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Abstract
Johnson’s approximation is implemented in a finite element code to simulate
the electric field dependence of a core–shell microstructure material. We show
how the microstructure, based here on a 50:50 volume fraction, influences the
measured effective permittivity as a function of applied voltage. Using a John-
son’s parameter of β= 1.0× 1010 Vm5/C3, verified fromcommercial BaTiO3-based
multilayer ceramic capacitors (MLCC), we show how themicrostructure and the
difference in core and shell conductivities alter the local fields generated andhow
this influences the voltage dependence of the effective permittivity. Systems that
comprise a conductive core-like material surrounded by a resistive shell expe-
rience little or modest voltage dependence due to the shell material providing
shielding to large electric fields within the cores. Conversely, if the core material
is more resistive than the shell material, substantial voltage dependence occurs
with simulations showing over a 50% decrease in the effective permittivity. These
simulations give improved understanding of voltage dependence and provide a
method to help guide the design of future materials for MLCCs with improved
performance.
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1 INTRODUCTION

Multilayer ceramic capacitors (MLCCs) are among the
most mass-produced devices with over 3.5 trillion units
being manufactured per year,1 with the value of the
MLCC global market expected to reach over 14 billion
USD by 2024.1 They are used in small- and large-scale
applications varying from smartphones, and automobiles
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to uses in wireless communication.2,3 With the rapid
growth of 5G and electric vehicles, capacitors need to
evolve toward higher frequencies (>MHz), higher voltages
(>1 kV), higher breakdown strengths (>100 kV/cm), and
higher temperatures (>400◦C for some space exploration
applications).4 In automotive applications, due to their use
in under-the-hood applications, the materials are required
to operate at temperature ranges of −55 to 150◦C, and
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2 D’SILVA GREEN et al.

voltages over 240 V,4 while maintaining their small size
and high thermally stable capacitance. A capacitor which
meets these requirements is classified as an X8R ±15%.
MLCCs consist of several layers of a ceramic mate-

rial sandwiched between two metal electrodes where the
capacitance of an MLCC is calculated by:

𝐶 =
𝜖r𝜖0𝐴

𝑑
× (𝑛) (1)

Here, capacitance, C is typically measured in pF or µF,
𝜖r is its relative permittivity, and 𝜖0 is the permittivity of
free space (8.8542 × 10−12 F/m). The geometry is defined
as the surface area of the electrode given by A, d is the dis-
tance between the electrodes, and n is the number of active
ceramic layers between electrodes, which can be several
hundred in typical commercial MLCCs.
The three variables in Equation (1) provide possible

ways to improve the capacitance of an MLCC. The first
is to increase the permittivity of the ceramic, the second
is to reduce the distance between the electrodes, and the
third is to increase the surface area of the plates. Each of
these methods has its benefits and implications. Although
increasing the surface area of the electrode is possible, this
would increase the footprint of the device. Since MLCCs
are usually size limited due to space available on circuit
boards, this is not a viable solution.
Although the permittivity of the material could be

improved, there are limitations on which materials could
achieve this. Ferroelectric barium titanate (BaTiO3) is the
base ceramic material of choice as it possesses a high
intrinsic room temperature permittivity (1000–70005) and
is compatible with current manufacturing techniques.6
However, the permittivity is highly dependent on the
temperature and needs modification to meet current
requirements.7 A measurement of the temperature depen-
dence of ferroelectrics is via the temperature coefficient of
capacitance (TCC), which is calculated by the formula:

TCC% =
𝜖T − 𝜖25
𝜖25

× 100 (2)

where 𝜖25 is the permittivity at room temperature and 𝜖T is
the permittivity at the reference temperature. One way to
increase temperature stability is via chemical doping of
BaTiO3 to form a core–shell microstructure.8 Undoped
BaTiO3 has a sharp peak in permittivity at its Curie temper-
ature as it undergoes a phase transition from a tetragonal
to a cubic crystal structure. Through chemical modifica-
tions via different dopants,9,10 a dopant-rich shell can be
formed, which typically has a much broader transition
range at lower temperatures than the Curie temperature
of undoped BaTiO3. The combination of the core and
shell microstructure extends the temperature range over

which a capacitor can operate, allowing it to meet the
required specification that undoped BaTiO3 could not
achieve. In addition, other properties such as processing
conditions,11 layer thicknesses,12 and grain size13 allow
the TCC to be controlled to meet industrial specifications.
Determining the optimal volume ratio for the application,
however, can involve a time-consuming iterative process
to arrive at the appropriate formulation and processing
conditions.4
An efficient method to increase capacitance is to

reduce the distance between the electrodes. This provides
two benefits: it gives the possibility of smaller devices
and increased capacitance; however, the electric field is
increased as the dielectric thickness is decreased, given by:

