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ABSTRACT

The continued development of BaTiO3-based multilayer ceramic capacitors has contributed to further miniaturization by reducing the
thickness of each dielectric layer for different voltage range components. MLCC designs that achieve higher volumetric capacitive efficiency
must be balanced with stable properties over long operational times at higher fields and temperatures, raising concerns about their reliability.
To improve the reliability and slow transient mechanisms of oxygen vacancy electromigration that drive the degradation of insulation
resistance of MLCCs, we need to develop new models and improved metrologies to enhance the performance of MLCCs. This paper
demonstrates how electrical characterization techniques, such as thermally stimulated depolarization current and highly accelerated life test,
can be used to better understand MLCCs’ degradation and assess their reliability. Also, the limitations of existing lifetime prediction models
and their shortcomings of using mean time to failure in predicting the lifetime of MLCCs are discussed along with future perspectives on
evaluating the reliability of MLCCs.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0138806

Multilayer ceramic capacitors (MLCCs) are vital passive compo-
nents packaged in the modern electronics enabling technologies
across, from consumer electronics to medical, automotive, and defense
applications. MLCCs account for approximately 30% of all compo-
nents in hybrid circuit modules, whereas ceramic capacitors are more
commonly packaged in large arrays below an integrated circuit acting
as a power supply to drive the processors. Over 4 trillion MLCC com-
ponents have been manufactured each year, and over 90% of these
have the base metal nickel inner electrodes that are cofired with
BaTiO3 based dielectrics.

1

A typical MLCC component consists of hundreds of layers of
dielectric materials that are alternately stacked and separated by paral-
lelly connected internal metal electrodes. In manufacturing of MLCC
components, there has been a trend toward further miniaturization to
advance Moore’s law. The advancement of capacitive volumetric den-
sity by reducing the active dielectric layer thickness poses challenges
not only in terms of increasing applied electric field through the thin-
ner active dielectric layer but also in terms of electrode uniformity,
dielectric compositional dependence, and manufacturing process, all
of which affect MLCCs’ reliability and lifetime.2,3 Electrode porosity
and roughness, as well as any other external flaws caused by the

manufacturing process, can concentrate electric fields and locally
enhance electromigration of oxygen vacancies and impact degradation
rates.4–13

Most commercial high capacitance MLCCs are based on BaTiO3

because of their outstanding dielectric properties such as high permit-
tivity, low dielectric loss, and ability to design properties across broad
temperature ranges.14,15 In cofiring with Ni electrodes, low partial
pressure of oxygen is used to prevent the oxidation of Ni. However,
under such partial pressures and sintering temperatures, the BaTiO3

system must be in equilibrium with the oxygen reduction reaction,
which is given by

OO ! V ��
O þ 2e0 þ 1

2
O2: (1)

The non-stoichiometry point defect concentrations are also con-
trolled by partial Schottky reactions, acceptor dopant compensation
reactions, and the reduction reaction shown in (1).16–18 When an elec-
tric field is applied, positively charged oxygen vacancies migrate to the
cathode via electromigration through ceramic grains, as shown in
Fig. 1. Demixing of stoichiometric charge carriers with the oxygen
vacancies piling up at grain boundaries and the blocking metal
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electrode causes depression of the Schottky barriers and formation of
space charge layers across the dielectric layer. This process gradually
degrades the insulation resistance by compromising interfacial
Schottky barriers at electrodes and grain boundaries, resulting in an
increased leakage current under an electric field and, eventually, ther-
mal or electrical breakdown.8,19,20

