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Overrated energy storage performances of
dielectrics seriously affected by fringing
effect and parasitic capacitance

Song Ding1,3, Jiangheng Jia1,3, Bo Xu1,3, Zhizhan Dai1, Yiwei Wang1,
Shengchun Shen 1 , Yuewei Yin 1 & Xiaoguang Li 1,2

Dielectric capacitors are vital for modern power and electronic systems, and
accurate assessment of their dielectric properties is paramount. However, in
many prevailing reports, the fringing effect near electrodes and parasitic
capacitance in the test circuit were often neglected, leading to overrated
dielectric performances. Here, the serious impacts of the fringing effect and
parasitic capacitance are investigated both experimentally and theoretically
on different dielectrics including Al2O3, SrTiO3, etc. The deviations are more
critical for the measurements of capacitors using asymmetric electrodes with
different areas and for dielectrics with a lower dielectric constant, and differ-
ences tested in silicone oil and air environments should be noticed. A method
to calibrate the parasitic capacitance of the test circuit is also raised for
ensuring the accuracy of measured dielectric performances. Enlarging the
electrode diameter and/or thinning the sample can reduce the above devia-
tions, and thus a general standard of setting capacitor configurations is pro-
posed for the measurement validity. Our study clearly demonstrates that it is
necessary tomitigate the fringing effect and subtract the parasitic capacitance
to solve the problem on overrated dielectric performances, which is very
important for the development of the dielectric research in a healthy and
orderly way.

Dielectric materials based on ceramics or polymers are insulators
that can be polarized by an electric field1–3. This capability is essential
for capacitors with broad applications, ranging from consumer
electronics to renewable energy systems and electric vehicles4,5. In
the quest to improve energy density of capacitors, research over the
past two decades has focused on enhancing the dielectric properties
of various materials including linear dielectrics, ferroelectrics,
relaxor ferroelectric, and antiferroelectric materials, etc6–10. Unfor-
tunately, in some publications, the claimed advance may be related
to factitious factors, and their validity is questionable. For example, it
is well known that the breakdown field of a capacitor is inversely

related to the electrode area, as shown in Fig. 1a, b7,11. This is often
contributed to the less defects coveredby a smaller electrode. In fact,
a small number of free carriers in a smaller electrode flowing through
the weak point will also reduce the possibility of breakdown.
Recently, small electrodes have often been used for investigating
energy storage performances, and the breakdown field and the cor-
responding energy density show unpractical high values (see Fig. 1c,
d)12,13. More seriously, unsuitable experiment setup can even lead to
incorrect evaluation of dielectric constant, one of the most impor-
tant figure-of-merit, which can significantly affect the energy storage
density of capacitors.
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A parallel-plate capacitor configuration with the dielectric mate-
rial sandwiched by top and bottom conducting electrodes is typically
fabricated for the measurement of the dielectric properties (see Sup-
plementary Fig. S1). The capacitance (C) is tested to calculate the
dielectric constant (εr) based on the following equation for ideal
parallel-plate capacitors:

C =
ε0εrA

t
, ð1Þ

where ε0 is the vacuumpermittivity,A is the area of the electrode, and t
is the thickness of the dielectric sample. One of the significant chal-
lenges in accurately measuring dielectric properties is the impact of
fringing effect14,15, which can result in a bigger measured capacitance
than the expected value for a given electrode area and thus over-
estimate themeasured dielectric constant. This is because the fringing
electric field will stray from the edge of the electrode to the sur-
rounding atmosphere and the dielectric outside the electrode cover-
age area, and thus lead to an effectively larger area than actual
electrode area. This issue is particularly pronounced in configurations
where the ratio of electrode diameter (d) to sample thickness (t) is
small16. However, in the hot research field of dielectric materials, this
effect has received little prior attention, and many publications
reported their “exciting” values of dielectric constant and energy
density which are actually overrated17–21.

Another critical issue in dielectric measurements is the presence
of parasitic capacitance from equipment and test circuits. When the
measured sample has low capacitance, parasitic capacitance in parallel
with the sample can even lead to more significant measurement
deviation than the fringing effect. The parasitic capacitance should be
different for different equipment, and it is especially significant for
ferroelectric testers which are widely used for evaluating capacitive

energy density and charge-discharge efficiency based on the mea-
surement of electric displacement versus electric field. An overlook of
parasitic capacitance will cause an overestimation of the dielectric
constant and capacitive energy density. For example, in a report on the
polyimide-poly(amic acid) copolymer-based composite film which is a
linear dielectric, the dielectric constant from electric displacement-
electric field (D-E) tested by a ferroelectric tester is ~63% larger than
that tested by an impedance analyzer with a very small parasitic
capacitance (see Supplementary Fig. S2)22. Understanding and miti-
gating fringing effect and parasitic capacitance are crucial for accurate
dielectric characterization and the development of dielectric
materials.

