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Abstract

Atomic defects, particularly oxygen vacancies, affect the charge transport mechanisms and DC resistance changes in dielectric
materials; therefore, their concentrations and distributions are crucial for understanding the electrical property deteriora-
tion of materials. The thermally stimulated depolarization current (TSDC) technique has been introduced to investigate the
behavior and characteristics of atomic defects in dielectric materials, which is one of the best and most widely used methods
among various techniques. The relaxation type including dipoles, trap charges, and mobile ions, and the concentration of
defects in dielectrics can be determined through information such as maximum temperature (7,,), and maximum current
density (J,,) from each peak in the TSDC results and activation energy (E,) calculated from the slope. In this review, an
overview of the TSDC technique, including fundamental theory, characterizing procedures such as poling processes and
current measurement during depolarization, an analytical method according to the variables, and applications to various

dielectric systems, is presented.
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1 Introduction

Dielectric materials have attracted considerable attention to
meet the increasing demand for various applications such as
capacitors, semiconductor devices, voltage-controlled oscil-
lators, resonators, and transducers owing to their high elec-
trical energy storage capacity, excellent power conditioning,
high permittivity, high tunability, and electrical functional-
ity [1-6]. A high dielectric constant, high dielectric break-
down strength, and high reliability are required for various
applications using dielectric materials [7—10]. Defect behav-
ior, which is strongly related to dielectric polarization and
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relaxation, plays a critical role in estimating the dielectric
properties [11-13]. For example, the mobility of impurity
ions induces space-charge polarization in dielectrics, result-
ing in easy dielectric relaxation accompanied by electrical
degradation. Thus, an investigation of the dielectric relaxa-
tion caused by atomic defect behavior in a dielectric mate-
rial is necessary to determine the performance of dielectric
materials and their suitability and reliability for specific
applications [14-16].

To understand dielectric relaxation, various analytical
techniques have recently been reported, such as atomic-scale
simulations/theoretical calculations based on defect chem-
istry and electrostatics, chemical analysis such as energy
dispersive spectroscopy and electron energy loss spectros-
copy (EELS), electrical measurements such as complex
impedance spectroscopy, current—voltage (I-V) behavior,
and highly accelerated lifetime tests (HALT), among other
sophisticated microscopic analysis techniques [17-22].
However, these methods cannot exclude the influence of
external factors, such as electric fields, on the polarization
state based on the defects, resulting in poor sensitivity; in
addition, the dipoles and charges are still immobile at low
temperatures [23]. Therefore, it is difficult to achieve high
reliability when analyzing the defect behavior of dielectrics.
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The thermally stimulated depolarization current (TSDC)
technique is an important complementary tool to identify
dielectric relaxation processes as a function of temperature,
charge storage or decay processes, and in-grain/inter-grain
defect mobility with high resolution [24]. The current gener-
ated through the heat-stimulated discharge during the TSDC
measurement exhibited several specific peaks. By analyzing
the shape and location of these peaks, including information
on the slope, maximum temperature (7,,), and maximum
current density (J/,,) of the peaks, the characteristics of the
relaxation type (dipoles, trap charges, and mobile ions),
nature, and concentration of defects in dielectrics can be
interpreted [24-29]. The TSDC can also evaluate the activa-
tion energy and time of relaxation to quantify the physical
mechanisms of the defect behavior [30-32].

This review article presents an overview of the TSDC
technique, including the method to estimate the mechanism,
cause, and type of defect by analyzing the information on the
maximum temperature (7)) and maximum current density
(J,,) in each peak of the TSDC results, and the concentra-
tion of defects in dielectrics determined by calculating the
activation energy (E,) from the peak shape. The practical
TSDC measurement procedure, including polarization and
depolarization for monitoring the leakage current from the
dielectrics, is summarized. Because the analysis method
of TSDC results can be extended to other various material
systems, such as polymers, single crystals, and ceramics,
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Fig. 1 a Conceptual schematic result of TSDC measurement show-
ing the information of peak current density (/) and peak tempera-
ture (T,,) of each peak (Peak A, B, and C). Schematic behavior and
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beyond dielectrics, other applications of TSDC are provided
in this review article.

