectra of 1% iron doped SrTiO3 ceramic system. The curves from
low to high represent the TSDC responses with polarization field, Ep, from 50 to 350
V/mm.
95

A single spectrum is composed of two overlapped peaks within the recorded
temperature window. The first peak, peak A, appear at Tm~75 oC, and additional peaks
appear at Tm from 110 oC to 140 oC, for different polarization fields. As discussed in the
preceding section and previously explored in detail in single crystals, the polarization
field dependence of TSDC peaks can be used to distinguish the physical origin of
relaxation in TSDC. By plotting the peak values of each TSDC peak against polarization
field, as shown in Fig. 6.2, it is readily seen that peak A and peak B exhibit distinctly
different bias dependence behaviors.

Fig. 6.2 Polarization field dependence of the TSDC peak current in 1% iron doped
SrTiO3 ceramics
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From the linear relation of the peak current to the polarization field strength
before current saturation, and the fixed peak position with temperature, as shown in Fig.
6.1 and Fig 6.2, respectively, peak A is interpreted as a relaxation of a dipolar
polarization. It is assumed to be of the same origin as found in single crystals with the
polar ( FeTi' )-( VO.. ) complex.
It has been reported by several authors that space charge depolarization current
caused by hopping of ions through a media has a characteristic parabolic dependence on
polarization field strength (Hino 1980, Hafid et al. 1998, Kim et al. 1994). Total charge
released, QTSDC, from the displacement of moving ions should have the form of
QTSDC =2 a υ N q tp exp (-H/k T) sinh (q a Ep/2 k Tp)
=Qo sinh (q a Ep/2 k Tp)

(6.1)

where q is the ionic charge, N is the ion density, υ is the ion jump frequency, k is the
Boltzmann factor, and H is the potential barrier height.
As shown in Fig. 6.2, a parabolic increase of peak current with polarization field
is observed for peak B. The origin of peak B is, therefore, considered to be from the
relaxation of oxygen vacancies, VO.. , the most mobile ions in the SrTiO3 system.
The activation energies of these two peaks are calculated via the initial rise
method. To use this method for peak B, a peak cleaning technique was applied to resolve
peak B from peak A. The activation energies are calculated to be 0.73±0.03 eV for the
dipolar peak, peak A, and 0.86±0.07 eV for the oxygen vacancy peak, peak B. Using this
method, the calculated activation energies for these two peaks are in very good agreement
with the literature data (Fukami et al. 1987) and our earlier data on Fe-doped SrTiO3
single crystals. The data here and in earlier report are all summarized in Table 6.1
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Table 6.1: The summary of activation energies calculated from initial rise method

S.C.
S.C.
(dipole peak) (oxygen vacancy peak)
Activation Energy 0.76±0.05
in this work (eV)
Activation Energy in
the Literature* (eV)

0.91±0.05

P.C.
P.C.
(dipole peak) (oxygen vacancy peak)
0.73±0.03

0.86±0.07

0.68

0.97

S.C.: 1% Fe-doped Single Crystal system
P.C.: 1% Fe-doped Poly-Crystalline system
*Fe doped (Ba0.4Sr0.6)TiO3 Poly-Crystalline system (Fukami et al. 1987)

6.3 TSDC Spectrum of Degraded SrTiO3 Single Crystal System

Resistance degradation in dielectric materials is a process in which dielectrics
suffer from a time dependent increase of leakage current under applied field. This process
is accelerated with increased temperatures and increased fields, which is the basis of
HALT testing (Waser et al. 1990). Resistance degradation in an acceptor doped SrTiO3
single crystal system has been modeled in the classic work of Baiatu et al. (1990). It
describes the migration and subsequent pileup of VO.. in the cathode region, along with the
depletion of VO.. in the anode region. The oxygen vacancy profile across the degraded
sample leads to enhanced electron and hole concentrations near the cathode and anode
regions, respectively. Using spatially resolved conductivity measurement, Rodewald et al.
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(2000) have further confirmed this so-called stoichiometry polarization model of dc
electrical degradation. In this section, the consistence of this model is demonstrated by
direct comparison between TSDC spectra and HALT results.
In this study, TSDC measurements were conducted on 1% Fe doped SrTiO3
crystals that were subjected to different polarization times, tp=10 to 1300 minutes, with
fields Ep=100V/mm, at temperatures Tp=150 oC. The TSDC currents were monitored
with a heating rate of β=6 oC/min. For the HALT measurements, the applied field and test
temperature were chosen to be the same as for the TSDC polarization field and
polarization temperature, so that the direct comparison can be made. The results of TSDC
and HALT are shown in Fig. 6.3 and Fig. 6.4, respectively.

Fig. 6.3 Evolution of TSDC spectra of 1% iron doped SrTiO3 crystals for different
polarization times.
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Fig. 6.4 HALT test on 1% iron doped single crystal with applied field=100V/mm,
holding temperature=150 oC. The arrow corresponds to the polarization time when
the oxygen vacancy peak in Fig. 6.3 become saturated

Comparing Fig. 6.3 and Fig. 6.4, it can be seen that the high temperature peak
continues to grow as the degradation proceeds, whereas the first and second peaks, peak
A and peak B, become saturated before the occurrence of degradation. From this
observation, it is inferred that the degradation of SrTiO3 single crystals system is caused
neither by dipoles, the origin of first peak, nor by traps, the origin of second peak, but
from the ionic movement of oxygen vacancies, as would be expected from the earlier
work (Waser et al. 1990). The growing oxygen vacancy peak, peak C, starts to saturate
with polarization times approaching 800 minutes. It is significant that the saturation of
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the oxygen vacancy peak closely corresponds to the saturation of leakage current in
HALT measurements, as indicated by the arrow in Fig. 6.4. The occurrence of saturation
at similar times, ≈800 minutes in the HALT and TSDC data, indicates that the saturation
of the leakage current is determined by the equilibrium oxygen vacancy profile under
various degradation conditions. The saturation of the oxygen vacancy peak in the TSDC
data indicates an upper limit for the amount of oxygen vacancies that are accumulated
near the cathode region. After saturation for a period of time, the oxygen vacancy peak
starts to decay with longer polarization time. It has not been identified what causes the
decrease in the ionic relaxation current under prolonged polarization time. A possible
cause is the change of microstructure, such as the clustering of vacancies and/or the
formation of modulated oxygen vacancies structures (Yang et al. 2003). Once such
clusters form, they would not have the mobility to relax back after the polarization period.
Such structures have been discovered in degraded BaTiO3 capacitors (Woodward et al.
2004). The concentration of oxygen vacancies in these region is on the order of 1019/cm3,
and there are mixed valence states in the Ti3+/Ti4+.
To gain an insight into how polarization time may also affect other defects along
the course of degradation, the low temperature part of the TSDC curves is examined. As
the bias time increases, peak B, the trapped charge peak, shifts to lower temperature, as
shown in Fig. 6.5; this peak shift coincides with the peak shift from increasing
polarization field effect, as mentioned in Fig. 5.1.
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Fig. 6.5 Blow up of lower temperature part of the evolution of TSDC spectra of 1%
iron doped crystals. Curves show peak saturation with polarization times ≥ 80 min.
For the sake of clarity, overlapped curves with polarization times >160 min in Fig.
6.3 are not shown. For the sake of clarity, TSDC curve for 10, 20 and 40 min are
indicated by the arrows.

This suggests that an internal field is built up by the trap charges at the electrodecrystal interface, and this field increases with the polarization time. Further quantification
of concentration levels of trapped charges can be obtained from the depolarization current,
as described in detail in previous chapter.
Using a curve fitting method, the trap concentration in non-degraded SrTiO3
single crystal system has been estimated. As seen in Fig. 6.4 and Fig. 6.5, the dipole and
trapped charge peaks saturated before the take-off in the leakage current. Prior to curve
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fitting, the peak cleaning technique was again used to resolve peak B from peak A. The
trapped charge concentrations for the crystals with polarization time, tp=10 and 20 min,
are both estimated to be on the order of 1014/cm3. Merged into one peak with polarization
times ≥ 40min, peak A and Peak B cannot be resolved, and therefore no trap charge
concentration was estimated.
From the initial rise part of the dipole peak, Fig. 5c, the longer the biasing time
applied, the lower the dipole depolarization current released, indicating the dissociation
of the ( FeTi' )-( VO.. ) during the degradation. Those dissociated VO.. later give rise to the
increase of the ionic space charge peak.
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Fig. 6.6 Blow up of initial part of peak A in the evolution of TSDC spectra of 1%
iron doped SrTiO3 crystals.

6.4 TSDC Spectrum of Degraded Fe-Doped SrTiO3 Ceramics

Fig. 6.7 shows the TSDC spectra of 1% Fe doped SrTiO3 ceramics for different
polarization times. With continued increases in polarization times, the oxygen vacancy
peak, Peak B, identified in the preceding section first increased, and then decreased after
reaching saturation.
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Fig. 6.7 TSDC spectra of 1% iron-doped SrTiO3 ceramics with polarization field of
400V/mm at 190 oC and polarization time varies from 10 to 780 mins.

