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Abstract
Multilayer energy-storage ceramic capacitors (MLESCCs) are studied by multi-

scale simulation methods. Electric field distribution of a selected area in a

MLESCC is simulated at a macroscopic scale to analyze the effect of margin

length on the breakdown strength of MLESCC using a finite element method.

Phase field model is introduced to analyze the dielectric breakdown mechanism

of MLESCC at a mesoscopic scale. The microstructure of selected area is

generated through voronoi tessellation random construction routine containing

core-shell-structured dielectric materials. The effects of margin length, shell per-

mittivity, and shell volume fraction on the breakdown strength of MLESCC are

respectively studied. Results indicate that the breakdown strength of MLESCC

can be enhanced by adopting larger margin lengths, or by increasing the shell

permittivity or volume fraction.
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1 | INTRODUCTION

Dielectric capacitors are critical for advanced pulsed power
systems due to their fast charging-discharging capability
and high power density.1-4 Recently, growing environmen-
tal problems and rapid development of renewable energy
production demand a large amount of high energy density,
environmental-friendly and low-cost energy-storage
devices.5-7 Multilayer energy-storage ceramic capacitors
(MLESCCs) possess very high volumetric capacitance and
are suitable for chip surface mount with superior mechani-
cal and thermal properties, which are promising candidates

for energy-storage device and other applications including
hybrid electric vehicles and kinetic energy weapons.8-13

However, the low energy density and low working voltage
limit these applications of MLESCCs. Theoretically, the
energy density (J) of an MLESCC can be calculated by

J ¼
Z Dmax

0
EdD; (1)

where E, D and Dmax are, correspondingly, electric field
strength, dielectric displacement, and the dielectric displace-
ment under breakdown electric field. If we take dielectric
permittivity e as constant, the formula can be converted to
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J ¼ 1
2
eE2: (2)

It is clear that the permittivity and breakdown strength
are two major factors that determine the energy density of
MLESCC.

MLESCCs are fabricated with hundreds of dielectric
layers of small thicknesses arranged in parallel between
metal internal electrodes.12 The permittivity and breakdown
strength are firstly determined. Through joint efforts of
researchers in past decades, a great attention has been paid
to prepare lead-free ceramics especially with core-
shell-structured grains.6,7,14,15 Grain shells usually possess
high breakdown strength and are more difficult to be dam-
aged by the applied electric field than grain cores,16,17

which will enhance the breakdown strength of the entire
ceramic and lead to high energy-storage density. Recently,
a large recoverable energy-storage density of 4.03 J/cm3

with dielectric breakdown strength of 400 kV/cm was
reported in 0.85KNN–0.15ST ceramics.18 Apart from the
dielectric material properties, the design of internal elec-
trode structure is also significant especially in high-voltage
MLESCCs as the nonuniform distribution of local electric
field induced by internal electrode structure will sharply
reduce the breakdown voltage and thus drop the energy-
storage density of MLESCCs.19 Yoon et al20 successfully
fabricated large size MLESCCs with reported capacitance
of 0.46 lF/cm3 and dielectric loss of 0.65%, and the break-
down voltage reached 1450-1650 V depending on the array
design of the internal electrodes.

During last few decades, the simulation and design of
MLESCCs were mainly focused on the mechanical and
thermal properties,21-24 but there was few work in model-
ing dielectric breakdown strength, which was the essential
property of high-voltage MLESCCs. Wang et al19 calcu-
lated the concentration of local electric field although a
two-dimensional finite element model by varying some
geometric parameters of MLESCCs, and Malay et al25 dis-
cussed the effect of microstructural defects on electric field
distribution inside the MLESCC numerically. In this work,
a multiscale simulation method is introduced to design

high-voltage MLESCCs based on dielectric breakdown
behavior of MLESCC, which covers the geometric struc-
ture of MLESCC and the dielectric material with core-shell
structure. First of all, the electric field distribution of a
selected area in a MLESCC is calculated using a finite ele-
ment method at a macroscopic scale to analyze the effect
of margin length on the breakdown strength of MLESCC.
After that, the phase field model based on mesoscopic is
introduced to simulate the dielectric breakdown behavior of
MLESCC. The microstructure of selected area is generated
through voronoi tessellation random construction routine
containing a core-shell-structured dielectric materials.26,27

Different margin length, shell permittivity, and shell frac-
tion are, respectively, embedded into our phase field model
to obtain a better design for high-voltage MLESCCs.

2 | MULTISCALE MODEL

For the breakdown simulation of an MLESCC, the sche-
matic diagram of the MLESCC and the selected areas that
are most likely to be damaged by applied electric field are
shown in Figure 1. The thicknesses of dielectric layer and
internal electrodes of the selected area are, respectively,
600 nm and 300 nm, typical for state-of-the-art MLESCCs.