2 Fundamental theory of TSDC

This section discusses the basic theory and equations used
for TSDC measurements and experimental data interpreta-
tion. As mentioned, TSDC is a powerful technique used to
investigate the effects of defect type and concentration on the
electrical conduction and degradation of a dielectric mate-
rial. The charge transport mechanisms in dielectric materials
were explored in terms of the migration of oxygen vacancies
under a DC bias. The TSDC result of the dielectric material
typically shows three current density peaks (A, B, and C) as
a function of temperature, as shown in Fig. 1a. By analyzing
information such as the peak temperature (7,,) and peak cur-
rent density (J,,) of each peak, the causes and mechanisms
of the dipole, trapped charge, and space charge, among oth-
ers, can be calculated, and the concentration of the defects
can be determined by calculating the activation energy (E,)
from the peak shape [27, 28, 33]. Peak A is affected by the
relaxation of the permanent dipole at the phase transition
temperature. Peak A is determined to be of relaxation by
the defect dipole origin caused by trapped charge, except
for the effect of oxygen vacancy (V(,")-based relaxation, as
described in Fig. 1b. Peak A is not affected by the electric
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field or poling temperature because it is based on the internal
characteristics of the material itself, such as the composi-
tion of the dielectric material and the type and concentra-
tion of the dopant. Peaks B and C represent relaxation by
oxygen vacancies related to space charge, which is affected
by poling conditions, including the temperature and electric
field. Therefore, the information from Peak B can be used
as basic data to investigate the relaxation of in-grain oxygen
vacancies, as shown in Fig. 1c. When the concentration and
mobility of oxygen vacancies in the grain are high, J is high
and T, is low in Peak B, and E, which is calculated from
the shape of Peak B is low. Peak C can provide information
on oxygen vacancy relaxation across the grain boundaries
(G.B.), as presented in Fig. 1d. When the concentration and
mobility of oxygen vacancies serving as charge carriers in
dielectrics are high, high J,, and low T, are shown in Peak
C, and the low value of E, is determined from the shape of
Peak C. The concentration distribution of oxygen vacan-
cies through the grains during relaxation is schematically
described in Fig. 1b—d [23, 28, 32-36].

J., provides information on the concentration and mobil-
ity of defect dipoles and oxygen vacancies that act as charge
carriers during relaxation with increasing temperature. A
high J, indicates a high concentration or high mobility of
defects such as oxygen vacancies, which carry charges dur-
ing relaxation [5, 24, 32, 37]. The current density during
relaxation can be theoretically presented as the following
equation [24, 38—41]:

Eﬂ r Eﬂ
J(T) = Cnysexp <_ﬁ> X exXp [S/ﬁrfo <—ﬁ>dT], (D)

where J is the current density, C is the geometry constant, n,,
is the concentration of dipoles, s is the frequency factor, E,
is the activation energy of the process, k is Boltzmann’s con-
stant, f is the heating rate, 7 is the absolute temperature, and
T, is the initial temperature. This approach is based on the
observation that for T<T,, the integral term in Eq. (1) is

negligibly small. Therefore, only the processes that occur at
lower temperatures are important, and the first exponential
factor in Eq. (1) is most important in the low-temperature
part of the TSDC curve where it starts. Equation (1) allows
the calculation of the dipole concentration n,. In this case,
the Arrhenius equation can express the current density dur-
ing the thermally stimulated measurement. Using this tech-
nique, it is also possible to determine the activation energy
(E,), defect concentration, and relaxation time. The origin
of each peak and the information obtained from each peak
are summarized in Table 1.

T,, is the temperature at which dielectric relaxation occurs
maximally to obtain the maximum current density [42]. A
high T, means that high thermal energy is required to induce
relaxation, and thus, the mobility of defects is low in dielec-
trics. Ty, is defined as [33, 43]:

T L 2
m= m ()

where v is the relaxation frequency, g is the heating rate,
k is Boltzmann’s constant, and E, is the activation energy
of the process.