After 120 minutes polarization time, the third peak at higher temperature starts
developing and continues to increase during the course of the degradation process. Using
the peak cleaning and initial rise method, the activation energy for the high temperature
peak, peak C, is calculated to be 1.1±0.09 eV.
Based on the polarization time dependence of the peak position in a SrTiO3
single crystal, as shown in Fig. 6.3 and Fig. 6.5, the peak shift of peak C in Fig. 6.7 to
higher temperature with polarization time indicates that the origin of this peak is neither
associated with dipoles nor traps, but most likely with the relaxation of mobile ions. At
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this point, the origin of this high temperature peak is assigned to another relaxation of
oxygen vacancies with higher activation energy. Further discussion and support of this
assignment will be given in the following section.
To rationalize the changing magnitude of the TSDC current peaks B and C in the
course of degradation in the polycrystalline Fe-doped SrTiO3, the ionic demixing model
is utilized qualitatively.

Fig. 6.8 Schematic presentation of ionic demixing model: oxygen vacancies are
distributed from (A) to (E) with increasing polarization time. (A) Initial state of nonpolarized sample in which oxygen vacancies, black solid dots, are randomly
distributed. (B) Oxygen vacancies start to migrate and accumulated at one side of the
grain boundaries, and later the relaxation of those vacancies inside each grain, thick
solid arrows, leads to an increase of peak B in Fig. 6.7 (C) The majority of the mobile
oxygen vacancies are blocked at the grain boundaries. (D) Some oxygen vacancies
start to migrate across grain boundaries and the relaxation of those oxygen vacancies
that are transport across the grain boundaries, thin dashed arrows, give rise to peak C
in Fig. 6.7 (E) Oxygen vacancies are accumulated at those grains close to cathode and
at this stage in-grain relaxation is much reduced compared to the stage (C).

As seen in Fig 6.8 (A) and (B), the initial increases of TSDC current in peak B in
Fig. 6.7 are due to the relaxation of an increasing amount of oxygen vacancies that
accumulate at the cathodic side of the grain boundaries during the polarization time.
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Thus, peak B is assigned to those oxygen vacancies that relaxe inside each grain. With a
further increase of polarization time, Fig. 6.8 (C) depicts the situation where the majority
of the mobile oxygen vacancies are now blocked at the grain boundaries, and the
relaxation of those oxygen vacancies results in the saturation of peak B. With continued
electrical field stress across the grain boundaries there is a probability that some oxygen
vacancies start to migrate across the grain boundaries and transport into the next grain.
There is a continued migration of vacancies toward the cathode with increasing
polarization time, as shown in Fig. 6.8 (D). During the TDSC temperature ramp, there is
a relaxation process associated with migration of vacancies back across a number of grain
boundaries, shown as dashed arrows in Fig. 6.8 (D). This leads to the presence of the
TSDC peak C at higher temperatures, which is a higher energy process than the migration
within the grains. Therefore peak C is assigned to those oxygen vacancies that relax
across grain boundaries. After a prolonged polarization time, peak C continues to
increase, suggesting higher concentrations of oxygen vacancies are accumulated close to
cathode region, as shown in Fig. 6.8 (E). These are compensated by electrons to provide a

n-type region. At the anodic side of the dielectric there is a net flux of oxygen ions, and
this produces a net increase in metal vacancies that are electronically compensated by
holes to form a p-type region. These net ionic migrations and compensations create a
macroscopically long range profile of a p-i-n (p-type-insulator-n-type) junction across the
dielectric.
It should be noted that the compensation mechanism and the details of the
controlling conduction mechanism in the n-type region is complicated and can involve a
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mixed behavior involving free electron transport and polaron hopping, as suggested in
chapter 4.
So, in relation to the degradation process, in the initial stages there is a process
whereby oxygen vacancies mostly move in the grains. These are either initially mobile or
they become free after a dissociation from defect dipole ( FeTi' )-( VO.. ) complexes.
Comparing Fig. 6.8 (C) and (D), once the oxygen vacancies start to migrate across grain
boundaries and accumulate near the cathode, the in-grain relaxations, peak B, start to
become less important than the grain to grain relaxation, peak C. This results in a drop in
magnitude of peak B in Fig. 6.7.
Fig. 6.9 shows the HALT measurements on the samples with experimental
conditions kept the same as those polarization conditions used in TSDC, i.e., using a test
temperature of 190 oC and an applied field of 400 V/mm.

Fig. 6.9 HALT on 1% Fe-doped SrTiO3 ceramic with 400V/mm applied field at 190
o
C. Black dots correspond to the polarization times in Fig. 6.7.
108

Comparing the evolution of TSDC spectra with different polarization times and
HALT results, Fig. 6.7 and Fig. 6.9, a strong correlation is found that when peak B starts
to decrease in magnitude and peak C becomes evident. This corresponds to the onset of a
dramatic increase of leakage current, as shown in Fig. 6.9. This observation leads to a
very important finding that the degradation of SrTiO3 ceramics is caused not merely by
the oxygen vacancy accumulation at one side of each grain boundary, but by a
breakdown to the resistance of ionic oxygen vacancy transport under a forward bias, and
then the increase in accumulation near the cathode region.

6.5 TSDC Spectrum of Sectioned SrTiO3 Ceramics

To further test the above hypothesis that there are two oxygen vacancy relaxation
peaks in polycrystalline SrTiO3, TSDC was carried out on a sectioned ceramic sample
after being degraded with a polarization condition of Ep=400 V/mm, Tp=190 oC, tp=180
min. In this experiment, the polarized sample was cut into two pieces, namely a cathode
side and an anode side piece. From the HALT data, a sample subjected to this
polarization condition exhibits high leakage current and is in a degraded state. The results
of TSDC on these sectioned samples are given in Fig. 6.10. Based on the ionic demixing
model, the distribution of oxygen vacancies in the degraded sample before cutting and on
the cathode and anode side pieces after cutting are also illustrated.
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Fig. 6.10 TSDC spectrum of degraded whole ceramic sample (A), TSDC spectrum of
cathode side of the degraded ceramic sample (B), and corresponding data for the
anode side (C). The schematics illustrate the oxygen vacancy distribution and
associated relaxation in each case.

As can be seen in the spectra, most of the features in the uncut ceramic are
preserved in the spectrum of cathode side piece. In the anodic side piece, peak C is
greatly reduced, and near cathode it is very much enhanced. This is consistent with a
mass transport of oxygen vacancies in the cathode region and the origin of peak C being
related to a transport from grain to grain. This result supports the hypothesis of peak C
being grain to grain relaxation. This also supports the conclusions inferred from the
TSDC study in BaTiO3 MLCCs, by Takeoka (et al. 2007), who have reported two peaks
above the Curie temperature and related the higher temperature peak to a grain-grain
relaxation.
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In the next chapter, we will build on these observations to show degradation
processes in commercially important electroceramics devices, such as X7R base metal
and air fired capacitors, COG capacitors and Electrolytic Capacitors.

6.6 Summary and Conclusions

Using Fe doped SrTiO3 crystals and polycrystalline ceramics as model perovskite
dielectric systems, we demonstrated that thermally stimulated depolarization currents
(TSDC) can be used as a powerful tool to identify the types of defects existing and
contributing to the resistance degradation mechanism. Through the investigation of the
degradation process in the SrTiO3 single crystals, the TSDC study indicates the
following: (1) There are three TSDC peaks in the Fe-SrTiO3 single crystals associated
with the defect dipoles, trapped charge, and oxygen vacancy motion, and all are
influenced by the degradation process. (a) The defect dipole concentration decreases with
time, indicating a dissociation of the defect dipoles through the oxygen vacancies being
transported towards the cathode with electromigration. (b) An internal space charge field
sets up and shifts the trapped charge TSDC peak. (c) There is a systematic increase in the
ionic space charge peak with degradation. (2) Using curve fitting methods in the single
SrTiO3 crystal, (a) the activation energy of the defect dipole re-orientation is 0.76±0.05
eV and the concentration is in the order of 1019/cm3, (b) the trap charge concentration on
the order of 1014/cm3 is obtained for the samples subject to shorter polarization time, and
the activation energy is 0.65±0.08 eV, and (c) the activation energy for the bulk oxygen
vacancy in the single crystals through the electromigration process is 0.91±0.05 eV.
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From the results of TSDC in the Fe-doped SrTiO3 polycrystalline systems, it is
concluded that: (3) An extra relaxation mechanism was found compared to SrTiO3 single
crystals and is attributed to the relaxation of across grain boundary oxygen vacancies. (4)
Using the initial rise method coupled with a peak cleaning technique, the activation
energies of the dipolar and in-grain oxygen vacancy and across grain boundary oxygen
vacancy relaxation are estimated as 0.73±0.03, 0.86±0.07, and 1.1±0.09 eV, respectively.
(5) The evolution of TSDC in ceramic systems is explained by the proposed ionic
demixing model, which is further supported by the results of TSDC on the sectioned
samples.