In this work, an in-depth exploration into the impacts of the
fringing effect and parasitic capacitance on dielectric measurements
was conducted by varying the capacitor configurations, the sample or
surrounding dielectric constant, and the asymmetry degree of top and
bottom electrode areas. General rules to minimize the fringing and
parasitic capacitance effects were proposed. These insights are valu-
able not only for the accurate measurement of dielectric properties
but also for the design and development of advanced dielectric
materials with validated energy storage capabilities.

Results and discussion
Fringing effect in dielectric measurements
The ratio of the electrodediameter (d) against the sample thickness (t),
d/t, can be regarded as a suitable parameter for scaling the geometric
characteristics of the tested sample. The capacitances of SrTiO3, Al2O3,

and biaxially oriented polypropylene (BOPP) with different d/t ratios
weremeasured by an impedance analyzer, and the dielectric constants
were calculated according to Eq. (1). Figure 2a–c shows the frequency
dependences of the measured (or apparent) dielectric constants
(εr,exp) of SrTiO3

23–25, Al2O3
26,27, and BOPP28 samples with various d/t
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Fig. 1 | Breakdown strength and energy density of samples with different
electrode diameters. Breakdown strength as a function of electrode diameter for
a the pristine polyetherimide (PEI), PEI/ITIC, and PEI/boron nitride nanosheets
(BNNS) films11 and b the PEI and PEI-0.2 wt% phosphotungstic acid subnanosheets
(PWNS) films7 measured at 200 °C. c Recoverable energy density with associated
efficiency under 2MVm−1 at room temperature (RT) for ferroelectric BaTiO3

ceramics with various d/t13. d and t refer to the electrode diameter and sample
thickness, respectively. d Energy storage performance of 1.0wt% calcium nioba-
te@metal-organic framework/polyimide (CNO@MOF/PI) with different electrode
diameters at 150 °C12. Images and corresponding data are adapted from ref. 7,11–13
with permission.
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ratios. The dielectric constant spectra of these samples show excellent
frequency stability. As summarized in Fig. 2d–f, with increasing the
ratio of d/t, all samples exhibit a decreasing trend in εr,exp at 1 kHz.
Taking Al2O3 as an example, as d/t increases from 3 to 24, εr,exp
decreases from 13.4 to 10.1, as shown in Fig. 2e. The ratio of εr,exp/εr,0
can be used to evaluate the deviation of tested results from the
intrinsic dielectric constant of εr,0, and a value of εr,exp/εr,0 closer to 1
indicates a smaller deviation. Here, εr,0 is 330, 9.5, and 2.25 for SrTiO3,
Al2O3, and BOPP, respectively. In the range of d/t from3 to 24, the ratio
of εr,exp/εr,0 is consistently greater than 1, demonstrating the over-
estimation of dielectric constant. Moreover, with increasing d/t ratio,
the value of εr,exp/εr,0 decreases gradually from 1.41 to 1.06. Similar
trend is also obtained for SrTiO3 and BOPP samples, as shown in
Fig. 2d, f, respectively. This indicates that the overestimation of the
dielectric constant can be mitigated by increasing d/t ratio.

Furthermore, asymmetric top and bottom electrodes with dif-
ferent diameters (suppose dtop < dbot, see Supplementary Fig. S1b)
were frequently employed in dielectric measurements29,30. In this
configuration, dtop (<dbot) is the electrode diameter (d) for calculating
dielectric constant from measured capacitance. Figure 3a shows the
measured dielectric constant of Al2O3 samples with dtop = 3mm and
dbot from 3 to 8mm. For dtop/t = 12 (dtop = 3mm, t = 0.25mm), εr,exp
rises from 11.4 to 13.5 with increasing dbot from 3 to 8mm, and the
εr,exp/εr,0 ratio increases from 1.20 to 1.42, as shown in Fig. 3b. This
phenomenon can be dilated for a smaller dtop/t ratio of 3 with asym-
metric electrodes. It implies that samples with asymmetrical electro-
des exhibit greater deviations in tested dielectric constant compared
to samples with symmetrical electrodes.