The current density and maximum temperature were
directly related to the activation energy (E,). E, is the mini-
mum energy required to generate depolarization by the
defect dipole and oxygen vacancy. When the concentra-
tion and mobility of the defects are low, the E, appears to
be of low intensity. E, of the TSDC peak was determined
through three distinct methods: the initial rise model, full
width at half maximum (FWHM) method, and different
heating rates [42]. First, using the TSDC polarization field
dependence and the initial rise method (Fig. 2a) [24, 41, 44],
each TSDC peak was assigned to a different polarization
mechanism. The Bucci—Fieschi theory [45] can be used to
explain the relaxation process during TSDC measurements,
and the initial rise [46] approach can be used to determine

Table 1 Origin of each peak and information can be obtained from each peak in the TSDC result

Peak A (defect dipole)

Peak B (in-grain oxygen vacancy) Peak C (across-G.B. oxygen vacancy)

Peak position; maximum temp (77,
Information Type of defects
Origin

ture)

Peak magnitude; current density (J,,,)

Information Concentration and mobility of defects
Origin

Peak shape; activation energy (E,)

Temp. to induce enough driving force (> E,) for defect migration (Peak A is related to phase transition near the Curie tempera-

Leakage current by migration of defect during depolarization

Information Relaxation kinetics of defects (type, concentration, and mobility of defects in specific material)

Origin Minimum energy to induce the migration of defects
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Fig.2 Calculating the activation energy from the TSDC result: a Initial rise model, b FWHM method, and ¢ different heating rate [42]. Copy-

right 2021, Journal of the American Ceramic Society

the polarization E, for the defects in the following equation
[32,37, 47, 48]:

J(T) _ E, E, E,
m[Const.] = xr P, TRl )
InLJ(T)] = Const. — 2 4
n = Const. T “)

E, can be determined from the slope of the plot J(T) vs.
1/T. In the second technique, the FWHM of the TSDC peak
was used to calculate E, (Fig. 2b) using the following equa-
tion [49]:

2.30k,T2
Fo= =5 )
2

where ky, is Boltzmann's constant, T, is the maximum tem-
perature at the TSDC peak, and AT, ), is the FWHM of the
TSDC peak. Third, a different heating rate method is utilized

@ Springer

depending on the heating rate of the TSDC peak to resolve
the E, of the TSDC relaxation current (Fig. 2c), which is
calculated using the Arrhenius equation described by the
following equations [50]:

Ing = “Ea( LY | onst

ng = kb Tm const, (6)
L Tfl _ Ea +1 TOEa

! B B kam " kb ’ @

where f is the heating rate, k;, is Boltzmann's constant, T, is
the maximum temperature at the TSDC peak, and 7 is the
characteristic relaxation time. E, can be used to investigate
the relaxation kinetics of tapped charges, defect dipoles, or
ionic space. The estimated activation energies from all three
methods were in good agreement with those for the migra-
tion of oxygen vacancies [42].

The TSDC spectra can be used to calculate the char-
acteristic relaxation time (z,), which is another important
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parameter. This equation can be used to characterize the
relaxation time of the polarized species [40, 51].

Ea
T(T) = 7yexp T )

where the reciprocal of the frequency components is the
relaxation time (7) at infinite temperature, and if dJ(T)/dT=0
at T=T,, the relaxation time (z,)) can be transformed into the
following equation [27, 28]:

®)

2
1 kTm

S Ea

exp( - ). ©
KT

where 7 is the characteristic relaxation time and 7 is the
relaxation time of the polarized species. Generally, the heat-
ing rate impacts the position and shape of the TSDC peaks.
As the heating rate increased, the TSDC peak narrowed and
shifted to higher temperatures. Higher depolarization cur-
rents result from enhanced dipolar interactions after relaxa-
tion at high heating rates [28, 51].