112

Chapter 7
Thermally Stimulated Depolarization Current Analysis for a
Development Tool for Advancement of Modern Capacitors
7.1 Introduction & Objective

This chapter describes the use of thermally stimulated depolarization current
(TSDC) spectroscopy to investigate real capacitors including Multilayer Ceramic
Capacitors (MLCC) with tailored temperature dependence of permittivity, such as X7R
and COG dielectrics, and anodized amorphous Ta2O5-solid electrolytic capacitors. These
are taken as important examples to demonstrate the knowledge that can be guided
through a TSDC study.
In MLCC, a variety of complicated microstructures, such as core-shell (Mizuno
et al. 1998) or modulated structures (Yang et al. 2003), along with electrode/ceramic
interfacial layers (Polotai et al. 2007), electrode diffusion and chemical inhomogeneity
(Lei et al. 2006) have been reported. These regions can lead to complex equivalent circuit
models when IS is used as a characterization technique. Furthermore, in order to decrease
the relaxation times of interfacial phenomena, such as electronic and ionic polarization at
grain boundaries or/and electrodes, to a measurable frequency range, it is often necessary
to conducted IS at high temperature for such resistive dielectric material. However, the
defect concentrations and defect distributions of degraded samples may be altered at
these elevated temperatures through de-trapping of electrons and/or a relaxation of
displaced ionic species. It is, therefore, difficult to measure and characterize the electrical
properties in the metastable states of the degraded capacitor components. Time domain
TSDC, on the other hand, is a technique that can hold defects including traps, defect
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dipoles and mobile ions in a metastable state. Subsequently, the defect relaxation process
can be quantified to identify defect dipole and trap-charge concentrations, and to evaluate
the activation energies of the various polarization mechanisms.
In a study of amorphous barium titanate thin films, Kamel et al. (2006) has
attributed the anomalous current rise under field and temperature stress to the motion of
oxygen vacancies by monitoring TSDC spectra under different experimental conditions.
In this chapter, the applicability of TSDC to the real capacitive materials including BME,
PME and COG MLCCs, and tantalum oxide electrolytic capacitors will be demonstrated.
Several commercial Ni-MLCCs, COG-MLCCs and tantalum oxide electrolytic
capacitors were acquired from various companies for characterizing with TSDC. The NiMLCC samples used in this study are from different companies or different batches and
are marked as sample I to sample IV. Samples from different sources are chosen to check
the generalization of TSDC features found on any capacitors. The capacitance level, case
size and rated voltage for each type of capacitors are listed in Table 7.1

Table 7.1 Basic Specification of the Measured Capacitors

X7R (BME)

X7R (PME)

COG

0.1 μF

0.1μF

0.1 μF

15 μF

Case Size

0402

0402

1210

6032

Rated Voltage

16V

16V

16V

25V

Capacitance Level

Tantalum Oxide
Electrolytic Capacitor

114

7.2 TSDC Studies on the Base Metal Ni-BaTiO3 Multilayer Ceramic Capacitors
(MLCCs)

In this section, TSDC was applied to commercial X7R MLCCs. The resulting
TSDC spectra are discussed based on the knowledge built from the Fe doped SrTiO3
polycrystalline model systems.
Before applying any polarization field as in the normal TSDC scheme, the
relaxation current was recorded on the virginal sample I. As seen in Fig. 7.1, the
spectrum is dominated by the release of pyroelectric current around the Curie
temperatures. The appearance of this pyroelectric peak suggests the presence of remnant
internal fields in the virgin capacitors. This internal field can be built by the strain
gradient at metal ceramic interface or, inhomogeneity of defect distributions that creates
chemical potential gradients.
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Fig. 7.1 TSDC spectrum of commercial capacitor I without the application of
polarization field, Ep=0, shows the dominant pyroelectric peak around its Curie
temperature.

TSDC spectra obtained from sample I with various polarization fields at Tp=80 oC
and β=4 oC/min is shown in Fig. 7.2.
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Fig. 7.2 Polarization field dependent TSDC spectra of commercial capacitor I with
heating rate of 4 oC/min at Tp=80 oC, tp=15 min and Ep varies from 850 to 3200 V/mm.

As expected, the spectra are again dominated by the release of pyroelectric
currents around the Curie temperatures and the peak position of these pyro-peaks are
polarization field independent, which exclude the possibility that these peaks arise from
polarization field dependent defect relaxations such as traps or mobile ions (Braunlich
1979, Hayashi et al. 1982, Nadkarni and Simmons 1972). Compared to the TSDC data
from virginal samples obtained without applying any polarization fields, as shown in Fig.
6.1, another lower temperature peak appears. It is also polarization field independent,
indicating the origin of this peak could be the same as the pyroelectric peak. It is known
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that the microstructure of doped X7R BaTiO3 ceramics often contains core and shell
structures. In the TSDC spectra of Ni-MLCCs, Morita et al. have assigned the low and
high temperature peaks to the release of pyroelectric current of shell and core,
respectively (Morita et al. 2007). Under the polarization temperature at Tp=80 oC in this
case of study, it is likely that the shell phase exhibits a diffuse phase transition (DPT)
(Cross 1987) with the coexistence of ferroelectric and paraelectric phases around the first
peak position, ~35 oC. The ferroelectric phases can be polarized during the cooling step
and subsequently release the pyroelectric current during heating. Another possibility is
that under high polarization fields, the shell regions can undergo a field-induced
transition from a paraelectric phase to a ferroelectric phase and therefore give this low
temperature pyroelectric current peak (Yang et al. 2006).
To study those defects with high activation temperatures and associated activation
energies such as oxygen vacancies, and to reduce the pyroelectric current contribution,
samples were polarized in the paraelectric phase just above Curie temperatures. As an
example, the TSDC experiments were conducted on sample II using a polarization
temperature of 180 oC and polarization times varying from 15 to 60 min. The resulting
TSDC spectra are shown in Fig. 7.3.
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Fig. 7.3 TSDC spectra of sample II for a polarization temperature Tp=180 oC,
Ep=4000V/mm and polarization times varying from 15 to 60 mins.

The spectra are again dominated by two pyroelectric peaks, suggesting that
ferroelectric phase can still be present and polarized during cooling steps. However,
compared to sample I polarized at 80 oC, two high temperature peaks, namely α and β,
are observed above the Curie temperature. Using the initial rise method (details are
described in chapter 5) the activation energies for the low to high temperature peaks are
calculated as 1.06±0.05 and 1.24±0.08 eV, respectively. The possibility of these two
peaks being associated with dipoles are eliminated since the peak from dipole relaxation
cannot exist above the polarization temperature (Braunlich 1979). It is found that peak α
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first increases and then decreases with polarization time. This is in contrast with a trapped
charge origin in the study of TSDC on Fe doped SrTiO3 single crystal system. In that
case, the trap charge peak continues to increase and eventually saturate with polarization
time (Liu and Randall 2008). Therefore, peak α with a decreased magnitude under longer
polarization times is excluded from having a trap origin. Examining the peak behavior of
α and β, it is found that they resemble the in-grain and across-grain boundary oxygen
vacancy peaks identified in the Fe doped SrTiO3 polycrystalline model system, where the
in-grain oxygen vacancy peak first increases and then decreases, and the across-grain
boundary oxygen vacancy peak continues to increase with polarization time, as discussed
in the previous chapter and shown in Fig. 6.7. Therefore, these two high temperature
peaks α and β are assigned to the relaxation of in-grain and across grain boundary oxygen
vacancies. The assignment of these two peaks is also in agreement with the data reported
by Kateoka et al. (2007) in their TSDC study of Ni-MLCCs systems.
To further test the correlation of oxygen vacancy peaks in the degraded SrTiO3
polycrystalline ceramics to the degraded BaTiO3 MLCCs, TSDC are conducted on nondegraded and degraded samples III. For the non-degraded samples, the typical TSDC
procedures are applied. Other samples were first degraded under a HALT test and when
a sample show a high leakage current. TSDC is conducted immediately after being taken
out from the HALT measurement. Therefore unlike a typical cooling scheme where the
polarization field is maintained, no polarization field is applied for the degraded samples.
Fig 7.4 shows the TSDC spectra of the degraded and the non-degrade samples IIIs.
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TSDC (A)

β

α

Fig. 7.4 TSDC spectra of sample III. Non-degraded sample (blue color) shows two
pyroelectric peaks and one broad high temperature peak with Tp=175 oC,
Ep=2500V/mm and tp=15min. Degraded sample (red) shows one reversed pyro peak
and two oxygen vacancy peaks.

