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The effect of introducing a multilayer microstructure on the dielectric properties of polymer
materials is evaluated in 32- and 256-layer films with alternating polycarbonate (PC) and
polyvinylidene-hexafluoropropylene (coPVDF) layers. The permittivity, dielectric loss, dielectric
strength, and energy density were measured as a function of the relative PC/coPVDF volume
concentrations. The permittivity follows an effective medium model while the dielectric strength
was typically higher than that predicted by a volume fraction based weighted average of the
components. Energy densities as high as ~14 J/cm?, about 60% greater than that of the component
polymers, are measured for 50% PC/50% coPVDF films. © 2008 American Institute of Physics.

[DOI: 10.1063/1.2897029]

There is a compelling motivation to develop high energy
density dielectric materials that can reduce the size, weight,
and cost of electronic devices and electrical power systems.
Polymer films are widely used as the active dielectric me-
dium in capacitors, for example, because they can exhibit
high dielectric strength, low dielectric loss, high energy den-
sities, fast speed, and high reliability.*

In energy storage capacitors, the maximum energy stor-
age density (Uy) is related to the permittivity (g,) and the
dielectric strength (Eg)

Uq = 3208,E5, (1)

where g, is the vacuum  permittivity (8.85
X 1072 C2J 1 m™). Eg is the maximum applied electric
field that a material can withstand prior to breakdown. In
current capacitor materials, the Uy is limited by a low
permittivity.z'3 In higher permittivity polymers, Uq is usually
constrained by a low Eg.

In the present paper we describe a material structure that
can enhance the dielectric strength and, hence, the energy
storage ability of high permittivity capacitor materials. The
structure comprises thin alternating layers of two polymers,
one with high &, and one with high Eg. The layered materials
are readily fabricated by forced assembly techniques.*®

The motivation for a multilayered structure is to take
advantage of the barrier effect.™ It is well known that intro-
ducing a component that presents a barrier to the propagation
of the electrical breakdown channel can increase the dielec-
tric strength of the material.’® A multilayered polymer mate-
rial provides many barriers to the propagation of a break-
down through the film.

The high &, material used herein is Solef 21508
(e,=10-15)," a copolymer of polyvinylidenefluoride and
hexafluoropropylene [-(CH,—CF,)g5—(CFCF;CF,)q5], re-
ferred to as coPVDF. The barrier layers are polycarbonate
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(PC), a high dielectric strength (Eg>600 kV/mm), low per-
mittivity (e, ~3) polymer.

Samples with 32 and 256 alternating PC and coPVDF
layers were prepared using multilayer coextrusion.***™4
Films with component volume concentrations (relative layer
thickness) of 10% PC/90% coPVDF, 30% PC/70% coPVDF,
50% PC/50% coPVDF, 70% PC/30% coPVDF, and 90% PC/
10% coPVDF were prepared. The overall thickness of each
film was ~0.5 mil (12.7 um). Pure PC and coPVDF con-
trols were also prepared.

The layer structure of the films is shown in Fig. 1. These
images were obtained by focused ion beam (FIB) milling

FIG. 1. (Color online) SEM images of layered films prepared by FIB: (a)
90% PC/10% coPVDF, (b) 30% PC/70% coPVDF, (c) 50% PC/50%
coPVDF, (d) 70% PC/30% coPVDF, and (e) 10% PC/90% coPVDF. White
arrows denote a distance of 5 um.

© 2008 American Institute of Physics
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FIG. 2. Permittivity of 32-layer films as a function of volume concentration,
measured at 100 Hz (circles), 1 kHz (squares), 10 kHz (diamonds), and
100 kHz (triangles). Solid lines represent permittivity calculated with
Eg. (2).

followed by scanning electron microscopy (SEM). The con-
trast in the SEM images is due to the lower electron density
of PC compared to PVDF.*>'® The brighter layers are PVDF
and the darker ones are PC. There are some variations in the
individual layer thicknesses; however, the concentration over
the entire sample was within about +1% of that reported.