T =

3 Experimental procedure of TSDC
measurement

The TSDC method is based on the depolarization of a mate-
rial caused by heat activation. Figure 3a depicts the general
testing setup for the TSDC measurements, which includes a
high-voltage supply for poling the dielectric sample under a
high electric field, a current meter for evaluating the leakage
current from the dielectrics during depolarization, and an
environmental chamber for polarization and in-situ leakage
current measurement with temperature control. To character-
ize the current induced by depolarization by thermal stimu-
lation, the specimen should be dielectrically poled before
heating. First, a sample is heated to the poling temperature

@ |
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for polarization

Environmental chamber

Electrode

Temperature
Controller

(Tp) and kept there for a certain period of time (#p) long
enough to allow the various mobile entities in the material to
position themselves (electrical poling) under an electric field
(Ep), as described in Fig. 3b [24, 51]. Two different types of
polarization can occur at this stage. One is dipolar polari-
zation, which is the orientation of dipoles in the direction
of the applied field, and the second is space-charge polari-
zation, which is the mass movement of charges (electrons,
holes, and ions) through the majority of the sample [52]. The
possible defects in the material respond to this field stress
by forming a metastable state of charge or dipole distribu-
tion. Subsequently, the sample was rapidly cooled to a lower
temperature (7)) to freeze polarized defects. To eliminate
any potential surface charges and stabilize the sample at
this temperature, it should be short-circuited for a particular
time, and the polarizing electric field should be withdrawn to
depolarize some polarizations with a short relaxation time.
Owing to the increased mobility, free electrons, and holes
can swiftly conduct across the metal electrode. Polarized
ionic defects have a lower movement velocity owing to the
blockage of metal electrodes by ionic species such as oxy-
gen vacancies (V") [42, 51]. As the temperature increased,
these charge distributions or polarized states relaxed. This
is because the thermal energy excites the lattice vibrations,
which initiate the charged motion or align dipoles. This
results in a small current flow to the external measurement
circuit, measured as the TSDC [51, 53].

The parameters of the poling process, such as the polari-
zation temperature and polarization field, can affect the
result obtained by the TSDC, especially the peak shape.
From the peak shape affected by the condition of poling,
including the information of J, and T,,, the type of defect
can be determined, and E, can be calculated. For example,
the intensity of J,, shows a slight increase at Peak A and
a large increase at Peak B with an increase in the polari-
zation field in the same sample, as shown in Fig. 4a [29],

Polarization

Current

T. Temperature T,

ainjesadwa] play 21139913

Fig.3 a Schematic of TSDC measurement setup and b thermal and electrical process profiles of polarization and depolarization during TSDC

measurement
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Ceramic Society

which means that the relaxation at Peak B is more dependent
on the polarization than that at Peak A. Furthermore, the
dependency on space-charge depolarization is larger than
that of trap charge depolarization [37]. The T,, at Peak A
decreases and T, at Peak B increases with increasing polari-
zation field, as shown in Fig. 4b [29] T,, decreases with an
increase in the polarization field because the relaxation cur-
rent is related to the trapping charge, whereas T, increases
with an increase in the polarization field when the relaxation
is caused by the space charge. Based on this fact, Peak A is
related to defect dipole relaxation, and Peak B is based on
the relaxation of oxygen vacancies. The type of defect can
be determined by evaluating the E, level of each peak. For
example, by comparing the theoretical dipole trap charge, E,,
or in-grain or across-grain boundary (G.B.) oxygen vacancy
space charge E, of a specific material system with the relaxa-
tion activation energy of each peak, the type of relaxation
at each peak can be determined, as presented in Fig. 5 [5].