Thermally stimulated depolarization current (TSDC) is a powerful
technique that can be used to analyze relaxation kinetics of polarizable
defects and identify various defect mechanisms in insulator materials,
including local defect dipole complex changes, local electron trapping,
and ionic space charge development both intergranular (ionic charge
pileup within individual grains) and transgranular (ionic transportation
beyond each grain).22–28 Figure 2 presents the schematic of typical test
conditions for a TSDC experiment. In a TSDC experiment, a sample is

polarized at a specific temperature Tp under a constant electric field Ep
for a period, typically on the order of minutes, creating a metastable state
for the defects. The sample was then rapidly cooled to a lower tempera-
ture To, where the polarized defects are frozen. Then, the depolarization
occurs with the dielectric being short circuited to a lower temperature To
and then heating the sample so that each polarization mechanism was in
a metastable state, depolarizes to produce a current under constant heat-
ing rate (b), and the leakage current peaks from each depolarization
mechanism of the relaxing defects are measured with a PAmeter.29,30

Figures 3(a) and 3(b) demonstrate the evolution of TSDC peaks
in the base metal electrode (BME) X7R MLCC (1206 case size, 1 lF,
and a voltage rating of 50V) components with increasing heating rate
and applied electric field. The heating rate influences the position and
shape of TSDC peaks. As the heating rate increases, the TSDC peak
narrows and shifts to higher temperatures, as shown in Fig. 3(a). High
heating rates accelerate the dipolar interaction process, resulting in a
shift of the depolarization currents.31 The physical origin of each peak
can also be determined by studying the temperature dependence of
the peak maximum (Tmax) and its dependence on the electric field
while heating at a constant rate. When the relaxation current is associ-
ated with trapped charges, the Tmax decreases; when the space charge
is the physical origin of the TSDC current, the Tmax increases.24,32

Peak A, as shown in Fig. 3(b), is a sharp peak at 125 �C that is
independent of Ep and refers to the pyroelectric current associated
with the depolarization of the spontaneous dipole alignment at the
ferroelectric–paraelectric phase transition of BaTiO3. The Tmax of
peaks B and C increases with increasing of Ep, indicating that they are
originated from space charge migration in BaTiO3, which are associ-
ated with intergranular and transgranular oxygen vacancy electromi-
gration, respectively. These accumulation of oxygen vacancies into
metastable ionic space charge regions reduces the reliability of MLCCs
by compromising the double Schottky barriers at grain boundaries
and electrode interfaces.

Integration of depolarization current peaks and curve fitting will
provide important information on the kinetics of relaxational pro-
cesses such as concentration of mobile charge carriers or dipoles as
well as their activation energies. To determine the activation energy of
a TSDC peak, three methods are commonly used: the initial rise the
full width half maximum of the TSDC peak, and the heating rate
dependence of the TSDC peak position.33 In this study, the third

FIG. 1. Schematic of oxygen vacancies dynamics and their respective space charge distributions when undergoing the degradation process of MLCCs. Reproduced with per-
mission from Yousefian and Randall, J. Mater. Sci. 57, 15913 (2022). Copyright 2022 Springer Nature.21

FIG. 2. Schematic of typical test conditions for a TSDC experiment.
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method was used because deconvolution of TSDC peaks introduced
significant error when the first two methods were used. If the tempera-
ture dependence of the relaxation time is described by the Arrhenius
equation, the activation energy of the TSDC peak can be determined
by34

ln
T2
max

b

� �
¼ Ea

kTmax
þ ln

s0Ea
k

� �
; (2)

where Ea, k, and s0 are the activation energy of the barrier height con-
trolling diffusion, Boltzmann’s constant, and the relaxation time char-
acteristics, respectively. The activation energies of the transgranular
(across grain boundary) and intragranular (in grain) oxygen vacancy
relaxation peaks were calculated to be 1.496 0.08 and 0.636 0.05 eV

from the slopes of ln T2
max
b

� �
and 1

Tmax
plots, respectively, as shown in

Fig. 3(c).
To investigate the overall failure of MLCCs, a highly accelerated

life test (HALT) is a traditional method to access the influence of the
degradation process and lifetime of MLCCs.35–41 This is a broadly
applicable stress test method that can be used for both development
and quality control. In this method, MLCCs are exposed to much
higher temperature and voltages than those in normal operating con-
ditions to accelerate the test. The lifetime of MLCCs under normal
operating conditions can be extrapolated from the failure time of com-
ponents, measured by the HALT. A Weibull statistic approach is used
to calculate the mean time to failure (MTTF) of MLCCs over a popu-
lation of components, as shown in Fig. 4. The 2-parameter Weibull
distribution function is written as

F tð Þ ¼ 1� exp
t
g

� �k
 !