Beside testing capacitors in air, samples are often immersed in
highly insulating silicone oil for dielectric measurements under high
electric fields. Figure 3c displays the frequency dependent dielectric
constant of Al2O3 ceramic measured in silicone oil. As the d/t ratio
increases from 3 to 32, the value of εr,exp decreases from 14.9 to 10.6,
and the εr,exp/εr,0 ratio decreases from 1.56 to 1.16, showing larger
deviations than those measured in air, as depicted in Fig. 3d. This
suggests that conducting dielectric measurements in silicone oil can
exacerbate overestimations of the dielectric constant and capacitive

energy density. Using large electrode diameter and/or reducing sam-
ple thickness to increase d/t ratio are critically important to diminish
the errors.

FEM simulations on the fringing effect
To reveal the underlyingmechanismof fringing effect on the dielectric
measurements, finite element method (FEM) simulations were carried
out. Figure 4a, b displays the electric field distributions on the surface
and cross-section, respectively, for Al2O3 samples with symmetric
electrodes in air. The electric field is relatively uniform within the
sample area covered by the electrode, but it becomes highly con-
centrated at the edge of electrode. This higher local electric field can
increase the electric displacement, resulting in a bigger apparent
capacitance. More importantly, fringing electric fields are also present
in the sample outside the electrode coverage area as well as in the air
surroundings, which will result in an effectively larger area and
increase the measured capacitance. As shown in Fig. 4c, the electric
field in the region covered by the electrode in the center of the sample
(L2) is almost unchanged around the given electric field of 5MVm−1,
while a significant peak appears at the edge of the electrodes on the
sample surface (L1). The electric field in the area not covered by the
electrode decays with increasing horizontal distance from the edge of
the electrode, and even in the air surroundings, low fringing electric
fields still exist. These fringing electric fieldswill contribute to the total
electrostatic energy and total capacitance of the system, and the
proportion of its contribution to the total capacitance decreases with
increasing d/t. The equivalent dielectric constant εr, FEM can be calcu-
lated by Eqs. 2–4 discussed in the method section. As summarized in
Fig. 4d, when the d/t ratio increases from 2 to 40, the εr,FEM/εr,0 ratio
decreases from 1.62 to 1.04, which is in good agreement with experi-
mental values. Consistent with the tendency obtained in experiments,
using a larger electrode diameter or reducing sample thickness helps
to achieve a more accurate dielectric constant. It is worth mentioning
that sufficient surrounding sphere diameter and distance between the
electrode and sample edge are utilized in FEM simulations, so that the
simulated results will almost not be affected by the variations of these
two factors, as shown in Supplementary Figs. S3 and S4.
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Fig. 2 | Measured dielectric constants for samples with different d/t ratios.
Dielectric spectra, measured dielectric constants (εr,exp) at 1 kHz and the ratios of
εr,exp/εr,0 for (a, d) SrTiO3, (b, e) Al2O3 and (c, f) BOPPwith different d/t ratios. Here,

the intrinsic dielectric constants εr,0 are 330 for SrTiO3, 9.5 for Al2O3, and 2.25 for
BOPP, respectively. Error bars represent the standard deviations.

Article https://doi.org/10.1038/s41467-025-55855-5

Nature Communications |          (2025) 16:608 3

www.nature.com/naturecommunications


0 510

10

100

102
L1, d/t=6
L2, d/t=6
L2, d/t=12
L2, d/t=32

El
ec

tri
c

Fi
e l

d
(M

V
m

-1
)

x-direction (mm)
2 5 10 2010

1.0

1.2

1.4

1.6

Simulated
Experimental

d/t

r ,F
E M

/
r,0

1.0

1.2

1.4

1.6

r,e
xp

/
r,0

Al2O3 in air

10

10

100

102
Electric Field (MV m-1)b

dc

a

d

t

Electrode

Fringing field

Sample

d/t = 3

d/t = 6

d/t = 12

L1

L2 x
0

Fig. 4 | FEM simulations on Al2O3 capacitors with different d/t ratios. a Electric
field distribution on the surface of Al2O3 sample. b Electric field distribution on
cross-section of Al2O3 with different d/t ratios in air. Dashed lines represent the
edge position of the electrode. c Electric field distributions along the L1 and L2 in x-
direction across the surface and center of the cross-section of Al2O3 in air,

respectively. Light red, gray, and blue areas refer to the sample under electrode
coverage, the sample outside electrode converge and surroundings, respectively.
d Comparison between the εr,FEM/εr,0 (line) and εr,exp/εr,0 (dots) ratios of Al2O3

capacitors with various d/t ratios. Error bars represent the standard deviations.