For the non-degraded samples, the TSDC spectrum again shows two pyroelectric
peaks and one broad high temperature peak. Compared to TSDC in non-degraded
samples, the TSDC spectrum in the degraded sample reveals some drastic changes with
reversed pyroelectric-peaks and two high temperature oxygen vacancy peaks. The TSDC
spectrum in the degraded sample shows that the across grain boundary oxygen vacancy
peak, peak β, is much greater in magnitude than the in grain oxygen vacancy peak, peak α.
This observation is in excellent agreement with the Fe doped SrTiO3 system where the
TSDC spectrum in severely degraded SrTiO3 ceramics shows an enhanced across grain

121

boundary oxygen vacancy peak compared to the in-grain oxygen vacancy peak, as shown
in Fig. 6.7.
The reversed pyroelectric-peak can be understood by using the schematic
illustration shown in Fig. 7.5.

(A)

(B)

Fig. 7.5 Oxygen vacancies, red dots, and spontaneous polarization, blue arrows, both
follow the direction of polarization field during the cooling step for the non-degraded
sample, (A). Spontaneous polarization in the degraded sample (B) follows the
internal field which is in the opposite direction of the polarization field in (A) and is
created by the displaced oxygen vacancies.

Under a normal cooling scheme, the spontaneous polarization, as indicated by the
arrows in Fig. 7.5(A), are aligned with the polarization field during the cooling step.
However, for the degraded sample no polarization field was applied during the cooling
process after the sample was taken out from the HALT furnace. Rather than being
aligned with the polarization field, the spontaneous polarization is aligned with the
internal field that is created by the displaced oxygen vacancies that are accumulated at
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grain boundaries and electrode/ceramic interfaces. This internal field is in the opposite
direction of the applied field during the course of degradation in the HALT test, Fig.
7.5(B). Therefore, a pyroelectric-current reversal created by the internal field is observed
in the degraded sample when compared to the TSDC spectrum in the non-degraded
samples.
The assignment of these two oxygen vacancy peaks can be made even more clear
by making a comparison of the TSDC spectra of two different oxygen content MLCCs;
low PO2 fired BME MLCCs and air-fired precious-metal-based electrode (PME) MLCCs.
Fig. 7.6 shows the comparison of the TSDC spectra of PME and BME samples with
similar capacitance and dielectric layer thickness.
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Fig. 7.6 Global TSDC curves measured in PME and BME MLCCs with inner
dielectric layer thicknesses of 7.3 and 7.5 μm, respectively.
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A typical profile is observed in the BME MLCC, sample IV, which shows a
spontaneous polarization at temperature around 35 and 135 oC from shell and core phase
transitions, an in-grain oxygen vacancy relaxation peak at 200 oC and the tail of an across
grain boundary oxygen vacancy peak at high temperatures. However, as seen in Fig. 7.6,
a peak, peak γ, with magnitude greater than peak α is observed in the PME sample. If the
origin of peak γ is from the relaxation of oxygen vacancies, it would be expected that
peak γ from PME had lower relaxation currents than that of BME MLCC because
sintering was conducted in a reducing atmosphere for BME MLCCs. From the
fundamental TSDC analysis, the relaxation from the space charge polarization due to
moving ions distinctly shows a polarization bias dependence on the peak position and a
parabolic increase in the peak current with polarization field. By varying polarization
fields, the resulting TSDC spectra of PME MLCC are shown in Fig. 7.7.
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Fig. 7.7 Polarization field dependence of TSDC of PME MLCCs. Dielectric layer
thickness is 7.3 μm. Inset shows the maximum current of peak γ vs polarization bias

The position of peak γ barely changes temperature and the peak intensity
increases linearly with the polarization field, as seen in the inset in Fig.7.7. This indicates
that the origin of peak γ is most consistent with the relaxation of defect dipoles rather
than macroscopic movement of oxygen vacancies. However, when the polarization
temperature was varied from 180 to 160 to 150 oC, as seen in Fig. 7.8, the peak position
of peak γ shifted to lower temperatures while the peak position of the two pyroelectric
current peaks are essential the same.
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Fig. 7.8 Combined effects of polarization field, Ep, and polarization temperature, Tp.
Ep varies from 1000 to 5000 V/mm and Tp varies from 180 to 150 oC. Note: peak γ
appears at the same temperature as polarization temperature.

This peak shift with polarization temperature indicates that peak γ has distributed
relaxation times (Braunlich 1979). As seen in Fig. 7.6, except for the dipole peak γ with
distributed relaxation times, the air fired PME MLCCs has much lower in grain oxygen
vacancy concentrations and transport and there is little evidence for high temperature
peaks assigned to oxygen vacancy transport across grains as evident in most BME
systems. These assigned oxygen vacancy peaks in BME systems show a great
resemblance to our previous Fe-doped SrTiO3 model systems.
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As concluded from the degradation study in Fe-doped SrTiO3 ceramics (Chapter
6), the correlation of TSDC and HALT indicates that the tendency toward degradation is
mostly influenced by the across grain boundary oxygen vacancy peak. With that in mind,
three different BME MLCCs were tested, i.e., capacitor A, B and C, with different
formula from one company to try to verify the applicability of the same trend on BME
MLCCs. As shown in Fig. 7.9, HALT test shows the lifetime performance (as defined by
the time at which there is a 10% increase in current: Waser and Hagenback (2000)),
follows the sequence of A, B and C.
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Fig. 7.9 HALT test results on X7R MLCCs of sample A, B and C under temperature and
field stress of 180 oC and 12.6 V, respectively.
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The results of TSDC study on these three capacitors are shown in Fig. 7.10. It
clearly shows that sample A has an enhanced across grain boundary vacancy peak
relative to the in-grain oxygen vacancy peak. Sample B shows comparable in-grain and
across-grain boundary oxygen vacancy peaks, whereas sample C only shows an in-grain
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oxygen vacancy relaxation peak.
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Fig. 7.10 TSDC spectra of X7R MLCCs of sample A, B and C with polarization
condition Tp=180 oC, tp=1hr and Vp=12.6V.

Thus, there is a strong correction between the HALT and TSDC results, which
suggests the relaxation from across-grain boundary oxygen vacancies has the largest
impact on the lifetime performance of the corresponding capacitors.
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Through studies of PME and BME capacitors, these key features can be
contrasted to minimize either oxygen vacancies or maximize grain boundary energies to
enhance lifetimes.

7.3 TSDC on COG Multilayer Ceramic Capacitors (MLCCs)

With the needs of a precisely controlled capacitance over a wide temperature
range and of high volumetric efficiency, COG MLCCs have gained great importance
over recent years. The BME COG dielectrics are typically based on CaZrO3 which has a
perovskite structure. Mn additives are used to tune the insulation resistance and also the
high temperature dielectric breakdown strength. Global TSDC spectra of COG capacitors
with Mn dopant levels low and high are shown in Fig. 7.11.
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High Mn Conc.

α

Low Mn Conc.

β

Fig. 7.11 TSDC spectra of MLCC capacitors with different Mn content. Peak
intensity increases with Mn content.

The sample with a high Mn dopant concentration shows two peaks with the first
peak, peak α, appearing at Tm~150 oC, and peak β, appearing at Tm~230 oC. However,
the magnitude of peak α decreases and peak β disappears for the low Mn content sample.
As discussed in the preceding section and explored in detail in single crystals, the
polarization field dependence of TSDC peaks can be used as an excellent method to
distinguish the physical origin of relaxation in TSDC. The polarization field dependence
of TSDC spectra in a COG capacitor with high Mn content is shown in Fig. 7.12.
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α

β

Fig. 7.12 TSDC spectra of COG MLCC with various polarization fields. The insert
shows the characteristic of peak α, Tm2 vs polarization field, and that is consistent
with tapped charge behavior.

It is found that both peaks α and β shift to lower temperatures with increasing
polarization field. The electric field dependence of the TSDC peak position was reported
by several authors in studies on electronic traps in oxide semiconductors or organic
polymers (Zielinski and Samoc 1977, Morin and Oliver 1973, Gupta, Van Overstraeten
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1974). The TSDC peak characteristics for the COG dielectrics are therefore consistent
with trap charges that are thermally released during the measurements. From the study of
Nadkarni and Simmons (1972), Tm shifts to lower temperature with increasing applied
field and a linear relation was found between maximum peak temperature Tm and square
root of applied field F½. As shown in Fig. 7.12 and the insert, the peak maximum shift to
lower temperature with increasing polarization field provides a linear relationship by
plotting Tm2 vs polarization field. Using the initial rise method, the activation energy of
the trap charge peak α was determined to be 1.03±0.08 eV.
Further quantification of the concentration levels of trapped charges can also be
obtained, as detailed in Chapter 5. Using curve fitting methods, the concentration of trap
charges can be estimated. The fitting result for the sample with high Mn content is shown
in Fig. 7.13, and from that the trap density is estimated to be (5.54±1.5)*1012/cm3 for
peak α.
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Fig. 7.13 Curve fitting of peak A of TSDC spectrum of COG capacitor (dot:
experimental data, solid line: fitting result)

Using the same methodology, the origin of peak β is also suggested to be
associated with traps. The activation energy of peak β was calculated via the initial rise
method. To use this method for peak β, a peak cleaning technique was applied to resolve
peak β from peak α. The resolved peak β is shown in Fig. 7.14, an activation energy of
1.18±0.04 eV of peak β was calculated. From the curve fitting, as shown in Fig. 7.15, the
trap density is estimated to be (1.21±0.7)*1012/cm3.
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α

β

Fig. 7.14 Resolved peak B using a peak cleaning technique. First run:
heating temperature up to maximum of peak A (red line) and then cooling
to low temperature. Second run: reheat sample from starting temperature
to high temperature (blue curve).
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Fig. 7.15 Curve fitting of peak β (dot: experimental data, solid line: fitting result)
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From the TSDC result it is found that the concentration of trap charge increases
with an increase in the Mn dopant concentration. Many degradation processes in
ferroelectric materials such as fatigue and imprint (which is characterized by the voltage
shifts in the hysteresis loop) are associated with charge trapping at impurity defect sites
(Warren et al. 1997). Using HALT tests coupled with TSDC and EPR, Warren et al.
(1997) have found that resistance degradation in BaTiO3 capacitors involves not only the
motion of oxygen vacancies but also a significant amount of electronic charge trapping.
Breakdown characteristics of a dielectric are frequently limited by trap released
charges. Designing a dielectric with either high trap energies or with low trap
concentration would be an important design characteristic for dielectrics. TSDC gives
excellent data in the determination of trap characteristics.