The electric field distribution of this selected area is
simulated at a macroscopic level using the finite element
method through COMSOL Multiphysics 5.2a. The electric
potential, / , and electric field, E ¼ �r/, can be calcu-
lated by solving the Poisson’s equation,28 r e0er/ð Þ ¼ 0,
where e0 is vacuum permittivity. The applied electric
potential between the electrodes is set as 600 V, the per-
mittivity of dielectric material (e) is set as 1000, a typical
value of barium titanate-(BT) based ceramic and the margin
length varies from 2, 1.5, and 1 times the thickness of
dielectric layer to analyze the effect of margin length on
the breakdown strength of MLESCC. After that, a phase
field model29,30 is introduced to simulate the dielectric
breakdown process of MLESCC based on the mesoscopic
geometric model. This model contains dielectric material

FIGURE 1 The schematic diagram
and the selected typical area of MLESCC
[Color figure can be viewed at
wileyonlinelibrary.com]
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with core-shell structure and the typical grain size used in
the state-of-the-art MLESCC is 150 nm as seen in Fig-
ure 1. To characterize the breakdown process of a dielectric
medium, we introduce a scalar phase field s (x, y, t). The
value of s varies from 1 to 0, which, respectively, represent
the intact state and the fully damaged state. The fully dam-
aged material becomes conductive, of which the permittiv-
ity is set as eini=g, a large but finite number, where eini is
the initial permittivity and g is a small enough number,
here, we take g as 1E-4 in our model. For any other inter-
mediate state, the permittivity is interpolated by

e sð Þ ¼ eini
f sð Þ þ g

; (3)

where f sð Þ ¼ 4s3 � 3s4. Furthermore, the dielectric material
used in our model with core-shell structure is ferroelectric.
The permittivity of grain core is electric field dependent,
which can be described by Johnson’s approximation31:

ec Eð Þ ¼ ec 0ð Þ
1þ kE2ð Þ1=3

(4)

where, ec 0ð Þ = 1000 is the zero-electric field permittivity
typical for BT and k = 3b(e0ec(0))

3 is a constant that
includes the nonlinear Johnson’s parameter b. Meanwhile,
the permittivity of grain shell (es) is approximation linear.
Thus, the permittivity of core-shell-structured ferroelectric
material BT can be written as28:

eini Eð Þ ¼
ecð0Þ

ð1 þ kE2Þ1=3 ; grain core

es; grain shell

(
(5)

In this model, the energy of system consists of complemen-
tary electrostatic energy per unit volume,

WesðE; sÞ ¼
� R Emax

0
ecðsÞE

ð1þkE2Þ13
dE; grain core

� eSðsÞ
2 E � E; grain shell

8<
: ;

breakdown energy, Wd sð Þ ¼ Wc 1� f sð Þ½ �, and gradient
energy term to regulate sharp phase boundaries, with Wc

representing the critical density of electrostatic energy. The
material parameter C is approximately the breakdown
energy. Breakdown occurs if such process decreases the
total potential energy of the system

P s;/½ � ¼
Z
X

Wes E; sð Þ þWd sð Þ þWi rsð Þ½ �dV : (6)

According to linear kinetic law: os=ot ¼ �mdP=ds,
with mobility m as a material parameter that features the
speed of breakdown propagation in nanocomposites, the
eventually normalized governing equations of dimension-
less form can be written as:

r � ½�ecðsÞð1þ �kr�/ � r�/Þ�1=3r�/� ¼ 0; grain core
r � ½�esðsÞr�/� ¼ 0; grain shell

�
(7)

(A) (B) (C)

FIGURE 2 The electric field distribution of the selected area from MLESCC with the margin length being (A) 2, (B) 1.5 and (C) 1 times
the thickness of dielectric layer and the contour lines are the equi-electric-field lines [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 3 Probability distribution of electric field named
concentration counted by statistically summarizing the relativity electric
field strength to the applied electric field inside the selected area at various
margin length [Color figure can be viewed at wileyonlinelibrary.com]
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os
o�t ¼ � 3�e0cðsÞ

4�k ðð1þ �kr�/ � r�/Þ2=3 � 1Þ þ f 0ðsÞ
þ 1

2r
2
s; grain core

@s
o�t ¼

�e0sðsÞ
2 r�/ � r�/þ f 0ðsÞ þ 1

2r
2
s; grain shell

8><
>:

(8)

in which the corresponding quantities are symbolised with
over-bars. Generally, the permittivity of grain core is con-
sidered higher than that of grain shell, while the breakdown
energy is about the same. The breakdown energy is set as
Cc=Cs = 1/10, the nonlinear factor is taken as
k = 5E4 m2�V�2, and the permittivity of grain shell in our
model varies among 5, 10, and 100, approximately, the
permittivity of SiO2,

26 Al2O3
32, TiO2,

28 respectively. Thus,
ecð0Þ=es separately equals 200, 100, and 10. This phase
field model is calculated by implementing the equations (7)
and (8) into COMSOL Multiphysics 5.2a. Limited by the
computational power, all simulations are carried out in
two-dimensional (2D) domains.