𝐸G =
𝑉

𝑑
(3)

where V is the applied voltage across the electrodes and
d is the distance between the electrodes. As Equation (3)
only considers the global properties of the system, we
shall refer to this value as the global electric field EG
to distinguish it from the variations of the local electric
fields produced inside the material. As d is reduced to
a few microns, the strength of the global electric field
can increase to over 1 MV/m for an applied voltage of
1 V. At room temperature, the breakdown voltage of
BaTiO3 is around 3 MV/m.14 The lifetime of these com-
ponents can therefore be compromised in higher voltage
applications.
There has been extensive research into improving TCC,

however, an often-overlooked aspect in optimizing these
materials is the voltage coefficient of capacitance (VCC).
For some materials, the application of high electric fields
can create a reduction in the permittivity along with a
shift of the Curie peak toward a higher temperature.15 The
macroscopic tunability of the capacitance can be attributed
to several bias field-induced modifications at various
length scales from the unit cell polarization (intrinsic),
polar nanoregions, domain relaxation, grain boundaries,
and interphases.16,17 These occur at lengths scales from
nano- to micro-meter and can depend on temperature,
frequency, crystal symmetry, and ceramic microstructure.
One method of approximating the macroscopic tunabil-
ity is to use the empirical Johnson’s approximation.18,19
This is based on the Landau–Devonshire phenomeno-
logical theory,17 which has been used successfully to fit
the tunability of various materials.18 Although the John-
son’s approximation is limited in explaining the hysteretic
behavior of the dielectric permittivity below the Curie tem-
perature, it has been shown to work well in predicting
the voltage dependence of BaTiO3-based materials.18,20,21
Furthermore, it has also been shown that the weak field

 17447402, 0, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/ijac.14824 by U
niversity O

f Sheffield, W
iley O

nline L
ibrary on [04/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



D’SILVA GREEN et al. 3

F IGURE 1 Voltage coefficient of capacitance (VCC) data for a
commercial BaTiO3-based multilayer ceramic capacitor measured at
25◦C (black) at a frequency of 100 kHz and fitted with Equation (2)
(in red) to extract the Johnson parameter ß. In this case, the value
extracted is ß = .67 × 1010 Vm5/C3.

approximation model, based on the Gibbs free energy, also
provides good agreement with Johnson’s equation.21
The nonlinear field dependence of the permittivity can

be described by the Johnson’s equation which has been
used successfully to fit the variation of permittivity with
electric field data for BaTiO3.19,21,22

𝜖r(𝐸) =
𝜖r (0)

(1 + 3𝛽(𝜖0𝜖r(0))
3
𝐸2)

1

3

(4)

Here, 𝜖r(𝐸) is the modified relative permittivity mea-
sured when an electric field strength E (V/m) is generated
in the material. The relative permittivity in the absence
of an electric field is given by 𝜖r(0) and the variable β
is an anharmonic coefficient also known as Johnson’s
parameter and represents the ferroelectric nonlinearity
of the material. This can be estimated by fitting the
observed permittivity drop with increasing voltage22 as
shown in Figure 1. By fitting experimental data using this
equation, depending on the composition, the value of β
can be temperature dependent and vary by an order of
magnitude.18
In Figure 1, experimental data from a commercial

BaTiO3-based MLCC are measured as a function of EG. In
this case, the data were generated by changing the applied
voltage on the same thickness of dielectric (i.e., chang-
ing V, but maintaining d), however, using Equation (3),
as the permittivity change is generated by the applied EG
(i.e., the ratio of V/d) this could also give insight into what
can happen if the applied voltage is maintained but the
dielectric thickness, d is reduced. Fitting Figure 1 with
Equation (4), Johnson’s parameter can be extracted, in this
case, ß = .67 × 1010 Vm5/C3 at a temperature of 25◦C.
Within the literature, β values are reported in the order
of 1010 and up to 1012 Vm5/C3,23,24 matching well with

our results here. There are limitations to the accuracy of
Johnson’s approximation. For example, when the grain
size is reduced to nanometers, there is a known decrease
in the permittivity of BaTiO3. This has been attributed
to increasing electrical inhomogeneity as the grain size
is reduced.4 Some approaches to tackle this issue involve
using a material-dependent exponent25 or utilizing a coef-
ficient dependent on the microstructure.26 Typically, VCC
data are not measured for nanostructured ceramics as it
requires measuring permittivity at low thicknesses, which
leads to the generation of extremely high electric fields.4,27
There has been work on studying this effect through