103 104 105 106
11

12

13

14

r,e
xp

Frequency (Hz)

Al2O3 in air, t = 0.25 mm

dtop = 3 mm, dbot = 3 mm

dtop = 3 mm, dbot = 4 mm

dtop = 3 mm, dbot = 6 mm

dtop = 3 mm, dbot = 8 mm

4 6 8
10

12

14

16

18

20 dtop/t = 3
dtop/t = 12

dbot (mm)

r,e
xp

1.0

1.5

2.0

2.5

r,e
xp

/
r,0

Al2O3 in air, dtop = 3 mm

5 10 2010

10

12

14

16
Al2O3 in silicone oil
Al2O3 in air

d/t
r,e

xp

1.0

1.2

1.4

1.6

1.8

r,e
xp

/
r,0

103 104 105 106
10

12

14

16

r,e
xp

Frequency (Hz)

Al2O3 in silicone oil
d/t = 3

d/t = 4

d/t = 6
d/t = 12
d/t = 16

d/t = 32

a b

c d

Fig. 3 | Measured dielectric constants for Al2O3 samples with asymmetric
electrodes in air and in silicone oil. a Dielectric spectra of Al2O3 samples with a
fixed top electrode diameter (dtop) of 3mm and various bottom electrode dia-
meters (dbot) from 3 to 8mm. b Comparison of εr,exp for Al2O3 samples with

asymmetric and symmetric electrodes at different d/t ratios. cDielectric spectra of
Al2O3 samples in silicone oil with various d/t ratios.dComparison of εr,exp for Al2O3

samples with different d/t ratios in air and silicone oil. Error bars represent the
standard deviations.

Article https://doi.org/10.1038/s41467-025-55855-5

Nature Communications |          (2025) 16:608 4

www.nature.com/naturecommunications


The deviation in dielectric measurements is also closely linked to
the dielectric constant of samples. Figure 5a illustrates the electric field
distribution along the x-direction across the center of the cross-section
along the x-direction with d/t = 6 for the dielectrics with different
permittivities. As the permittivity decreases from 1000 to 1, there is a
significant enhancement in the electricfieldwithin samples beyond the
electrode coverage area (gray area in Fig. 5a), leading to an increase of
the εr,FEM/εr,0 ratio from 1.16 to 1.50, as shown in Fig. 5b. This implies
that the measurement deviation induced by fringing effect will be
more prominent in samples with low dielectric constants.

To further explore the impact of asymmetrical electrode dia-
meters on dielectric measurements, FEM simulation was carried out.
As shown in Fig. 5c, when the top electrode diameter (dtop) is fixed at
3mm, increasing the bottomelectrode diameter (dbot) from 3 to 6mm
results in a significant increase in the fringing field. When dtop/t = 6,
with the dbot rising from 3 to 6mm, the value of εr,FEM/εr,0 increases
from 1.19 to 1.38, see Fig. 5d. The enhanced asymmetry raises the

fringing electric field effect, which will lead to a higher measured
dielectric constant.

Figure 5e illustrates FEM simulated electricfield distributions for a
dielectric tested in surroundings with different dielectric constants
(εr,surr). One can see that the electric field outside the electrode cov-
erage area in Al2O3 (d/t = 6) increases slightly with the rise of sur-
rounding dielectric constant, while that in the surroundings remains
almost unchanged. With increasing the surrounding dielectric con-
stant from 1 to 3, the εr,FEM/εr,0 ratio increases from 1.20 to 1.27, as
shown in Fig. 5f. This indicates that conducting dielectric measure-
ments in silicone oil (dielectric constant of ~2.88) rather than air will
result in a highermeasured dielectric constant. Furthermore, as shown
in Fig. 5b, d, f, increasing the d/t ratio is beneficial for reducing the
measurement deviation.