4 Effect of parameters on the TSDC
in dielectric materials

4.1 Influence of the poling condition on the TSDC

An example showing the influence of poling conditions
on the TSDC results reported by Shi et. al is presented in
Fig. 6. TSDC examined how to charge distribution and
interfacial properties contribute to dielectric loss in poly-
ethylene (HDPE) composites filled with Mg, 4sCa o5TiO5
(MCT) [54]. The measurement was carried out accord-
ing to the TSDC spectra under various polarization set-
tings. Charges are frequently trapped in trap sites (such as

@ Springer
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Fig.5 Calculated results of activation energy during relaxation with
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interfacial areas) when composite materials are subjected
to an external field. The relative permittivity and dielec-
tric loss of the composites were measured for their tem-
perature dependency, and it was shown that the dielectric
loss strongly depended on the temperature. The release
of charges that have built up in the interfacial area during
heating is thought to be a factor in the increased dielectric
loss that occurs as the temperature increases. TSDC graphs
of the sintered MCT ceramics with a fixed polarization
field of 200 V/mm and various polarization temperatures
are shown in Fig. 6a. Tp was set to 100, 200, 300, and
400 °C. The spectra consist of two distinct peaks, denoted
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Fig.6 TSDC plots for a sintered MCT ceramic depending on the polarization temperature (7},) and b pure HDPE under different 7}, and polari-

zation fields (Ey) [54]. Copyright 2017, AIP Advances

A and B, indicating that the MCT has at least two different
types of defects.

The specifics of Peaks A and B at each polarization tem-
perature are plotted in Fig. 6a (inset) to clearly understand
their origin, as the variation in position and intensity of the
TSDC peak is the basis for categorizing defect types. Peak
A is unaffected by the increase in polarization temperature
in terms of either location or intensity, suggesting that it is
related to the relaxation of defect dipoles, such as (Ti'p)-
(Vo) [29]. The peak A current density maintained a constant
value of 8 x 1072 A/m?. In contrast, Peak B could not be pro-
duced until 7 was increased to 300 °C, and as T} increased,
the intensity of Peak B increased as well. Under harsher
polarization conditions, the position of Peak B shifted to a
higher temperature range, accompanied by a sharp increase
in current density, which is a sign of polarization due to
the movement of oxygen vacancies [27, 55]. In compari-
son, pure HDPE was subjected to TSDC measurements at
a set Ep=200 V/mm. The spectrum at 7, =50 °C is essen-
tially flat, as shown in Fig. 6b. A distinct peak could not be
seen around 90 °C until the polarization temperature was
increased to 75 °C. If T} is raised to 100 °C, a higher peak
within the same temperature range appears, and the peak
value rises to 2.510~7 A/m?. The TSDC peak attained under
a lower polarization field of 150 V/mm is less significant
than that of 200 V/mm at a given polarization temperature
of 100 °C. These indications from the plots imply that the
peak is the result of charges injected from the electrodes
and that the current density may be related to the number of
injected charges [56].

Studies of trap properties in oxide semiconductors
and organic polymers demonstrated the field dependency
characteristics of TSDC peak positions [28, 29]. With ris-
ing polarization, the T,, value of Peak A does not remain

constant and shifts toward low temperatures, according to
the 7, dependence and E,, dependence of the depolariza-
tion current. Therefore, the trap space charges are related
to the observation of Peak A. The change in Peak A dur-
ing the TSDC tests reflects the dielectric thermal release of
trap charges. For Peak B, the increase in the relaxation peak
temperature (7,) is the same as that in J, which is caused
by more intense polarization. This occurrence fits the defini-
tion of space-charge polarization as a whole. Therefore, the
relaxation of mobile oxygen vacancies is thought to be the
primary cause of Peak B [24, 32, 56, 57].

4.2 Analysis of peaks to decide the type of defect

The relationships between thermally stimulated relaxation
and defect behavior can be characterized by TSDC spec-
tra, such as that discussed for BaTi,O, microwave dielectric
ceramics [32]. Both the TSDC curves and dielectric spectra
for BaTi Oy showed relaxation caused by heat. The main
defect types in the BaTi,O4 ceramics were defecting dipoles
(Ti";)—(V,”) and oxygen vacancies (V,"), specifically the in-
grain and across-grain boundary oxygen vacancies, which
were also responsible for the thermally simulated relaxation
at low and high temperatures [32].