7.4 I-V Characteristics of Electrolytic Capacitors

Electrolytic capacitors typically cover higher capacitance devices than MLCC
type capacitors. Electrolytic capacitors are mostly based on the anodization of high
surface area Al, Nb (NbO) or Ta. The cathodic electrode can be an electrolytic solution in
wet-electrolytic capacitors, or MnO2 or conductive polymers in the solid state electrolytic
capacitors. In this section the TSDC behavior for tantalum oxide electrolytic capacitors is
considered. As with their MLCC counterparts, there is a need to improve performance at
higher operating voltages in higher capacitance devices. It is therefore necessary to
understand the leakage mechanisms and time dependant degradation processes.
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Several conduction mechanisms in tantalum capacitors have been proposed in the
literature to account for the observed I-V characteristics. (Pavelka et al. 2002, Mead 1962,
Remmel et al. 2003, Ramprasad 2003, Vasina et al. 2002) Under various fields and
temperature experimental conditions, these mechanisms may include bulk controlled
effects: Poole-Frenkel conduction and Ohmic conduction, and interface controlled
effects: Schottky emission, space charge limited conduction and trap assisted tunneling
conduction. The tested tantalum capacitors in this study consist of a metallic Ta anode,
anodized Ta2O5 dielectric amorphous films and a MnO2 cathode. Under constant field
and temperature stress, the leakage current of such tantalum capacitors exhibit
characteristic transient decreases and steady state leakage behavior, as is shown in Fig.
7.16.
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Fig. 7.16 Leakage current of tantalum capacitors under field and temperature stress
shows initial transitory region and steady state region. Applied voltage ranges from
44 to 54 V at 100 oC are shown.

By incorporating electronic transport processes, Ramprasad (2003) has modeled
the leakage behavior of metal-insulator-metal (MIM) capacitors which show
characteristic transient and steady state leakage current behavior. In his model, trap
assisted tunneling is the main mechanism responsible for the transient part of the current,
and conduction from modified Poole-Frenkel and Schottky emission mainly lead to the
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steady state leakage behavior. In Fig. 7.17 (a) and (b), the I-V responses of a Ta-Ta2O5MnO2 capacitor at 100 oC are tested against the characteristics of Schottky and PooleFrenkel conduction.
In the case of Schottky emission (Streetman and Banerjee 2006):
J = A * T 2 exp(

− q(φb − qE /(4πε )
)
kT

(7.1)

where ϕb is the Schottky barrier height and A* the modified Richardson coefficient.
Therefore,
ln J ∝ E 1 / 2

(7.2)

and in the case of Poole-Frenkel:
J ~ E exp(

− q(φb − qE /(4πε )
)
kT

(7.3)

therefore,
ln( J / E ) ∝ E 1 / 2

(7.4)
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Fig. 7.17 Leakage current in the steady state region vs. applied field (from Fig. 7.16)
plotted against Schottky (a) and Poole-Frenkel (b) conduction characteristics.
From the linear relationships found in Fig. 7.17 (A) and (B), it is believed that
interface controlled Schottky emission is dominant at lower fields and the conduction
mechanism switched to bulk controlled Poole-Frenkel conduction at higher fields. This
change of conduction mechanisms with field stress was also modeled and proposed by
Ramprasad (2003), whereas a switch in the conduction mechanism from Ohmic to PooleFrenkel in a Ta-Ta2O5-Au capacitor was reported by Mead (1962). From both the
literature and experimental data in this study, it is clear that the rate-limiting step in the
current flow under high voltages and temperature stress is Poole-Frenkel conduction
where trapped charges are excited into the conduction band by field-enhanced thermal
energy. The activation energy at 50V, falls into the region of Poole-Frenkel
characteristics in Fig. 7.17 (B), and can be determined in a conventional manner as
shown in Fig. 7.18.
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Fig. 7.18 ln I vs. 1/T plot of tantalum capacitor under 50 V

The extrapolated activation energy, Ea=0.4±0.02 eV, for the Ta-Ta2O5-MnO2
system data obtained here is in excellent agreement with an activation energy, 0.43 eV,
calculated earlier by Pavelka et al. (2002) in the same system, and an activation energy,
0.4 eV, as calculated by Mead (1962) for the Ta-Ta2O5-Au system. Therefore, regardless
of the cathode material, the activation energies of the current flow under high field
suggest the conduction mechanism is bulk controlled and is consistent with PooleFrenkel conduction.
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7.5 TSDC on Electrolytic Capacitors

To further corroborate the existence of trapped charges, the TSDC technique is
applied as a complementary technique. Since the cathode and anode are made of two
different materials for tantalum oxide electrolytic capacitors, it is necessary to apply the
polarizing field in the same polarity as operating field. Fig. 7.19 shows the TSDC spectra
for an electrolytic tantalum oxide capacitor under operating polarity.
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Fig. 7.19 Polarization field dependence of TSDC spectra of electrolytic
tantalum oxide capacitor with a MnO2 cathodic electrode. Curves from low
to high current are for polarization voltages of 50, 70 and 80 V, respectively.

141

With increasing polarization field peak A, which shows its peak maximum at ~60
o

C, shifts to lower temperature and its peak current increases linearly with polarization

field. The characteristics of this bias dependence on peak position and magnitude suggest
that the origin of peak α is trapped charges. By varying the heating rate during the
collection of TSDC data (Braunlich 1979), as shown in Fig. 7.20, the activation energy of
peak A is calculated to be 0.35±0.06 eV.
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Fig. 7.20 Heating rate dependence of TSDC spectra. Curve from low to high
corresponds to the heating rate of 2, 4 and 8 oC/min, respectively. Insert: Activation
energy calculated from the slope of ln (Tm2/β) vs. 1/Tm plot of peak A.
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This activation energy of trap charge peak A is in good agreement with the
activation energy, 0.4 eV, calculated from I-V measurement at high field region where
Poole-Frenkel is the dominant conduction mechanism.
As shown in Fig. 7.19, it is noted that with a continued increase of polarization
field, a second peak, peak B, starts developing and become more evident when the
polarization voltage was ≥ 70V. It was found that peak B also shows characteristics of
trap behavior, and the activation energy of peak B was calculated to be 0.72±0.13 eV.
This data from the TSDC inferred that there has to be a high energy distribution of trap
states that alter the conduction at these high fields. They may also limit the high voltage
operating conditions in Ta-electrolytic capacitors. Given this new insight, I-V
measurements were extended to a greater applied voltage range. In Fig. 7.21 (A) and (B),
the I-V responses of a Ta-Ta2O5-MnO2 capacitor at 100 oC were tested and plotted
against the characteristics Schottky and Poole-Frenkel conduction.
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Fig. 7.21 The result of I-V measurement. Data are plotted against Schottky (A) and
Poole-Frenkel (B) characteristics.
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As can be seen in Fig. 7.21, besides Schottky conduction observed at low voltages,
≤34V, Poole-Frenkel conduction is observed up to high voltages between 34 and 64 V.
Then at higher voltages another Poole-Frenkel conduction with a different activation
energy appears. The activation energy for the second Poole-Frenkel conduction region is
calculated to be 0.66±0.02 eV, which agrees well with the activation energy calculated
from the TSDC peak. Collectively it suggests that the conduction mechanism at high
voltage, ≥64 V, is associated with a second trapped charge distribution with a higher
activation energy. The existence of second Poole-Frenkel conduction regime needs to be
correlated to the anodization processes, as this onset may control the operating voltages
for electrolytic capacitors.