modeling. Padurariu et al.14 developed a finite element
model (FEM) to mimic a two dimensional grain struc-
ture consisting of nonlinear ferroelectric grain cores with
paraelectric grain boundaries. Themodel consisted ofmul-
tiple grains with varying sizes. For large grain sizes, they
showed there is a negligible difference between the global
and local electric fields. With decreasing grain size there
is a reduction in the local electric field in the core leading
to an increase in the local field inhomogeneity. Due to the
presence of this inhomogeneity, Johnson’s approximation
applied globally to the system would not be sufficient to
describe the behavior of this system as it uses the global
field. This can be resolved by using the local field values
generated to determine the local changes in permittivity.
Although their method was able to describe the effec-
tive field permittivity using the local field evolution and
local permittivity, a limitation of their method is that it is
confined to a two-dimensional model.
In this article, we implement Johnson’s approxima-

tion into our in-house impedance software ElCer.28 This
provides the ability to simulate the local electric fields
arising from the microstructure and variation in core and
shell material properties, which we can represent in a
full three-demensional model. This can be used to help
understand how microstructural features can influence
the field-dependent response of materials used in MLCCs.

2 METHODOLOGY

To simulate how Johnson’s approximation influences the
material’s electric response under an applied electric field,
we first create the desired microstructure. Figure 2 high-
lights the procedure on a simple series layered model,
Figure 2A, noting that this procedure is the same for
any microstructure such as a core–shell or a collection
of grains. The model is drawn, in this case as a 10 µm
cube encompassing two layers, and discretized into ele-
ments using Gmsh,29 where each element is individually
assigned the material permittivity, conductivity, and John-
son’s parameter. Materials which are field dependent are
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4 D’SILVA GREEN et al.

F IGURE 2 Schematic showing the coding process using a simple layered model as an example. The initial model (A) and the materials
initialized (B). ElCer is first used to simulate the electric field (C). Johnson’s equation is then used to modify the material properties as shown
in (D). Once the system has passed the test for convergence (E) we use the final properties (F) to simulate the impedance response. The
capacitance formalism C’ (G) is then used to extract capacitance at fixed frequencies.

set to Johnson’s parameter of β = 1.0 × 1010 Vm5/C3,
chosen as it falls within the accepted known range for
BaTiO3

19,20 and close to our experimentally extracted
value. For materials which experience non-field depen-
dence (NFD), we set β = 0. We finally apply a voltage of
110 V across the model as explained in Figure 2B, which,
using Equation (3), generates an EG of 11 MV/m over the
model.
Using our in-house impedance software ElCer,23 we first

simulate the local electric field distribution within the
microstructure as shown in Figure 2C. We assume the
material properties to be isotropic and linear and that any
inductive effects are negligible when compared with the
capacitive behavior. ElCer uses a time-domain finite ele-
ment method (TDFEM) based on Maxwell’s equations to
calculate the electric potential as a function of space and
time. This permits the current density to be calculated
by integrating over the whole sample, and thus, in turn,
allows simulation of the electrical response of the elec-
troceramic. We use Dirichlet boundary conditions at the
electrode–air interface to fix the electric potential. Further-
more, we assume that the displacement currents across the
free surface of the material are zero by implementing a
Neumann boundary condition at those regions. We note
that although other thermal and electromechanical effects
such as thermoelectricity or piezoelectricity are present

in BaTiO3 for simplicity we do not consider these in the
model but they could be explored in the future.
Depending on the microstructure and material prop-

erties, this could be significantly higher or lower than
the global electric field. These local values are then
weighted onto the centroid of each element and converted
to a change of local permittivity using Johnson’s equa-
tion (Equation 4) as shown in Figure 2D. The process is
repeated until convergence is achieved, which we set at
a value of less than .1% difference between subsequent
runs, Figure 2E. At convergence, a final model is gener-
ated (Figure 2F) and an impedance spectrum generated for
analysis as shown in Figure 2G. This entire process can be
repeated for higher voltages to understand how the mate-
rials respond at different electric field strengths. Although
we have controlled the voltage to generate large electric
field strengths across the materials, from Equation (3), the
larger electric fields can also be used to represent a change
in the multilayer thickness with a constant voltage.
The simulation of the impedance spectra provides a

method of identifying the response of the constituent
materials.30 Here, we focus on the analysis of the C’ spec-
tra (real part of capacitance vs. frequency), Figure 2G,
where the effective capacitance at various fixed frequen-
cies can be extracted and converted to permittivity using a
geometric factor.
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D’SILVA GREEN et al. 5

F IGURE 3 A simple uniform material under a potential
difference of 110 V. (A) The electric field distribution within the
material, (B) C’ spectroscopic plots for the simple cubic model with
increasing electric field, and (C) the change in permittivity as the
Johnson’s parameter, ß, is increased for the simple cubic model. The
dashed line indicates the non-field dependent (NFD) model.