The TSDC curves for polarized BaTi,Oq ceramics at vari-
ous Tp between 150 and 250 °C with a constant DC Ej, of
100 V/mm are shown in Fig. 7 a and b. Each TSDC curve
has three different peaks (A, B, and C), which shows that
BaTi,O, has at least three ways for the defects to relax. This
behavior is similar to the TSDC relaxation of TiO, ceram-
ics at low temperatures [32, 58]. Because the dipole current
decreases with longer depolarization times, the dissociation
of defect dipoles (Fe'r;)—(V,") occurs. These results show
that the defect dipoles (Peak A) become unstable when there

@ Springer
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is more polarization. The activation energy (E,) calculated
at Peak A is between 0.32 and 0.36 eV, which is near the
energy value at which TiO, ceramics undergo low-temper-
ature TSDC relaxation. This suggests that the equivalent
relaxations of BaTi,0, and TiO, ceramics may have similar
physical origins [58]. As the sample was heated, oxygen
vacancies were pushed by the temperature to move over the
barriers of the grains and grain boundaries. This is called
“in-grain migration” [27, 58] and “across-grain bound-
ary migration.” In-grain and across-grain boundary oxy-
gen vacancies (V") appeared at higher temperatures, with
E, of 0.30-0.48 eV at Peak B and 0.65-1.01 eV at Peak
C, respectively. The dielectric relaxation observed at low
and high temperatures was caused by two types of defects,
(Ti')—(V,") and (V,"), respectively.

4.3 Analysis of activation energy to decide
the dipole concentration

The TSDC technique was conducted on the Fe-doped SrTiO;
model system to evaluate the concentration of dipoles in
the dielectric system [17]. In the temperature window con-
sidered in this study, the three peaks have different bias-
dependency characteristics, which shows that a different
defect causes each peak. As shown in Fig. 8, these three
peaks were determined to be the relaxation of polarized
dipoles, traps, and oxygen vacancies, based on the peak
position and magnitude properties under different polariza-
tion conditions [33]. The defect dipoles with a computed
activation energy (E,) of 0.76 +0.05 eV and an estimated
dipole concentration of 10" cm™ are responsible for the
low-temperature TSDC Peak A. The second Peak B is

@ Springer

recognized as the space-charge peak, which has a trap center.
Using the curve-fitting approach, the trap density for a 1%
Fe-doped sample was determined to be 2 x 10'* cm™ and E,
was 0.65 +0.08 eV.

The high-temperature Peak C is attributed to the relaxa-
tion of oxygen vacancies since it exhibits the typical par-
abolic bias dependency, thickness dependence, and E, of
0.91+0.05 eV. According to the collecting bias investiga-
tion, a small bias applied in the direction opposite to the
internal field created by the oxygen vacancies and interfacial
traps can prevent the relaxation of oxygen vacancies dur-
ing the heating step. The concentrations of defect dipoles in
crystals with concentrations of 0.1% and 1% Fe dopant were
examined in this study. The concentration of dipoles, 7, for
a TSDC peak caused by dipole orientation can be calculated
using Eq. (1). By integrating the area under Peak A, the
estimated dipole concentration for a sample with 0.1% Fe
doping is 1.6 x 10! cm™ and that for a sample with 1% Fe
doping is 6.6 x 10" cm™>. The accompanying fluctuation in
dopant concentration did not result in the expected factor of
10 differences in the dipole concentration. The different Fe
valence states and intricate arrangements of defect dipoles
in the lattice can impact this discrepancy.

Although it is challenging to distinguish the types of
defects due to the similarity of the activation energies for
each peak, the type of defects can be determined by analyz-
ing the dependence of the peak position on the polarization
condition. In Fig. 8, the position of Peak A remains at a
constant 7, with different £, indicating that it is related
to the defect dipole and is not significantly affected by
the intrinsic elements of the material. On the other hand,
the position of Peak B shifts to a lower temperature with
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Fig.8 a TSDC spectra on FE-doped SrTiOj; crystal with polariza-
tion field (E;) of 150-250 V/mm at a fixed polarization temperature
(Tp) of 100 °C. Dashed arrows indicate the maximum peak current
positions, 7, (Inset: polarization field dependence of J,, of Peak A).

increasing intensity of £, suggesting that the dielectric ther-
mal release of trap charge during depolarization begins at an
earlier stage when defect ions acquire higher energy under
higher polarization electric fields.