The capacitance, dielectric loss, and stored energy den-
sity were measured on films featuring Au electrodes. The
circular electrodes (50—-100 nm thick, 6.2 mm in diameter)
were sputtered onto both sides of the films through a shadow
mask, under Ar plasma using a Bal-Tec SCDO005 sputter
coater. The capacitance and dielectric loss were measured at
100 Hz, 1 kHz, 10 kHz, and 100 kHz using a Protek 29216
LCR. The low field permittivity e, was determined from
g;=C.d/(g;A), where c, is the measured capacitance, d is
the thickness of the film, g, is the vacuum dielectric permit-
tivity, and A is the area of the device.

The permittivity of 32-layer films as a function of poly-
mer volume composition is shown in Fig. 2. The observed
permittivity of the PC and coPVDF control films at 100 Hz
are in good agreement with reported values.™ The permittiv-
ity of the layered films increases with the volume concentra-
tion of PVDF. The relationship between the permittivity and
the relative layer thickness (volume fraction) fit a layered
effective medium or capacitors in series’’ model given by

l.a, e @)

& & &p
where ¢, and &, are the volume fraction and permittivity of
component one and ¢, and ¢, are the volume fraction and
permittivity of component two, respectively. The observed
permittivity for both the 32- and 256-layer films was within
3% of that predicted by Eq. (2) at all frequencies measured.

The dielectric loss, expressed as the imaginary part of
the dielectric constant, was also consistent with the effective
medium model. For both the 32- and 256-layer films, the
measured tan & is within 10% of the values predicted from
Eqg. (2) for all frequencies.

The dielectric strength (Eg) was determined under quasi-
homogeneous field conditions using a sphere-plane geom-
etry. Polymer films (1 X 1 in.?) were placed on an aluminum
ground plane (diameter=3/4 in.) and a spherical copper
electrode (diameter=2 in.) was used to make contact to the
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FIG. 3. Average dielectric strength (Eg) of 32-layer (solid circles) and 256-
layer (open circles) PC/coPVDF films as a function of volume concentra-
tion. The solid line represents the expected Eg based on a weighted average.

top surface of the film. The films were submersed in Fluori-
nert FC-40 to prevent arcing and surface discharge. The volt-
age source was a Quadtech Guardian 12 kV Hi Pot tester
with a ramp rate of 500 V/s. 35-50 samples were tested at
each volume concentration. The measured Eg of the layered
polymers is shown in Fig. 3. The observed breakdown field
for multilayered films is as much as 20% greater than the
weighted average of the component concentrations. The
highest breakdown field for the 32-layer samples (nearly
800 kV/mm) is observed for 90% PC/10% coPVDF films.

The increase in Eg in the layered films implies an en-
hanced energy storage density according to Eq. (1). The pro-
jected energy density calculated using the measured &, (v
=100 H,) and Eg is shown in Fig. 4 for 256-layer films. The
highest projected energy density is Uy~ 17 J/cm?® for 10%
PC/90% coPVDF films.

The experimental Uy of sample capacitor films featuring
Au electrodes was measured with a charge/discharge
circuit.*® The films were placed on a brass ground plane and
charged for approximately 0.5 s with an IDI spring contact
probe connected to a Trek 610D power supply. The dis-
charged current was measured with an Agilent 54622A oscil-
loscope. Eight samples (submersed in Fluorinert FC-40)
were measured for each volume concentration. The average
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FIG. 4. Maximum projected (filled circles) and measured (open circles)
energy density of 256-layer PC/coPVDF films as a function of volume con-
centration. The projected value for the coPVDF control film was determined
from data reported in Ref. 13.
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measured U, for 256-layer films is compared to the projected
Ug in Fig. 4. There is a good agreement for films ranging
in volume concentration from pure PC to 50% PC/50%
coPVDF. The highest measured energy density, Uy
~14 J/cmd, for the 50/50 layered material is ~60% greater
than that measured for pure coPVDF and nearly double that
of pure PC. The 32-layered films showed comparable results
for high PC concentrations but much lower Uy at high PVDF
concentrations.

The measured Uy of films containing >50 vol %
coPVDF were lower than that projected primarily because
the breakdown field in films with electrodes was lower than
that measured in the sphere-plane geometry. In these
samples, a delamination of the gold electrodes was observed.
Electromechanical deformations in coPVDF (Ref. 11) may
degrade the electrode/polymer interface and lead to prema-
ture breakdown. Also, a polarization hysteresis reported in
coPVDF (Ref. 19) may reduce the extractable Uy.