To verify this method, we simulate the impedance
response of a simple, electrically homogenous cube as
shown in Figure 3. Themodel consists of a cubewith a side
length of 10 µm, the initial permittivity of 𝜖𝑟 = 1000 and
conductivity of σ = 100 µS/m. This cube is discretized into
∼165k tetrahedral elements and the local electric field dis-
tribution is simulated. As the cube is made from a single
material, a homogeneous response is generated, as shown
in Figure 3A. The resulting C’ spectra of this system are
shown in Figure 3B.
As applying zero voltage across the material is equiv-

alent to the material being assigned β = 0 Vm5/C3, for
clarity we refer to these simulations throughout the article
as the non-field dependent (NFD) case. Solving and plot-
ting spectra in the C’ formalism generate a single plateau
with capacitance of .089 pF. As the voltage is increased,
the C’ plateau decreases uniformly, as seen in Figure 3B.
This continues up to the maximum applied global field of
11 MV/m, where the capacitance drops to .059 pF. As John-
son’s parameter β range can be a few orders of magnitude,
we simulate various values within the literature range as
shown in Figure 3C and by converting the capacitance, C’
to permittivity using the geometrical factor. As shown, the
drop in permittivity from the NFD of 𝜖r = 1000 to below
700 for global fields of 11 MV/m when β = 1 × 1010 Vm5/C3
is used. It should be noted that all solved values here are
consistent with Equation (4) as the global and local fields
are equivalent.

TABLE 1 The assigned material properties used for Cases I–VI
for the core–shell models.

Case Core/shell Permittivity
Conductivity
(µS/m)

I/IV Shell 1000 100
Core 2000 100

II/V Shell 1000 100
Core 2000 .1

III/VI Shell 1000 .1
Core 2000 100

To increase realism in the physical microstructure, we
now create a core and shell structure which can arise in
doped BaTiO3 materials and commercial MLCCs.7,31 We
set the core–shell volume ratio as a 50–50 ratio and the total
side length of the system as 10 µm, as shown in Figure 4A.
To ensure the results are not influenced by surface effects,
we use 27 identical core–shell cubes set in a 3 × 3 × 3 array
and extract the results from only the central grain. In this
first study, the shell and core were both assigned a permit-
tivity of 𝜖r = 1000 and a conductivity σ= 100 µS/m. Typical
shellmaterials have a significantly lower sensitivity to field
effects32,33 and so we set the core to have Johnson’s param-
eter of β = 1 × 1010 Vm5/C3 but assign the shell to be NFD
(i.e., β = 0 Vm5/C3).
Figure 4B shows a combined image of the electric field

and permittivity distribution after convergence. The left
side of Figure 4B highlights the electric field distribution
in the core–shell model (left). As both core and shell have
the same conductivity, as in the previous simple cube case,
the response at NFD is a homogenous field response of
11 MV/m through both materials. However, as the core
experiences the electric field its permittivity is reduced as
shown in Figure 4B (right). This generates a 33.7% drop in
the capacitance of the material from ∼.089 pF to .059 pF
when a global field of 11 MV/m is applied, Figure 4C. The
simulated C’ spectra begin to display two distinct plateaus
at higher fields, highlighting a significant change in the
core material whereas the shell remains unchanged. This
drop becomes linear as shown in Figure 4D and the trend
reproduces that observed experimentally in Figure 1.

3 RESULTS AND DISCUSSION

In the above methodology, the core and shell materials
were set to have the same properties but this is unlikely
and unrealistic due to known compositional changes of
the core and shell materials in BaTiO3-based MLCCs.
We therefore extend our study to six different config-
urations, as shown in Table 1. In each study, the core
and shell properties are varied so regions have either a
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6 D’SILVA GREEN et al.