3 | RESULTS AND DISCUSSION

3.1 | Margin length design of MLESCC
through macroscopic model (finite element
model)

The tips of internal electrodes are the place where the dis-
tribution of electric field is most nonuniformity. Therefore,
a 2D domain containing an internal electrode tip is selected
as seen in Figure 1. The electric field distribution of the
selected area from MLESCC with the margin length being

2, 1.5, and 1 times the thickness of dielectric layer is
shown in Figure 2. We can figure out that the electric field
strength near the tip of internal electrode (dark red area) is
several times larger than that in uniform domain (green
area). Meanwhile, along the increase in margin length, the
concentrated area of electric field where the electric field
strength is larger than the uniform strength reduces to some
extent. Such improvement of electric field distribution will
enhance the breakdown voltage of MLESCCs. To get a
more precise distribution of electric field, the probability
distribution of electric field which comes from mesh points
named concentration is counted by statistically summariz-
ing the relativity electric field strength to the applied elec-
tric field through MATLAB as seen in Figure 3. It is clear
that as the margin length reducing, the concentration peak
of relative electric field moves to higher level with the con-
centration counts enhanced several times, which indicates
that the breakdown probability of MLESCC with small
margin length is higher than that with large margin length
according to the theory of Weibull distribution.33 Thus, a
larger margin length design of MLESCC is necessary.

3.2 | Margin length, shell permittivity, and
volume fraction design of MLESCC through
mesoscopic model (phase field model)

A closer look at the dielectric breakdown process inside
the selected area of MLESCC is simulated using a phase
field model with the core-shell-structured dielectric material
BT, generated through voronoi tessellation random con-
struction routine through MATLAB by given random seed
points. The margin length of the model is set as two times
the thickness of dielectric layer, and the shell permittivity
and volume fraction 100% and 10%. The dielectric break-
down process can be described by the nominal field-
charge-density relation as shown in Figure 4. The field-
charge-density curve below dot “a” shows the nonlinear
dielectric, typical behavior of ferroelectric ceramic. Simul-
taneously, the snapshots of the breakdown process and the
electric field distribution during breakdown of the selected
area are, respectively, shown in Figures 5 and 6. Combine
Figures 4 and 5, it can be summarized that as the nominal
charge density increases, the nominal electric field rises as
well. The MLESCC keeps undamaged until the nominal
charge density reaches dot “a” in Figure 4 and the dielec-
tric breakdown starts at the tip of internal electrode, where
the local electric field concentrates most as seen in Fig-
ure 5A. Then, it will propagate through the grain core.
However, when the breakdown path reaches grain shell,
the field-charge-density curve will wind as the breakdown
energy of shell is larger than core, which means the shell
is harder to be damaged, yet the higher permittivity of shell
makes it share a higher electric field. Therefore, the

FIGURE 4 The nominal field-charge-density relation of selected
area in MLESCC with the margin length as two times the thickness
dielectric layer, and the shell permittivity and volume fraction 100%
and 10% [Color figure can be viewed at wileyonlinelibrary.com]
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nominal electric field slightly reduces. After passing
through the grain shell, the nominal electric field continues
to ascend. The electric field strength in the forefront of the
breakdown path is always the most concentrated domain as
seen in Figure 6. Until the breakdown path passes through
all grain and reaches the negative electrode, the nominal
electric field suddenly falls to zero, which indicates that the
MLESCC is fully damaged and becomes a conductive (in-
ternal electric field strength is zero) as shown in Figures 5I
and 6I. The highest nominal electric field through the entire
breakdown process is taken as the nominal breakdown
strength of MLESCC.

To compare the results in Section 3.1, three different
geometric models are established with the same margin
length setting in macroscopic model, respectively, 2, 1.5,
and 1 times the thickness of dielectric layer, with the aver-
age grain size of 150 nm and the shell permittivity and vol-
ume fraction of 100% and 10% separately. The breakdown
path images of the selected area in MLESCC and the nom-
inal field-charge-density relation at various margin length
are shown in Figure 7. We can easily figure out that the

larger the margin length, the higher the breakdown strength
of MLESCC, which is in great consistent with the results
of our macroscopic models. Upon closer analysis, the
breakdown path reaches the right external electrode when
the margin length is same as the thickness of dielectric
layer; however, as the margin length increases, the break-
down path eventually reaches the internal negative elec-
trode and need to pass across more grains, which will also
enhance the breakdown strength.