It is necessary to lay down a standard of suitable d/t for limiting
deviations of dielectric constant within 5%, i.e., with εr,FEM/εr,0 ratio
smaller than 1.05. In Fig. 6, fringing effect induced deviations for
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samples with varying dielectric constant under both symmetric and
asymmetric electrode configurations in air and silicone oil are
simulated. For Al2O3 samples with symmetric electrodes, a d/t > 28
can reduce the measuring deviation to be <5%, as shown in Fig. 6a.
For example, for Al2O3 samples with a thickness of 0.2mm, the
electrode diameter must exceed 5.6mm for <5% deviation control.
When testing with asymmetrical electrodes in silicone oil, a much
bigger d/t > 83 is required to reduce the measuring deviation to be
<5% (see Fig. 6d). Furthermore, for samples with lower dielectric
constants like those found in many polymer dielectrics such as BOPP
(εr,0 ~2.25)25, cyclic olefin copolymer (εr,0 ~2.4)31, and polyimide
(εr,0 ~3.0)25, larger d/t values are necessary to ensure the desired
measurement validity.

Fringing effect and parasitic capacitance in dielectric energy
storage
In addition to the fringing effect, the parasitic capacitance coming
from the equipment and circuits cannot be ignored. For an impedance
analyzer after careful fixture compensation following the instrument
instructions, the effect of parasitic capacitance is negligible.While for a
ferroelectric analyzer which is widely used for D-E measurements for
calculation of energy storage density and charge-discharge efficiency,
the parasitic capacitance can be calibrated by standard capacitors, and
a ferroelectric analyzer generallyhas aparasitic capacitanceof 2–40 pF
that depends on the test circuit setup (see Supplementary
Figs. S5 and S6). This parasitic capacitance is in parallel with the sample
capacitance, and thus serious overestimations of measured capaci-
tance and energy density will be observed.

Figure 7a, b illustrates the experimental D-E curves of a linear
dielectric Al2O3 in silicone oil before and after subtracting the parasitic
capacitance (~2 pF as calibrated in our testing circumstance). Al2O3

samples with different capacitances by changing d and/or t were used
for testing D-E curves. After subtracting the parasitic capacitance, the
electric displacement under the same electric field is significantly
reduced towards its actual value. Suppose the capacitance is even
smaller than the parasitic capacitance. In that case, the measured
electric displacement will be irrationally higher than the actual value
due to the influenceof parasitic capacitance, and thus is awrong result.
As summarized in Fig. 7c, for an Al2O3 sample (d ~3mm, t ~1mm) with
capacitance ~0.86pF (tested by an impedance analyzer) even smaller
than the parasitic capacitance (~2 pF) of the measurement system of
ferroelectric tester, the energy density calculated from D-E curves
reaches up to ~7.3mJ cm−3 before subtracting theparasitic capacitance,
which leads to an unbelievable overrated energy density ~560% higher
than the intrinsic value of ~1.1mJ cm−3 (Ue,0 = 0.5ε0εr,0E2, where Ue,0

refers the intrinsic value, as shown in Supplementary Fig. S7). After
subtracting parasitic capacitance, the calculated energy density of
3.8mJ cm−3 is still much larger than the intrinsic value of 1.1mJ cm−3

owing to the fringing effect. When the Al2O3 sample (d ~6mm,
t ~0.25mm) capacitance testedby impedance analyzer reaches 10.4 pF,
the energy density before and after subtracting the parasitic capaci-
tance are 1.4mJ cm−3 and 1.2mJ cm−3, respectively. This is because the
contribution of parasitic capacitance to the total decreases with
increasing the dielectric capacitance.

Besides the linear dielectrics discussed above, relaxor ferro-
electrics as nonlinear dielectrics have been extensively studied as
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capacitive energy storage materials because of their high dielectric
constant and slim D-E curves. Similar to the linear dielectrics, a larger
d/t is necessary to obtain more accurate dielectric constant for a
typical relaxor ferroelectric P(VDF-TrFE-CTFE), as shown in Supple-
mentary Figs. S8–S12. For P(VDF-TrFE-CTFE) with d/t ranging from 27
to 73, the difference between the energy densities before and after
subtracting parasitic capacitance is relatively small, as shown in
Fig. 7d–f. This is due to that the capacitance of P(VDF-TrFE-CTFE)
sample (~22–146 pF, tested by an impedance analyzer) is much higher
than that of parasitic capacitance.