F IGURE 4 (A) Core–shell model used with the green shell region encapsulating the blue core region. Inset: A front-facing cut in half
view of the respective model. (B) A combined view of the electric field (left) and final permittivity (right) for the center cube in the middle row
for an EG of 11 MV/m. The resulting electrical response in C’ spectra is shown in (C) with the extracted capacitance (at 100 kHz) with
increasing EG shown in (D).

permittivity of εr = 1000 or 2000 and a conductivity of
either σ = 100 or .1 µS/m. In Cases I–III, we simulate
a field-dependent core, with a shell that is independent
of the electric field, whereas in Cases IV–VI, we simu-
late conditions where both the core and shell are field
dependent.
In Case I, we simulate a grain where the core and shell

have the same conductivity of σ = 100 µS/m but the core
has a higher permittivity of εr = 2000 compared to the
shell with an initial value of εr = 1000. The core is only
field dependent (i.e., β = 1 × 1010 Vm5/C3), whereas the
shell is set with β= 0 Vm5/C3 making it field independent.
As both the core and shell have the same conductivity, an
EG of 11 MV/m is generated throughout the core and shell
material as shown in Figure 5A (left).
The electric field gives rise to a uniform drop in the

core permittivity from its initial value of εr = 2000 to a
value of 720, Figure 5A (right) when EG reaches 11 MV/m.
This results in the core permittivity dropping below that
of the shell value of εr = 1000. In the C’ spectra, Figure 5B
for NFD, we initially observe two distinct plateaus at low
electric fields of .134 pF (100 Hz) and .127 pf (100 kHz)
representing the dominating components of the shell and
core, respectively. As EG is increased to 11 MV/m, the
response becomes close to a single plateauwith ameasured
capacitance of .077 pF, Figure 5C. This is a 40% drop from
the NFD case and results in the permittivity at 100 kHz

decreasing from an initial value of 1430 to 850 as shown
in Figure 5D.
In Case II, we maintain the properties of the shell but

reduce the core conductivity to σ = 0.1 µS/m. This now
results in a model where the core is more resistive than
the shell. The initial permittivity of the core is retained at
εr = 2000 but as this region possesses lower conductivity,
the electric field generated is now elevated compared to the
shell as shown in Figure 6A (left). Again, note that the core
is the only field-dependent material.
The field in the core is now no longer electrically homo-

geneous due to the more resistive core and this increased
strength in the electric field in the core forms an “hour-
glass” shape leading to a greater drop in the permittivity of
the core than in Case I, as shown in Figure 6A (right). The
local electric field at the top and bottom regions of the core
rises to 16 MV/m, dropping to a value of 14 MV/m nearer
the center of the core. It should be noted that both these
local values are higher than the applied EG calculated by
Equation (3) and highlight the importance of considering
local electric fields.
Near the external regions of the core, the local field

falls close to the global value of 11 MV/m due to the prox-
imity of the conductive shell region and falls below the
average within the top and bottom areas of shell material.
As the permittivity change follows the electric field, the
core, which starts with a single permittivity of εr = 2000,

 17447402, 0, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/ijac.14824 by U
niversity O

f Sheffield, W
iley O

nline L
ibrary on [04/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



D’SILVA GREEN et al. 7

F IGURE 5 Case I, where both core and shell materials have the same conductivity. (A) Combined view of the electric field (left) and
final permittivity (right) for an EG of 11 MV/m. (B) Change in C’ spectra as a function of global field, with extracted capacitance at various
frequencies. (C) The change in capacitance as a function of EG. A minimal change is observed with the curves overlapping at frequencies
greater than 10 kHz. (D) Extracted permittivity (at 100 kHz) versus EG.

F IGURE 6 Case II, where the core material is more resistive than the shell material. (A) Combined view of the electric field (left) and
final permittivity (right) for an EG of 11 MV/m. (B) Change in C’ spectra as a function of global field, with extracted capacitance at various
frequencies. (C) The change in capacitance as a function of EG. A minimal change is observed with the curves overlapping at frequencies
greater than 10 kHz. (D) Extracted permittivity (at 100 kHz) versus EG.
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8 D’SILVA GREEN et al.