; (3)

where t is the failure time, g is the scale parameter, and k is a shape
parameter corresponding to the slope of theWeibull probability plot.21,42

The Eyring model is commonly used to extrapolate HALT results
to determine the MTTF of MLCCs in operating conditions, which is
expressed as43

FIG. 3. Evolution of TSDC peaks in BME X7R MLCCs (a) with increasing heating
rate, samples were poled at 200 �C under a dc bias of 150 V (�170 kV/cm) for
40 min. (b) With increasing applied voltage bias, samples were poled at 200 �C for
20 min and heated at a rate of 8 �C/min. (c) Estimation of activation energies for
the intergranular and transgranular oxygen vacancy relaxation TSDC peaks using a
heating rate method.

FIG. 4. Weibull plot of BME X7R MLCCs under different HALT voltage conditions at
135 �C.
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t1
t2
¼ V2

V1

� �n

exp
Ea
kB

1
T1

� 1
T2

� �� �
; (4)

where t1 and t2 are the MTTFs measured at voltages V1 and V2 at cor-
responding temperatures T1 and T2, respectively. n and Ea are the
electric-field acceleration factor and activation energy of mobility gov-
erning the degradation process, respectively. This empirical model has
adequate accuracy; however, the factor n is unphysical and varies
depending on test conditions.40,44–46 The n values can be determined
using a statistical analysis of a limited number of tests, and these
should ideally be constants that are independent of temperature and
applied voltage. However, n values are not constant in BME MLCCs,
limiting lifetime predictions and necessitating extensive testing to
determine the non-linearities of n, as shown in Fig. 5(a).

The tipping point lifetime model was developed to address the
limitations of the Eyring model, which is based on a physical model
that assumes the accumulation of a critical space charge density at the
cathode interface and considers local fields. Lifetime of MLCCs in the
tipping point model can be predicted as46,47

tcrit ¼
qcrit
a#Nq

exp � Ea
kBT

� �
sinh

qaEapp
2kBT

� �" #�1

; (5)

where tcrit and qcrit are the predicted lifetime and the critical space
charge density at the cathode interface, respectively. Thermally

activated jumps between two neighboring sites with the activation
energy Ea are considered to be the mechanism of ionic vacancy migra-
tion in the bulk crystalline materials; a, #, N, q, and Eapp are the hop-
ping distance, hopping frequency of the oxygen vacancy, oxygen
vacancy concentration, oxygen vacancy charge, and applied electric
field, respectively. Based on the following equation:

ln tð Þ ¼ C Tð Þ � ln sinh
b0Eapp
T

� �� �
; (6)

we consider the b0 as a factor that reflects the local electric field con-
trolling the rate-controlled process of developing the critical ionic
space charge within a given microstructure as well as the component
design.29,46 By fitting the failure times data in the ln–ln plot with a
slope of �1, the values b0 and C(T) can be defined. The average local
field terms arising from the dielectric constant, the electrode rough-
ness, and the average ionic hop distance of an oxygen vacancy in the
lattice and across grain boundaries are all included in the b0 value,
which is batch and material dependent but specific to a production
batch of MLCC components. The C(T) value is the fitted data’s inter-
cept and includes terms such as diffusion activation energy, jump
frequency, ionic hop distance, and mobile oxygen vacancy concentra-
tion.47 MTTF data for experimentally processed BME X7R MLCCs
under various temperatures and applied electric field conditions were
fitted with the Eyring and tipping point models using the linear least