7.6 Comparison of Activation Energies Calculated from Various Methods

In this section various methods are used to calculate activation energies of trapped
charge peaks in the TSDC study of electrolytic capacitors. The resulting activation
energies were later compared to the data from I-V measurements. In terms of TSDC data
analyzing, initial rise method is commonly used to calculate the activation energy of
various types of defect relaxation. It goes without saying that this method should be used
when initial rise part of the analyzed peak contains only the data of single defect
relaxation. However, in some cases, due to uncertainty of the background signal or the
occurrence of severe peak overlap, initial rise method becomes inadequate to calculate
the activation energy. Instead of using the initial part of the TSDC curve, Haering and
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Adams (1960) have developed a mathematical description for electronic trap originated
TSDC curves. In the vicinity of the peak maximum, universal curve has the form of

− ln[ JJ(OT ) ] =

Ea
kT

Ea
+ exp[ kTEaM − kT
]

(7.5)

where JO is the pre-exponential constant, TM is the peak maximum and Ea is the
activation energy of the trap charges. Using eq. 7.5 and curve fitting in the vicinity of
peak maximum activation energy, Ea, can be obtained. Fig. 7.22 (a) and (b) shows the
fitting results based on equation (4).

Ea=0.55±0.07 eV
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Fig. 7.22 (a) Curve fitting result of peak
A in Fig. 7.19.
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Fig. 7.22 (b) Curve fitting result of peak
B in Fig. 7.19.

Originated from the same equation that is used to describe trap charge peak in
SrTiO3 model system, the equation developed by Grossweiner (1953) permits the
calculation of trap depth/activation energy from the temperatures of the peak and half-
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height data. The calculated activation energy from this half maximum method has the
form of:

E a = 1.51kTM T ' /(T * −T ' )

(7.6)

where TM is the peak maximum and T’ is the temperature at which the low-temperature
side of the TSDC peak attains one-half of its maximum intensity. Clearly, from Fig. 7.19,
the activation energy of peak A where T’ can not be defined is not accessible using eq.
(7.6). Using eq. (7.6), the calculated activation energy of peak B is 0.55±0.07 eV. The
activation energies calculated from various methods is summarized in Table 7.2:

Table 7.2: Activation energies calculated from various methods
Varying Heating Rate

Curve Fitting

Peak A

0.72±0.13 eV

0.55±0.07 eV

Peak B

0.35±0.06 eV

0.33±0.02 eV

Half Maximum
X
0.55 eV

I-V

0.66±0.07 eV
0.4±0.03 eV

With reference to the data from other electrical measurement, i.e., I-V measurement, the
varying heating rate method appears to be more reliable followed by curve fitting and
half maximum, and the calculated activation energy of peak B is more reliable than peak
A in any chosen method. This result suggests that the accuracy to obtain activation
energy of a TSDC peak of interest is greatly affected by the degree of peak overlap and
relative intensity of the overlapped peaks.

Since only the data close to the peak

maximum are used in curve fitting method, the degree of using overlapped data is less in
this method than in the half maximum method in this case. On the other hand, varying
heating rate method only concerns the maximum temperature of the analyzed peak, and
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therefore is more suitable for analyzing overlapped TSDC peak. If peaks are isolated then
both methods can be applied, but in the case of electrolytic capacitors we recommend the
varying heating rate method, as was used in the preceding section.

7.7 Summary and Conclusions

This chapter is aimed at researchers in the field of dielectric materials. It was
pointed out that through TSDC is a very powerful method to quantify different defect
mechanisms that can limit the applications of these capacitive devices. Activation
energies and concentrations of various types of defects can be determined through TSDC,
and related back to the processing or history of a capacitor.
It was found that multilayer capacitors with nickel and Ag-Pd electrodes show
different TSDC characteristics. In X7R Ni-BaTiO3 MLCCs, four peaks were found in the
temperature window from 25-250 oC. The two low temperature pyroelectric peaks are
from shell and core phase transitions in Ni-MLCCs, and the two high temperature peaks
were ascribed to two types of oxygen vacancy motion, namely in-grain migration of
oxygen vacancies and across grain boundary transport of oxygen vacancies. The
detection of a strong high temperature peak associated with across grain boundary
transport is indicative of samples that readily fail under bias. The defect peak is a dipole
peak in the air fired PME Ag/Pd electrode capacitor. This defect is most likely an
associated Schottky defect with a metal vacancy and oxygen vacancy. In COG MLCC,
the major defects are electronic traps associated with MnO2 doping. Using the initial rise
method and curve fitting method, the activation energies and trap densities for low and
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high temperature trap peaks were calculated to be 1.03±0.08 and 1.18±0.04 eV, and
(5.54±1.5)x1012/cm3 and (1.21±0.7)x1012/cm3, respectively. The trap state energies and
concentrations can limit the high temperature dielectric breakdown strength, so again
TSDC offers a very useful method to characterize capacitors in optimization studies.
Electrolytic capacitors, Ta-Ta2O5-MnO2, have leakage characteristics that are
dominated by Poole-Frenkel conduction. Through TSDC a new high voltage PooleFrenkel conduction mechanism was discovered. Excellent agreement is found between
the energies controlling the two trap distributions with I-V measurement. Through
Structure-Property-Processing relations, TSDC could ultimately aid manufacturers in
producing capacitors with better performance and reliability under electrical and/or
thermal stresses.
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Chapter 8
Summary, Conclusions and Future Work
8.1 Introduction

This chapter summarizes the important conclusions and observations of the
previous chapters. It is demonstrated that new insights into dielectric materials were
obtained through TSDC. The second part of this chapter extends this knowledge to
speculate on new opportunities for use of this TSDC technique and modified methods
beyond those studied in this thesis.

8.2 Conclusions and Summary

The nature of charge carriers and redistribution in degraded SrTiO3 is studied by
using impedance spectroscopy (IS) and electron energy loss spectroscopy (EELS). The
impedance response from the degraded crystal was fitted with a modified 3-element
lumped circuit, and these 3 elements represent a leaky anode capacitance (p-type
conducting), an intermediate region, and a leaky cathode capacitance (n-type conducting)
with an additional elements (R-C) placed in the cathode region. The temperature
dependence of an additional resistive element in the cathode region follows the relation
of σ = (A/T1.5) exp (-Ea/KBT) with the activation energy of 0.096±0.01 eV, indicating the
existence of a parallel conduction path via a non-adiabatic small polaron hopping
mechanism in the degraded cathode region. This conduction path shed new light on a
question encountered in the literature where, based on Baiatu et al.’s (1990) simulation
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results, the compensating electronic charges for the high oxygen vacancy concentrations
in the n-type conducting region after degradation can easily exceed the critical carrier
concentration, 3x1018/cm3, predicted by Mott criterion. From the Mott criteria and band
gap model, it suggests that the semiconducting state near the cathode region should
transform into a metallically conducting state in the degraded sample. Instead of band gap
electrons, the existence of polarons which compensate the majority of the oxygen
vacancies near the cathode region accounts for the low conductivity observed in the
literature, providing that the mobility of the polaron is four orders of magnitude smaller
than that of band gap electrons under the degradation condition in this study. The
thickness of the n-type conducting region calculated from the impedance data is in good
agreement with the oxygen vacancy profile directly measured by EELS. All the data
shows excellent self consistency and give direct proof to the important role of the polaron
conductivity in the degradation mechanism.
As a complementary technique to IS, Thermally Stimulated Depolarization
Current (TSDC) measurements were performed on 0.1 and 1% iron-doped SrTiO3
crystals to study various phenomena which are not detected from other electrical
characterization methods such as impedance spectroscopy. Using this TSDC technique,
the origins of different relaxations in iron-doped SrTiO3 crystals were identified, and the
activation energy for re-orientation of defect dipole, the energy depth of trap site, and trap
density in the polarized samples were estimated from TSDC measurements. From the
resulting activation energy of 0.65±0.08 eV for trapped charges, those traps are assigned
to an oxygen vacancy-iron defect complex. The peak at ~190 oC is assigned to the
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relaxation current of oxygen vacancies and the calculated activation energy of 0.91±0.05
eV is in good agreement with the literature data (Fukami et al. 1987).
Thermally Stimulated Depolarization Current (TSDC) measurements were later
carried out on degraded SrTiO3 crystals and ceramics to investigate the relationship
between depolarization effects and degradation phenomena. Using this technique, the
origins of dielectric relaxations in Fe-doped SrTiO3 crystals and ceramics have been
verified; the physical origins of the relaxation mechanisms were later linked to the
transient leakage behavior of the samples undergoing degradation from oxygen vacancy
migration. In the course of degradation in a single crystal system, the migration of
oxygen vacancies, VO.. , and the build-up of an internal bias were detected through the
TSDC measurements on samples with different degradation levels. Using a curve fitting
method, trap charge concentration on the order of 1014/cm3 is obtained in the single
crystal system. In addition to the relaxation mechanisms identified in SrTiO3 single
crystals, an extra relaxation mechanism was found in the polycrystalline systems. This
was attributed to the relaxation of oxygen vacancies across grain boundaries. Using the
initial rise method, the activation energies estimated for the relaxation of defect dipoles,
the in-grain oxygen vacancies pile up at grain boundaries, and relaxation of oxygen
vacancies across grain boundaries are 0.73±0.03, 0.86±0.07, and 1.1±0.09 eV,
respectively. An ionic demixing model was applied to account for the evolution of TSDC
spectra and to bridge changes to the leakage behavior of the degraded samples. In the
case of the polycrystalline system, it is suggested that a strong degradation to the
insulation resistance occurs when oxygen vacancies migrate across grain boundaries and
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start to pile up at the cathode region of metallic electrodes. Prior to that point, the
vacancies accumulate at partial blocking grain boundaries in each of the crystallites.
After gaining a thorough understanding of the theoretical background and detailed
exploration of TSDC in Fe doped SrTiO3 single crystals and ceramics, this technique was
used to analyze real capacitive systems including X7R and COG Multilayer Ceramic
Capacitors (MLCCs), and anodized amorphous Ta2O5-solid electrolytic capacitors.
For the TSDC studies on Ni-BaTiO3 X7R based MLCCs, there are two
pyroelectric peaks released from the core and shell ferroelectric-paraelectric phase
transitions. Two additional TSDC peaks found above the Curie temperature were
ascribed to the relaxation of two types of oxygen vacancy motions. The lower
temperature TSDC peak is an in grain oxygen vacancy relaxation, with the higher
temperature TSDC peak being associated with transport of oxygen vacancy distributions
across grain boundaries. Activation energies calculated for the in grain and across grain
boundary oxygen vacancy peaks are 1.06±0.05 and 1.24±0.08 eV, respectively. These
assigned oxygen vacancy peaks in BME systems show a strong resemblance to the Fedoped SrTiO3 model systems. Furthermore, from the contrast of HALT and TSDC results,
the tendency that degradation is mostly influenced by the across grain boundary oxygen
vacancy peak was reproduced in the Ni-MLCCs system. Again, it was observed that the
relaxation from across-grain boundary oxygen vacancies has a big impact on the lifetime
performance of corresponding capacitors.
The TSDC data for COG MLCCs is composed of two peaks in the 25–250 °C
temperature window, and the origin of both peaks can be related to the release of trapped
charges. These traps are related to processing conditions.
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The final example is with an electrolytic tantalum oxide capacitor. The TSDC
spectrum reveals two peaks that are associated with two electronic trap distributions.
Associated I-V measurements demonstrated that the low voltage behavior is controlled
by a Schottky conduction process. At high voltages there are two Poole-Frenkel
conduction regimes with activation energies showing excellent agreement with the
activation energies determined from the TSDC analysis. The second Poole-Frenkel
mechanism is unusual and is previously unknown in electrolytic capacitors.
In this thesis, several electrical characterization techniques including TSDC, IS
and I-V measurements were used to study the electronic and defect properties on various
capacitive systems. These techniques all have their strength and weakness. The
comparison between these techniques is given in Table. 8.1. In Table 8.1, if the technique
is good for identifying the defect origin or conduction mechanism with both activation
energy and defect concentration, it is marked with a capital Q. If no quantitative value of
defect or charge carrier concentration can be calculated from the technique, a small q was
assigned.
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Table 8.1 Comparison of TSDC, IM and I-V electrical characterization techniques
IS