F IGURE 7 Case III, where the core material is more conductive than the shell material. (A) Combined view of the electric field (left)
and final permittivity (right) for an EG of 11 MV/m. (B) Change in C’ spectra as a function of global field, with extracted capacitance at various
frequencies. (C) The change in capacitance as a function of EG. A minimal change is observed with the curves overlapping at frequencies
greater than 10 kHz. (D) Extracted permittivity (at 100 kHz) versus EG.

now becomes graded as it experiences a stronger reduc-
tion in the central regions than the edges. This leads to over
half the core’s volume, which consists of the top, bottom,
and central regions, dropping to a permittivity value of
500 < εr < 650, whereas the remainder of the core volume
reduces to 650 < εr < 950. As a consequence, the result-
ing C’ spectra and permittivity Figure 6C,D show a strong
change as a function of the field. For the NFD case, there
are two distinct plateaus inC’ of .170 and .127 pF, Figure 6C.
As the global field strength is increased to 11 MV/m, the
capacitance response for the shell- and core-dominated
regions both drop to values of .078 and .071 pF, respec-
tively. Additionally, the difference in capacitance between
the shell and the core drops from .043 pF for the NFD case,
to a difference of just .005 pF for an EG of 11 MV/m. The
effective permittivity at 100 kHz also drops to nearly half,
with the high field case εr = 800 compared to the NFD sim-
ulation of εr = 1430. As the electric field is increased, the
permittivity of the core is also reduced below that of the
shell, bringing plateaus in C’ spectra closer together.
In Case III, we reverse the conductivity of Case II

thereby making the core more conductive than the shell.
Consequently, the electric field experienced in the core
falls below the global field value of 11 MV/m, as shown
in Figure 7A (left). The shell regions above and below the
core region account for ∼10% of the grain volume and
experiences an extremely high field of ∼54 MV/m but this

drops sharply to .80 MV/m in the regions to the side of
the core. This reduction in the electric field leaves a large
amount of the core, over 80%, relatively unchanged from
the initial value of εr = 2000. This illustrates that the shell,
while under an enhanced electric field, provides a shield-
ing effect to the core and therefore reduces the electric field
that it experiences.
As shown in Figure 7B, the high-frequency plateau aris-

ing predominantly from the core response experiences
a low field-dependent change. At NFD, C’ is .138 pF at
100 kHz and when a global field of 11 MV/m is applied, the
high-frequency C’ plateau falls by only 8% to .127 pF. The
low-frequency plateau, associated predominantly with the
shell, remains unchanged at .397 pF as shown in Figure 7B.
As a consequence, the permittivity drops from its initial
value of εr = 1430 to 1310, Figure 7D. Unlike the previous
cases, Case III still exhibits a clear core–shell response even
after a field is applied.
We now move on to cases where both materials are fer-

roelectric and exhibit field dependence. Here, we use the
material configurations of Cases I, II, and III but assign
both the core and shell β = 1.0 × 1010 Vm5/C3.
In Case IV, as in Case I, the core and shell are assigned a

conductivity of σ= 100 µS/m. The core is assigned a higher
permittivity of εr = 2000 compared to the shell with an
initial value of εr = 1000. Due to the shell and core hav-
ing the same conductivity, we once again observe an EG of
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D’SILVA GREEN et al. 9

F IGURE 8 Case IV, where both core and shell materials have the same conductivity. (A) Combined view of the electric field (left) and
final permittivity (right) for an EG of 11 MV/m. (B) Change in C’ spectra as a function of global field, with extracted capacitance at various
frequencies. (C) The change in capacitance as a function of EG. A minimal change is observed with the curves overlapping at frequencies
greater than 10 kHz. (D) Extracted permittivity (at 100 kHz) versus EG.

11 MV/m generated throughout the core and shell mate-
rials as shown in Figure 8A (left). This electric field leads
to a uniform drop in the core from an initial value of εr
from 2000 to 720, Figure 8A (right), similar to that of Case
I. However, the shell now also experiences a drop in εr
from 1000 to 650 and as a consequence the core permittivity
remains higher than that of the shell as EG is increased.
In theC’ spectra, Figure 8B for NFD, we initially observe

two distinct plateaus at low electric fields of .134 pF
(100 Hz) and .127 pf (100 kHz) representing the dominat-
ing components of the shell and core, respectively. As EG
is increased to 11 MV/m, the response becomes close to
a single plateau with a measured capacitance of .062 pF,
Figure 8C. This results in a 52% drop from the NFD case
and permittivity at 100 kHz decreasing from an initial
value of 1430 to 700, as shown in Figure 8D.
As in Case II, in Case V, the core conductivity is set as