Other critical material parameters can be changed by the
fabrication process are the shell permittivity and volume
fraction. Consequently, the shell permittivity and volume
fraction are also changed in our phase field models to com-
pare the dielectric breakdown strength of MLESCCs with
different cases. Firstly, the permittivity of grain shell in our
model varies 5, 10, and 100, approximately the permittivity
of SiO2, Al2O3, TiO2, with the margin length and shell vol-
ume fraction remaining 2 times the thickness of dielectric
layer and 10% as seen in Figure 8. The breakdown path
images of the selected area in MLESCC and the nominal
field-charge-density relation at various shell permittivity are

(A)

(D) (E) (F)

(G) (H) (I)

(B) (C)

FIGURE 5 (A-I) Snapshots of the breakdown process of selected area in MLESCC. (A-I) correspond to the dots A-I in Figure 4 [Color
figure can be viewed at wileyonlinelibrary.com]
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(A)

(D)

(G) (H) (I)

(E) (F)

(B) (C)

FIGURE 6 (A-I) Snapshots of the electric field distribution during breakdown process of selected area in MLESCC. (A-I) correspond to the
dots A-I in Figure 4 [Color figure can be viewed at wileyonlinelibrary.com]

(A) (B)

(C) (D)

FIGURE 7 The breakdown path
images of selected area in MLESCC with
the margin length: (A) 2, (B) 1.5 and (C) 1
times the dielectric material thickness
marked as 2, 1.5, and 1 in (D). (D) The
nominal field-charge-density relation of all
these three types corresponding to (A), (B),
and (C) [Color figure can be viewed at
wileyonlinelibrary.com]

1612 | CAI ET AL.



shown in Figure 8. It is clear that the breakdown strength
of MLESCC with shell permittivity of 100 is almost three
times higher than that with shell permittivity of 10 and 5.
The huge permittivity difference in grain core and shell
will lead to enormous electric field strength between them.
The smaller shell permittivity comes smaller electric field
strength in grain core. Thus, to obtain the same nominal
electric field, the selected area with low permittivity needs
larger nominal charge density. That is why the slope of
field-charge-density curve with shell permittivity of 5 and

10 is far smaller than that of 100. Therefore, when prepare
the dielectric material with core-shell structure, a higher
shell permittivity will be a better choice. Next, the phase
field models with the grain shell fraction varying 5%, 10%,
and 15% are established, of which the margin length and
shell permittivity keep 2 times the thickness of dielectric
layer and 100 unchanged. The breakdown path images of
the selected area in MLESCC and the nominal field-
charge-density relation at various shell fraction are shown
in Figure 9. It is found that as the shell fraction grows, the

(A) (B)

(C) (D)

FIGURE 8 The breakdown path
images of selected area in MLESCC with
the shell permittivity: (A) 100, (B) 10 and
(C) 5. (D) The nominal field-charge-density
relation of all these three types
corresponding to (A), (B), and (C) [Color
figure can be viewed at
wileyonlinelibrary.com]

(A) (B)

(C) (D)

FIGURE 9 The breakdown path
images of selected area in MLESCC with
the shell fraction: (A) 5%, (B) 10%, and (C)
15%. (D) The nominal field-charge-density
relation of all these three types
corresponding to (A-C) [Color figure can
be viewed at wileyonlinelibrary.com]
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breakdown strength of MLESCC is enlarged as well. This
is easy to understand that the breakdown energy of grain
shell is higher than grain core. Thus, the breakdown path
propagates inside the selected region of MLESCC will be
blocked by the grain shell and the more volume fraction of
grain shell, such blocking effect will be more obvious,
which results in a higher breakdown strength of MLESCC.

4 | CONCLUSION

A multiscale simulation method containing macroscopic
and mesoscopic models is introduced to design MLESCCs.
The key geometric parameter, margin length of MLESCCs,
is studied both two models and the results are well consis-
tent with each other. It is suggested that the larger margin
length will enhance the dielectric breakdown strength of
MLESCCs. Moreover, the crucial material properties
parameters, namely the permittivity and volume fraction of
grain shell, are carefully discussed in our mesoscopic phase
field model with core-shell-structured dielectric material.
Results indicate that a larger shell permittivity close to the
grain core will improve the nonuniformity distribution of
electric field and thus elevate the breakdown strength of
MLESCCs. Larger shell volume fraction comes higher
breakdown strength, as the grain shell is more difficult to
breakdown compared with grain core. All conclusion above
not only gives a deeper understanding of dielectric break-
down mechanism but also provides a better suggestion for
design high-voltage MLESCCs.
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