TSDC
Defect
Dipoles

Yes (Q)
(Liu & Randall 2008)

Trapped
Charges

Yes (Q)
(Liu & Randall 2008)

Ionic
Movement

Yes (q)
(Liu & Randall 2008)

Schottky
Controlled
Conduction

No

Poole-Frenkel
Conduction

No

Q: Quantitative (Conc. & EA)

Yes (q)
(Wang et al. 2002)
No

I-V
No
Yes (q)
(Bengi et al. 2002)

Yes (Q)
(Schutt and Gerdes
1992)

Yes (q)
(Zafar et al. 1998)

Yes (q)
(Waser et al. 1990)
(Shen et al. 1986)

Yes (q)
(Ramprasad 2003)

No

Yes (q)
(Mead 1962)

q: qualitative (EA)

8.3 Future Work

With regard to the TSDC technique, this thesis provides detailed information on
how we distinguish the defect origin, quantify the energetics and concentration of the
defects existing in different dielectrics, and furthermore we address the applicability of
TSDC to various commercial capacitors. There are many electroceramic systems that this
TSDC technique could impact, including piezoelectric actuators, transformers and motors.
Pyroelectrics are another rich area that would benefit from a detailed understanding of
defect dipoles or space charge distribution. These types of systems are relatively
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straightforward to speculate on in terms of TSDC. However, with the exploration of
TSDC on other systems in this laboratory, some additional unusual phenomena in TSDC
such as current reversal are observed. In this chapter some explanations for this
phenomenon as future reference are given, and the theory of TSDC peak with a
distribution in relaxation times which was observed in PME MLCCs is also discussed.
These and other phenomena would make excellent research topics that could aid
dielectric and piezoelectric research.

8.3.1 TSDC Current Reversal

8.3.1.1 TSDC Current Reversal from Internal Field

The first case of current reversal was observed in the highly degraded Ni-MLCCs,
as shown in Fig. 7.4. As discussed in the previous chapter, the occurrence of this current
reversal is due to the microscopic displacement of oxygen vacancies that create an
internal field, and consequently switches the direction of the spontaneous polarization
during the cooling steps.
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8.3.1.2 TSDC Current Reversal from Diffusion of Injected Charges

When the contacts between the electrodes and the dielectrics are imperfect, as is
usually the case for laid-on electrodes for polymers, there are air spaces between them, in
which at high field strengths breakdown will occur, so that ions or electrons from the air
are then injected into the dielectrics. This is shown schematically in Fig. 8.1. Accordingly,
the net charge on each side of a dielectric often consists of two opposite charges, which
in view of their polarity with respect to the adjacent forming electrodes, are called heteroand homo-charge.

Anode

_
+

- _ -

+

+ _

+

_

+

_

+

_

_
+
_

+ - + + + - +
Cathode

Fig. 8.1 Schematic illustration of dielectric forming unit. The injection of homocharges from the dielectric-electrode interfaces are shown as red circles. The internal
hetrocharges by dipole orientation and ion migration are shown as black ovals and
squares, respectively.
During the relaxation steps, the diffusion current from those injected
homocharges will be in the opposite direction to the relaxation current from either dipole
disorder or ion migration, thus leading to the observed current reversal. An example is
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given in TSDC on Teflon-FEP foils charged by electron bombardment with an energy of
20 keV, as shown in Fig. 8.2.

TSDC (A)

SCL Drift

Diffusion
Fig. 8.2 Current thermograms of metalized Teflon-FEP foils charged by electron
bombardment (van Turnhout 1975).

8.3.1.3 TSDC Current Reversal from Inherent Heterogeneity

In some polymer films, owning to their manufacturing process (the extruded
melted polyester film is quenched in air onto refrigerated drums before stretching), the
films are unavoidably characterized by a certain degree of asymmetry or even
heterogeneity along their thickness. This heterogeneity could be expressed by gradients in
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density of localized trap states along the film thickness. Differences in the density of
states between the two faces of the film lead to differences in the width of the depletion
regions, λ0, according to (Simmons 1971):

λ0 = [

2(ψ M −ψ I )ε 0ε 1/ 2
]
2
e Nt

(8.1)

where ε is the dielectric constant of the film, ψM and ψI are the work function of the metal
and insulator film, respectively, e is the electronic charge, and Nt is the volume density of
the traps. This difference in the width of depletion regions consequently leads to the
asymmetry of interfacial barriers and creates a slight intrinsic potential difference, δV,
between the two opposite electrodes. Fig. 8.3 shows the energy diagram of a MetalInsulator-Metal system during the depolarization step of the TSDC experiment.

(A)

(B)

ADR

ψM
Φ

A

Anode

CDR

Φ1>Φ2
Φ

B

Cathode
(Counter)

ψM

ψM

Φ2

Φ1

ψM

B

A

Cathode
(Counter)

Anode

Fig. 8.3 Energy diagram of M-I-M system with asymmetric interfaces during the
depolarization step to the TSDC experiment. The arrow represents the direction of
the flow of electrons detrapped during the heating (after Thielen et al. 1996).

158

When an external field is suppressed after quenching to low temperatures, Fig. 8.3
(A), the intrinsic difference in potential δV remains unchanged, while an internal field
develops in the sample that drives electrons from anode to cathode. During this stage,
thermal energy allows a depopulation of electrons out of the edge of the anode depletion
region (ADR), which are driven to the cathode, and results in a positive current. This
relaxation current brings about the reduction of the field in the interior and the charge
transport will stop when the widths of the depletion regions are approximately the same
as before polarization and the system reaches its quasi-steady-state. The second
relaxation stage of the system, from the quasi-steady-state to the true steady-state,
involves an electronic injection from the electrodes which is responsible for the current
reversal during relaxation. For symmetric systems with identical barriers, such as SrTiO3
model systems, no current is expected in the external circuit during relaxation. On the
other hand, if barriers are dissimilar or the charge distribution is significantly different, a
net resulting current, positive or negative, must flow. The direction of the net flow of the
carriers and thus the direction of the corresponding TSDC peak is strongly dependent on
the characteristics of the interfacial potential barrier (height and thickness) and the
amount of charge accumulated in the corresponding space charge regions.
The application of a small collecting voltage Vc, as introduced in the Fe-doped
SrTiO3 system in Chapter 5, during the depolarization step should also affect this charge
injection peak, and it is actually observed in the TSDC study on PET film (Thielen et al.
1996). It is found that depending on its polarity, the collecting voltage markedly enhances
or reduces the intrinsic potential difference, and therefore the direction of the charge
injection peak. The application of small collecting voltage can be used as an estimate of
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the potential difference between two asymmetric interfaces. The preliminary experiments
outlined in Chapter 5, indicated great potential for this model characterization, but owing
to time this was not fully explored.