These findings clearly indicate that for samples with a small d/t
ratio or a low capacitance, the parasitic capacitance can lead to addi-
tional measurement deviations even beyond the fringing effect.
Hence, during dielectric testing, the following two aspects are prior-
itized: (i) the measured sample should have high enough capacitance
for conducting D-E curve tests, and (ii) calibrating the parasitic capa-
citance in advance is always necessary. In addition, it is worth men-
tioning that a poorly designed experimental setup could also
overmeasure the charge-discharge efficiency, even >100%, and con-
tradicting the laws of physics, as observed in certain Sawyer-Tower
circuit measurements.

In summary, both experimental results and FEM simulations
reveal that themeasured dielectric constant increases with decreasing
d/t ratios. The electric field distribution analysis confirms that the
fringing electric fields outside the electrode area contribute to the
measured capacitance. The measurement deviations are more pro-
nounced in dielectrics with lower permittivities, by using asymmetric
electrodes with different areas, or testing in silicone oil rather than in
air. Furthermore, the parasitic effect frommeasuring system shouldbe
carefully subtracted. A general standard of selecting d/t ratio and a
method of calibrating parastic capacitance were raised for achieving
validated dielectric performance, which is important for the develop-
ment of research on capacitive energy storage of not only linear
dielectrics but also (relaxor) ferroelectrics as well as antiferroelectric
materials.

Methods
Materials and preparation
BOPP, Al2O3, SrTiO3, and P(VDF-TrFE-CTFE) were studied due to their
contrasting dielectric constants. BOPP films with a thickness of 7.8 µm
were provided by Anhui Tongfeng Electronics. Al2O3 ceramic sheets
and SrTiO3 single crystal sheets were purchased from Jingwei Special
Ceramics Co., LTD and Hefei Kejing Material Technology Co., LTD,
respectively. The thickness of Al2O3 sheets ranges from0.25 to 1.0mm,
and thatof SrTiO3 sheets ranges from0.1 to 0.5mm. P(VDF-TrFE-CTFE)
powders were purchased from Arkema, and corresponding films
(thickness of ~110 µm) were prepared through solution casting. The
P(VDF-TrFE-CTFE) films were annealed at 110 °C to enhance its relaxor
ferroelectricity. Circular Au electrodes with different diameters of
3–8mm were deposited on two sides of the specimen for electrical
characterizations.

Characterization
The dielectric spectra were tested by a precision impedance analyzer
(Agilent 4294A LCR meter) under an AC voltage of 0.5 V. Electric
displacement-electric field curves were measured using a Radiant
Technologies Precision Premier II equipped with a TREKMODEL 609B
high-voltage amplifier. The voltage waveform for the electric
displacement-electric field measurements was a triangular unipolar
pulse with a period of 10ms.

Finite element method simulation
The FEM simulation was carried out using Comsol Multiphysics soft-
ware. A 3D capacitor model based on a cylindrical dielectric with thin
circular disk electrodes attached to its top and bottom surfaces was
established to simulate the measured samples (see Supplementary
Fig. S1). d and t refer to the diameter of disk electrode and the thick-
ness of dielectric sample, respectively. In the FEM simulations, the
surrounding sphere diameter was set to 40mm, and the sample dia-
meter was set to 10mm. The distance between the electrode and the
edge of the sample is maintained at 1mm or more, which is
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significantly greater than the thickness of the sample. The tetrahedral
elements with edge lengths of 20 μm were used to mesh the FEM
models, ensuring a sufficient simulation accuracy.

The equivalent capacitance of the 3D model can be calculated
from the global electrostatic energy UFEM using:

UFEM =
1
2

Z
ε0 � εr x, y, zð Þ � E x, y, zð Þ2dxdydz, ð2Þ

where ε0 is the vacuumpermittivity, and εr (x, y, z) and E (x, y, z) are the
relative dielectric constant and the electric field locating at (x, y, z) in
the model, respectively32. For an isotropic linear dielectric, εr can be
considered as a scalar independent of the electric field. The equivalent
capacitance CFEM was calculated by:

CFEM =
2UFEM

V2 , ð3Þ

where V is the applied voltage between the top and bottom electrodes
to set a given electric field (V/t) of 5MVm−1. The equivalent dielectric
constant εr,FEM can be calculated by:

εr, FEM =
4CFEM � t
ε0 � πd2 ð4Þ

Data availability
All the data supporting the findings of this study are provided within
the article and the Supplementary Information file. Source data are
provided with this paper.
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