σ= .1 µS/m, lower than that of the shell with σ= 100 µS/m
resulting in a resistive shell model. Again, note that in this
case, both materials are field dependent. As in Case II, the
electric field in the core is nowno longer electrically homo-
geneous, Figure 9A (left) and forms an “hourglass” shape.
This leads to a greater drop in the permittivity of the core
than in Case II, as shown in Figure 9A (right). The local
electric field at the top and bottom regions of the core rises
to 16MV/mdropping to a value of 14MV/mnearer the cen-

ter of the core, nowhigher than the value of the global field.
Toward the core–shell interface, the local field is close to
the global value of 11 MV/m and then falls below the aver-
age within the top and bottom areas of the shell material.
The permittivity of the core once again becomes graded
with over half the core’s volume, dropping to a permittiv-
ity value of 500 < εr < 650, whereas the rest of the core
volume reduces to 650 < εr < 950. In the shell region, as
the local electric field at the top and bottom of the core is
low, a negligible drop in the permittivity of the shell in this
area is generated. However, in the regions surrounding the
side of the core, the field is elevated to 12 MV/m leading to
a permittivity drop in the shell to a value of approximately
εr = 650.
This response results in C’ spectra and permittivity

Figure 9C,D showing a stronger change as a function of
field than in Case II. For the NFD case, there are two
distinct plateaus in C’ of .170 and .127 pF, Figure 6C. As EG
is increased to 11 MV/m, the capacitance response for the
shell- and core-dominated regions both drops to values
of .067 and .060 pF, respectively. Additionally, the differ-
ence in capacitance between the shell and the core drops
from .043 pF for theNFDcase, to a difference of just .007 pF
for an EG of 11MV/m. The effective permittivity at 100 kHz
also drops to over half, with the high field case εr = 680
compared to the NFD simulation of εr = 1430. As the
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10 D’SILVA GREEN et al.

F IGURE 9 Case V, where the core material is more resistive than the shell material. (A) Combined view of the electric field (left) and
final permittivity (right) for an EG of 11 MV/m. (B) Change in C’ spectra as a function of global field, with extracted capacitance at various
frequencies. (C) The change in capacitance as a function of EG. A minimal change is observed with the curves overlapping at frequencies
greater than 10 kHz. (D) Extracted permittivity (at 100 kHz) versus EG.

electric field is increased, the low-frequency response
drops more rapidly than that of the high-frequency
response, bringing the plateaus in C’ spectra closer
together.
In Case VI, we reverse the conductivity of Case V, and

the core is now more conductive than the shell. Conse-
quently, just as in Case III, the electric field experienced
in the core falls below the global field value of 11 MV/m,
Figure 10A (left). The shell regions above and below the
core experience an extremely high field of∼54MV/mdrop-
ping sharply to .90 MV/m in the regions surrounding the
side of the core. As simulated in Case III, it leaves over 80%
of the core unchanged from its initial value of εr = 2000.
Crucially, however, as the shell is now field dependent, due
to the high field in the top and bottom regions of the shell,
the permittivity in these regions drops dramatically from
the initial value of εr = 2000 to below 400, leading to a
greater significant change overall.
As shown in Figure 10B, at NFD, C’ is .127 pF at 100 kHz

and when a global field of 11 MV/m is applied, the high-
frequency C’ plateau falls by only 45.8% to .0688 pF. The
low-frequency plateau, associated predominantly with the
shell, decreases by 65% from .334 pF to .117 pF as shown
in Figure 10C. This leads to a drop in permittivity from its
initial value of εr = 1430 to 780, Figure 10D. Unlike Cases
IV and V, Case VI still exhibits a clear core–shell response
even after a field is applied.

Comparing all permittivity drops at 100 kHz, in
Figure 11, we see that all cases, except for Case III, follow
a trend similar to that shown in Figure 1. Both experimen-
tal and model data experience a decrease in permittivity of
about 40%–50% at an EG of ∼10 MV/m.
These studies show that a key parameter in determin-

ing the core material change is the surrounding material’s
conductivity. As shown in Figure 11A, Cases I and II show
significant sensitivity to the global electric field if the core
material is lower or equal in conductivity to that of the
shell. In Case I, the conductivity of the materials is identi-
cal and as such the electric field set up in both materials is
the same (Figure 5A). This leads to the system responding
with a permittivity change in the core due to the applied
global field. In Case II, as the conductivity of the core is
lower than the shell, an enhanced current density is gen-
erated in the core region (Figure 6A), consistent with work
shown by Heath et al.35 This leads to an enhanced elec-
tric field in the core and as such greater VCC sensitivity.
In these configurations, it offers the ability to tune the
capacitance and as such TCC through the control of dielec-
tric layer thickness. This could be detrimental, however,
as the increased local electric field could raise the like-
lihood of the core material failing and the possibility of
dielectric breakdown.While Cases IV and V have the same
material properties as Cases I and II, although the shell is
now field sensitive they still behave similarly. In Case IV,
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D’SILVA GREEN et al. 11

F IGURE 10 Case VI, where the core material is more conductive than the shell material. (A) Combined view of the electric field (left)
and final permittivity (right) for an EG of 11 MV/m. (B) Change in C’ spectra as a function of global field. (C) Capacitance extracted at various
fixed frequencies versus EG. There is minimal change in capacitance and the curves overlap at frequencies greater than 10 kHz. (D) Extracted
permittivity (at 100 kHz) versus EG.