8.3.2 Improving the Understanding of Distributed Relaxation Times in Dielectrics

As in the previous chapters it is noted that a dipolar TSDC peak may arise either
from a single dipole relaxation or from a distributed relaxation, i.e., one with many
relaxation times. Physically, the existence of finite distributions of relaxation times can
be explained by several mechanisms such as dipole-dipole interactions, variation in size
and shape of the rotating or reorienting dipolar entities, anisotropy of the internal field in
which the dipoles reorient. It is a very general fact in polymers for example, that the
peaks extend over a wide temperature range and are flatter and more symmetrical than
expected from the simple expression, eq. (5.1).
Considering an Arrhenius equation for describing the temperature dependence of
relaxation time, τ(T)=τ0exp(E/kT), either the pre-exponential factor or the activation
energy, or both, may be distributed. For a case of a continuous distribution in τ0, the
current density takes the form: (Ong and Turnhout, 1973)
∞

J (T ) = Pe (T P ) exp( −

E
1
) ∫ τ 0−1 f (τ 0 ) H (τ 0 ) exp[ −
kT 0
qτ 0

T

∫ exp( −

T0

E
) dT ' ]d τ 0 (8.2)
kT '

where H(τ0) is the filling state function of each individual polarization and f(τ0) is the
normalized distribution function which has the following form:
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∞

∫ f (τ

0

) dτ 0 = 1

(8.3)

0

For a temperature-independent distribution function of activation energy, g(E),
the current density has the general form:
∞

T

E
1
E
J (T ) = Pe (Tp )τ ∫ g ( E ) H ( E ) exp[ −
−
exp(
−
)dT ' ]dE
∫
τ
kT
q
kT
'
0 T0
0
−1
0

(8.4)

Whatever the type of distribution involved, the current density remains
proportional to the steady-state polarization, Pe(TP) and thus to the polarization field Fp as
discussed in chapter 5. On the other hand, the peaks will obviously be broadened and,
owing to the appearance of the filling state function H(τ0) or H(E) within the integral, not
only the amplitude but also their shape and position will be strongly affected by the
formation/polarization and storage condition. In Fig. 8.4, for example, the maximum
temperature of a theoretical TSDC peak involving a Cole-Cole distribution in τ0 is shown
to be an increasing function of the polarization temperature Tp until saturation is reached.
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TSDC (A)

Temperature (K)
Fig. 8.4 Effect of a variation in polarization temperature Tp on the shape and position
of a TSDC peak calculated with a Cole-Cole distribution in τ0 (van Turnhout 1975).

One common way to experimentally establish that a relaxation is distributed and
to calculate the distributed activation energies is to perform the so called fractional
polarization technique. This method has been described by Vanderschueren and is
schematically shown in Fig. 8.5 for the polymer system of polymethyl methacrylate.
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Ep (kV/cm)

TSDC (A)

3

2

5 oC/min

5 oC/min
1
2 oC/min

Fig. 8.5 Fractional polarization of the polymethyl methacrylate by application of
voltage pulses during linear cooling. The resulting partial TSDC peaks, solid curves,
are compared with the fully polarized peak, dash curve (Vanderschueren 1977).

In this method, the sample is charged by exposing it to short voltage pulses in a
narrow temperature interval, when it is cooled down from a high temperature. When the
dipoles are distributed, only groups of them with specific relaxation times are activated in
this way, and thus lead to several relaxation peaks when linear heating is performed. The
distributed activation energies can then be calculated from each individual peak using the
initial rise method. This more sophisticated method most of TSDC could be most
instructive for distributed dipole systems, for example relaxations near the Burn’s

163

temperature, orientations of off-centered dipoles, and other systems with broad
distributions.
All-in-all it is hoped that this initial demonstration of TSDC in multilayer and
anodized oxide dielectrics can be further embraced by the community to address many
unresolved and defect related problems in dielectric materials.
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Appendix
Electron Concentration Calculated from Defect Chemistry Relations in
Fe-Doped SrTiO3 Crystal
Numerical calculations and microprobe measurement of spatial conductivity of
the degraded SrTiO3 crystals were carried out by Rodewald et al. (2000). Experiment was
conducted on 0.22 mol% iron doped SrTiO3 crystal that was first annealed in 1000K and
then quench to room temperature. In that calculation initial concentration of oxygen
vacancies is first calculated by various defect chemistry relations that are given below
(A1 to A7). Instead of assuming initial concentration of [ VO.. ] is half of iron-dopant
concentration, they show that the initial [ VO.. ] is less than the normal assumption due to
the coexistence of FeTix and FeTi' of dopant at 1000K. After determining the initial oxygen
vacancy concentration, the spatial distribution of these oxygen vacancies under applied
field are determined by a transport equation and a continuity equation. The defect
chemistry relations are given as follow:

1
O2 +VO..
2

OOx + 2h.

(A1)

For this relation, the mass action constant is given as K1=1.02x1023 cm-3 Pa-0.5 exp[-1.63
eV/(kT)]. This reactions is “frozen in” at temperatures less than 750K.
For the oxygen-vacancy reaction:

V O.

V O.. + e '

(A2)

the mass action constant is given as K2=5x1020cm-3exp{-[0.2 eV-(0.52x10-4
eV/K)T]/(kT)}
For the null reaction:

nil

h. + e '

(A3)

the mass action constant is given as K3=7.87x1042cm-6exp{-[3.3 eV-(6x10-4
eV/K)T]/(kT)}
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For the generation of a hole from a Fe3+ site substitution by Ti,

Fe 'Ti + h.

Fe Tix

(A4)

the mass action constant is given as K4=2.77x1021 cm-3exp{-[1.18 eV-(3.7x10-4
eV/K)T]/(kT)}
The dopant concentration m is given by the reaction

[ Fe'Ti ] + [ FeTix ] = m

(A5)

The formation reaction of ionized strontium vacancies through partial Schottky equation:
x
x
''
..
(A6)

Sr Sr + O O

V Sr + V O + SrO

the mass action constant is given as K5=3x1044cm-6exp{-2.5 eV/(kT)}
The electroneutrality equation is

2[V O.. ] + [V O. ] + [ h . ] = [ e ' ] + [ Fe Ti' ] + 2[V Sr'' ]

(A7)

From (A1) to (A6), charge neutrality equation (A7) can be rewrite as:

K 32
K 32
K3
K 4m
'
''
e
2 1/ 2 ' 2
+
+
−
[
]
−
−
2
[
V
]=0
Sr
K3
PO 2 [e ] K 1 K 2 PO1 /2 2 [e ' ]K 1 [e ' ]
+ K4
[e ' ]
The concentration of strontium vacancies at high temperature was assumed to be
negligible in their study.
From (A8), [ e' ] at different temperatures can be calculated. At an annealing
temperature of 1000K, [ e' ] is calculated to be 2.43x1011/cm3. From this value, [ FeTi' ] is
then calculated to be 7.34x1018/cm3, and [ VO.. ] is found to be 3.26x1018/cm3. Notice that at
1000 K, iron dopants exist in both FeTix and FeTi' , since the total iron dopant concentration
is 3.3x1019/cm3. Quenching to room temperature from 1000K, the only frozen-in defect is
VO.. and the concentration remains at 3.26x1018/cm3; however, the majority of iron dopant
exist as FeTi' at room temperature, and therefore the [ FeTi' ]≅total iron dopant
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(A8)

concentration. Therefore at lower temperatures oxygen vacancy concentration is less than
half that of the iron dopant concentration.
From the available electron mobility data, the measured conductivity in the
cathode region corresponds to electron concentration at the order of 1012/cm3 which is in
good agreement with the calculated concentration at cathode region. From equation A8
and replacing the first term with 2[ VO.. ], the electron concentration at the order of 1012
correspond to [ VO.. ]=1.84586x1019/cm3, which is 4.74 times larger than initial value.
Again

from

equation

A8,

with

a

slight

oxygen

vacancy

change

to

[ VO.. ]=1.84799x1019/cm3, that is only 0.1% of a change, the electron concentration will
jump to 1016/cm3. Therefore it has to be cautious that the earlier calculation of carrier
concentration only matches the local conductivity profile under extremely well defined
oxygen vacancy concentration on degraded crystal.
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