FIG. 5. The MTTF data for BME X7R MLCCs were tested under different temperatures and dc bias conditions, and the results were plotted using (a) and (b) the Eyring model
and (c) the tipping point model, where datasets are restricted to a single b0 parameter. (d) Activation energy plot from the driven C(T) values of the tipping point model.
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squares regression, presented in Figs. 5(a) and 5(c), respectively. The
fitted parameters of the tipping point model are given in Table I. The
tipping model appears to be more systematic and predictable across all
testing conditions, because the slopes for each MTTF dataset approach
�1 when a single b0 parameter is used; this implies that the failure is
caused by a similar mechanism in all samples. It is important to be
aware of not overstressing an accelerated lifetime test to extremes that
induce multimode failures that are not applicable to the MLCCs under
their operating conditions.8,47

The activation energy of MLCCs’ failures can be determined
using the linear slope of the ln(MTTF)–1/T plot in the Eyring model
and from slope of the ln(C(T))–1/T plot in the tipping point model, as
presented in Figs. 5(b) and 5(d), respectively. The activation energy
calculated from the Eyring model varies greatly with applied voltage
with an average activation of 1.706 0.30 eV. However, the activation
energy calculated by the tipping point model is 1.666 0.09 eV, which
has a much smaller standard deviation than the Eyring model. So, the
amount of testing for accurate predictions of MTTF could be better
served with the tipping model, given its systematic trend and lower
errors. Furthermore, the activation energy is comparable to that found
in TSDC results for the relaxation peak of transgranular oxygen vacan-
cies, demonstrating that the kinetics of oxygen vacancies’ electromigra-
tion, particularly transgranular oxygen vacancies’ electromigration, is
primarily responsible for MLCCs failures. We may expect the depolar-
ization activation energy determined from the TSDC to be slightly less
than the initial forward migration, as the grain boundary Schottky bar-
rier height and width may have been compromised under the degrada-
tion process. Therefore, for the development of highly reliable MLCCs,
it is critical to control microstructural uniformity while emphasizing
the blocking effect of grain boundaries against oxygen diffusion.

It is also important to note that in this study, MTTF of MLCCs
under different temperatures and dc bias conditions was used to pre-
dict the lifetime of MLCCs, which is a common approach among
researchers and industries; however, because the failure time data dis-
tribution is ignored by the MTTF value, it is unable to fully represent
the population of failure times, resulting in inaccurate lifetime predic-
tions and unexpected failures.21 Therefore, to obtain accurate lifetime
predictions, it is necessary to understand the impact of voltage and
temperature on failure time distribution, rather than simply consider-
ing MTTF values.

In summary, the continued miniaturization of BME MLCCs
raises concerns about their reliability by increasing electric field condi-
tions. The presence of oxygen vacancies in BME BaTiO3-based
MLCCs is unavoidable due to the low O2 partial pressure sintering
conditions of BME MLCCs. The electromigration of oxygen vacancies
in the presence of an electric field has a destructive effect on grain
boundary Schottky barriers, resulting in insulation resistance degrada-
tion and eventually leading to thermal and electrical breakdown of
MLCCs. To improve and evaluate the reliability of BME MLCCs, the

importance of defect chemistry, microstructural uniformity, and utili-
zation of electrical characterization techniques like TSDC and HALT
were discussed. The TSDC technique is an effective method for deter-
mining the types of defects that exist in dielectrics and investigating
time dependence phenomena that occur during insulation degradation
with a focus on electromigration of oxygen vacancies space charge dis-
tributions. We demonstrated that the tipping point model is more
consistent and accurate across various temperatures and applied elec-
tric field conditions. The activation energy calculated from the lifetime
prediction models demonstrated that the transgranular oxygen vacan-
cies electromigration is primarily responsible for MLCCs’ failures.
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