F IGURE 11 (A) The overall decrease in
permittivity for each case versus EG. Data
sets with the same color have the same
material properties except for the field
dependency of the shell. Cases I and II are
highly field dependent, whereas it is much
less pronounced in Case III. Cases IV, V, and
VI all experience a higher field dependency
than Cases I, II, and III. (B) Normalized
permittivity versus field plot comparing the
experimental data to Cases IV, V, and VI.

where the materials have the same conductivity, the shell
VCC response now causes the overall permittivity to drop,
which can be seen in Figure 11A. This is also true of Case
II but with a reduced amount due to the current mostly
acting through the core and avoiding, if possible, the more
resistive parallel shell regions lowering the electric field in
those regions (Figure 6A).
If the core is surrounded by a lower conductive mate-

rial, such as Case III, the current primarily wants to find
the path of least resistance through the core. This gener-
ates a higher electric field in the shell material, primarily
in the top and bottom layers, as seen in Figure 10A. This
effectively “screens” the core from high local electric fields
causing the system to exhibit almost little or no NFD. Only

a small region of the model, primarily the top and bot-
tom surfaces of the core, experiences a high local field
whereas the rest of the core material remains unchanged.
This leads to the capacitance remaining relatively constant
when increasing the global electric field and therefore
reducing the system’s apparent sensitivity to field effects. If
the shell material is assigned field dependence as in Case
VI, while the shielding effect to the core is still present,
the shell material now experiences a drop in permittivity
instead. Although this drop in Case VI is much stronger
than in Case III, it is still less than that experienced by
Cases IV and V. In Figure 11B, it can be seen that after
normalizing the plot for permittivity, all plots, regard-
less of their VCC strength, they all experience the same
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12 D’SILVA GREEN et al.

general trend. It also shows that the experimental data
follow a similar rate of drop in permittivity as the model
data for Cases IV, V, and VI as the voltage is increased to
5 MV/m.
The studies shown here investigate how large changes

in permittivity and conductivity of those regions affect
the response; however, small changes (∼10% variation) in
either the core or shell conductivity caused less than a 5%
change in the overall field dependence response. It is only
when the values start to become comparable (less than two
orders of magnitude) that the current paths through the
system are altered and then begin to affect the observed
field dependence. We note, however, that the changes to
the β value do influence the response more significantly,
mainly as it is a scaling component of Equation (4), but the
trend of themodels, irrespective of the value used, remains
the same.
Through the models presented here, we have assigned

a 50:50 volume ratio for the core and shell materials. The
measured strength of the VCC dependence of the system
will be modified by the core–shell volume ratio due to
changes in the current and field profiles previously shown
by Heath et al.34 For example, if the volume fraction of
core material were made larger and more conductive, a
greater flow of current through the corewould be expected,
thereby raising the electric field. This would lead to a lower
shielding effect and a greater field dependence to be exhib-
ited. Other effects present in MLCC materials, such as
grain shape,28 roughness,35 or porosity,36 have been shown
to increase local electric fields and along with volume
fraction are the focus of on-going and future studies.
In conclusion, we have developed a finite element mod-

elling approach that can aid the understanding of how
VCC is affected by the electric microstructure of a sys-
tem. Typically, MLCCmaterials are formed from a BaTiO3
material with a doped shell, giving rise to a core that has
higher conductivity than the surrounding shell. The find-
ings in this article indicate in this case over 80% of the
core volume experiences a field that is lower than the
global value applied and as such the core response is rel-
atively unchanged. If the shell has little or NFD, then
the apparent VCC change is negligible (Figure 11A, blue
stars); however, if the shell does possess some field depen-
dence, although the field which the core experiences is
still reduced, a VCC reduction is observed (Figure 11A,
blue triangles) and attributed to the change in the proper-
ties of the shell. Therefore, through a selection of the core
and shell properties, the VCC effects can be enhanced or
suppressed as desired while still shielding the core from
the high electric fields and improving the apparent break-
down strength of the system. These simulations provide
an improved understanding of voltage dependence and

help guide the design of future materials for MLCCs with
improved performance.
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