In summary, we have demonstrated that multilayering a
high permittivity polymer (coPVDF) with a high dielectric
strength polymer (PC) is an effective strategy to increase the
extractable energy density relative to the component poly-
mers. The dielectric strength increases in the layered materi-
als while the permittivity, which fits an effective medium
model, remains relatively large. Energy densities as high as
Ug~ 14 J/cm® or ~60% higher than that of either compo-
nent were measured. Even higher energy densities, as much
as double that of the component polymers, are implied by the
measured permittivity and breakdown field.

It is reasonable that the improvement in dielectric
strength results from the barrier effect of the layers. The
forced assembly fabrication technique provides an ability to
control the number and thickness of the barriers. It is likely
that the layer structure can be optimized to further enhance

Appl. Phys. Lett. 92, 113301 (2008)

the breakdown field and stored energy density.
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search.

!p, Jain and E. J. Rymaszewski, Thin Film Capacitors for Packaged Elec-
tronics (Kluwer, Norwell, MA, 2003).

M. Rabuffi and G. Picci, IEEE Trans. Plasma Sci. 30, 1939 (2002).
*Combat Hybrid Power System Component Technology: Technical Chal-
lenges and Research Priorities (National Academics, Washington, DC,
2002), pp. 47-56.

R.Y. F. Liu, Y. Jin, A. Hiltner, and E. Baer, Macromol. Rapid Commun.
24, 943 (2003).

°R. Y. F. Liu, A. P. Ranade, H. P. Wang, T. E. Bernal-Lara, A. Hiltner, and
E. Baer, Macromolecules 38, 10721 (2005).

D. P, Agoris, . Vitellas, O. S. Gefle, S. M. Lebedev, and Y. P. Pokholkov,
J. Phys. D 34, 3485 (2001).

"R. Vogelsang, T. Farr, and K. Frohlich, IEEE Trans. Dielectr. Electr. Insul.
13, 373 (2006).

80. S. Gefle, S. M. Lebedev, Y. P. Pokholkov, E. Gockenbach, and H.
Borsi, J. Phys. D 37, 2318 (2004).

°S. M. Lebedev, O. S. Gefle, and Y. P. Pokholkov, IEEE Trans. Dielectr.
Electr. Insul. 12, 537 (2005).

0 Flandin, L. Vouyovitch, A. Beroual, J. L. Bessede, and N. D. Alberolal,
J. Phys. D 38, 144 (2005).

M. Wegener, W. Kunstler, K. Richter, and R. Gerhard-Multhaupt, J. Appl.
Phys. 92, 7442 (2002).

125, Nazarenko, M. Dennison, T. Schuman, E. V. Stepanov, A. Hiltner, and
E. Baer, J. Appl. Polym. Sci. 73, 2877 (1999).

3T, Ebeling, A. Hiltner, and E. Baer, J. Appl. Polym. Sci. 68, 793 (1998).

14T, Schuman, S. Nazarenko, E. V. Stepanov, S. N. Magonov, A. Hiltner,
and E. Baer, Polymer 40, 7373 (1999).

54, seiler, J. Appl. Phys. 54, R1 (1983).

183, Jesse, M. A. Guillorn, 1. N. Ivanov, A. A. Puretzky, J. Y. Howe, P. F.
Britt, and D. B. Geohegan, Appl. Phys. Lett. 89, 013114 (2006).

D, J. Bergman, Phys. Rep. 43, 377 (1978).

88, Chu, X. Zhou, K. Ren, B. Neese, M. Lin, Q. Wang, F. Bauer, and Q. M.
Zhang, Science 313, 334 (2006).

%% He, K. Yao, and B. K. Gan, J. Appl. Phys. 97, 084101 (2005).

Downloaded 14 Apr 2008 to 129.22.153.126. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1109/TPS.2002.805318
http://dx.doi.org/10.1088/0022-3727/34/24/310
http://dx.doi.org/10.1088/0022-3727/38/1/023
http://dx.doi.org/10.1063/1.1524313
http://dx.doi.org/10.1063/1.1524313
http://dx.doi.org/10.1063/1.332840
http://dx.doi.org/10.1063/1.2220058
http://dx.doi.org/10.1126/science.1127798
http://dx.doi.org/10.1063/1.1862323