5 Applications of TSDC

The TSDC approach is a potential tool for both qualitative
and quantitative understanding of defect characteristics in
dielectric materials, especially ceramics. For decades, it has
been extensively used to describe the relaxation mechanisms
of polymers [51, 54]. It is useful in polymer research because
it provides insightful data on the degree of molecular contact
and mixing between two separate components. The evalu-
ated dielectric relaxation parameters from the TSDC analy-
sis of pristine and 75 MeV oxygen ion-irradiated Kapton-H
polyimide, taken under thermal windowing, are reported in
this study. The TSDC of Kapton-H polyimide in the range
of 20-250 °C and after exposure to 75 MeV of oxygen ion
irradiation. The TSDC measurement comprises two current
peaks, which occur at~30 and 120 °C, respectively as shown
in Fig. 9 [59]. Temperature windows have a considerable
impact on the peak magnitude. The strength of the peaks in
the pristine and ion-irradiated samples is impacted differ-
ently; the pristine samples exhibit an amplification in the
peak, whereas the ion-irradiated samples appear to exhibit
a suppression in the peak.

TSDC measurements were also used to investigate sin-
gle crystals of barium titanate BaTiO; (BTO) with various
orientations of (100), (110), and (111), which has proven to

Temp (°C)

b TSDC spectrum of 0.1% and 1% Fe-doped SrTiO; single crys-
tals, E,=100 V/mm [33]. Copyright 2008, Journal of the American
Ceramic Society

be a successful method for studying the fundamental con-
nection between relaxation phenomena and defect chemistry
in dielectrics [23, 60]. TSDC measurements were applied
to BaTiO; single crystals that were treated under different
atmospheres, and it was found that the crystal orientation
and thermal treatment conditions had a remarkable effect
on the defect behavior [23]. This is to investigate BTO sin-
gle crystals with (100), (110), and (111) orientations, and
annealed under different atmospheres, as shown in Fig. 10.
The (111) crystalline face of BTO is more stable under an
external field than the others.

TSDC investigated the dielectric aging of Mn and V
co-doped BaTiO; multilayer ceramic capacitors (MLCC)
[24]. A report by Yoon et al. claimed that Mn concentra-
tion increased with age, and V concentration had no effect
based on their TSDC measurement. The low-Mn-concen-
tration specimens with TSDC had one peak, whereas the
specimens with increased Mn content displayed two peaks
[24]. The first and second peaks are thought to be caused
by the change in the phase of the undoped core area and
the defect dipole of Mn, such as (Mn"T1)-(V,,") or Mn'T1)-
(V). Experiments showed that the defect dipole controls
the dielectric aging rate because the Mn defect dipole has a
high TSDC and a very high rate of aging.

6 Conclusions
The TSDC method is a high-resolution analysis technique

that is useful for analyzing the reliability and dielectric
properties of dielectric materials by analyzing the induced

@ Springer
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current during relaxation, i.e., depolarization of defects by
thermal stimulation. The type and concentration of defects
can be confirmed by analyzing each peak of the TSDC,
including information such as the peak current density (J,,)
and peak temperature (7,,), and by calculating activation
energy (E,) that appears differently depending on the polari-
zation field (Ep) and polarization temperature (T,) during
poling. Peak A in the low-temperature regime is related to
the relaxation by the trap charge of the defect dipole, Peak
B in the intermediate-temperature regime is related to the
relaxation of the space charge by in-grain oxygen vacan-
cies, and Peak C in the highest-temperature regime is related
to the relaxation caused by the space charge of the across-
grain boundary oxygen vacancies. In this review, the overall
TSDC, including physical and mathematical theory, meas-
urement method, critical factors for TSDC analysis to decide
the type and concentration of defects, and various applica-
tions of TSDC, that is, polymer, ceramic, composite, and
single crystal dielectrics were reviewed.
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