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主要性能
1. 测试电压: 10 kV (由所选高压开关决定)
2. 样品电容: < 100 pF to > 100 µF
3. 放电最大电流: < 15 A（放电开关型号决定）
4. 放电电阻: < 1   to > 100 M 
5. 放电速度: 高压MOSFET 开关, 测试放电速度 < 1微

秒

6. 测试电流与电压的精确度由所用电源，样品大小
与放电电阻综合决定.

7. 设备选项：测试温度可以保存。

LabView控制程序: 自动模式
• 测试过程由PK CapControl LabView直接控制。

• 在程序中可以设置测试电压，电压上升速度或充
电电流, 测试次数，数据保存路径等。

• 同时控制高压电源，高压开关，以及示波器。

• 自动控制放电寿命测试，保存测试结果，并输出
一个总结文件，包括测试次数，能量密度等。

主要功能
• 本测试仪主要用于研究电容的高电压放电性能，根
据所选型号，电容样品可以在100皮法到100微法。

• 目前常规的用电滞回线设备测试高压下电容能量密
度存在一些问题: 待测样品上的电荷被放回到高压电
源，而不是一个有效有意义的负载上。
• 对电源放电时速度很慢(10‐100毫秒)，而实际上

对负载放电一般在微秒到毫秒。
• 对电源放电时待测电压线形下降, 而对负载放电

时电压是指数下降。

• 电滋回线测量过程中程序控制的实际是电源输出
电压（假设样品电压与电源电压一样），样品能
量放回到了高压电源。

• 对负载放电时如同自由落体，电压完全由样品性
能，负载（阻抗），与其中接线而定。可以选者
一个与应用相似的负载（成比例缩小）从而精确
测得一个与应用相关的能量密度。

• 一般情况下由电滞回线测得的能量密度大于电容
实际应用时能放出的能量密度，可能会误导用户。

• 本测试仪使用特殊高压开关，分别控制充放电过程。
其中放电开关速度极快，相应速度在纳秒量级。

• 使用高精度高压无感电阻作为放电负载，放出的能
量有示波器采集，并经过程序分析直接给出放电能
量密度。

• 两种操作模式: 
• 手动控制：用户手动控制充放电开关。

• 自动控制：计算机程序自动控制测试过程，并保存测
试结果。尤其适合长期充放电寿命测试。

本测试仪是根据章启明教授发表于2006年Science期刊的
一篇学术论文而开发的。“A Dielectric Polymer with High 
Electric Energy Density and Fast Discharge Speed”.  Science
313, 334 (2006) 

最近发表论文
Wang et al “Sandwich-structured polymer nanocomposites with high 
energy density and great charge–discharge efficiency at elevated 
temperatures” Proceedings of the National Academy of Sciences, 2016; 
DOI: 10.1073/pnas.1603792113 

http://www.pnas.org/content/113/36/9995.abstract
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Lifetime Test of BOPP Capacitors

Discharge Speed Test: 1 nF Ceramic Capacitor
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Given the excellent chemoselectivity of gold

for reducing nitro compounds, we explored this

system as an alternative catalytic route for the

production of cyclohexanone oxime, an important

molecule in the production of e-caprolactame.

Cyclohexanone oxime is currently obtained via

two different routes (Scheme 1A).

In these processes, hydroxylamine, which is

a toxic and unstable product, has to be used or

otherwise synthesized in situ by the Sumitomo

and ENICHEM procedure. However, the high

activity and selectivity of gold catalysts open

the possibility for an alternative process that

would involve the steps given in Scheme 1B.

This process requires a catalyst that selectively

hydrogenates 1-nitro-1-cyclohexene into cy-

clohexanone oxime. Whereas Pt and Pd pro-

duce low selectivity even at relatively low

levels of conversions, selectivity 990% is

achieved at practically 100% conversion with

the gold catalysts (Table 1).
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A Dielectric Polymer with
High Electric Energy Density and
Fast Discharge Speed
Baojin Chu,1,2 Xin Zhou,3 Kailiang Ren,3 Bret Neese,1,2 Minren Lin,2 Qing Wang,1,2

F. Bauer,4 Q. M. Zhang1,2,3*

Dielectric polymers with high dipole density have the potential to achieve very high energy
density, which is required in many modern electronics and electric systems. We demonstrate that
a very high energy density with fast discharge speed and low loss can be obtained in defect-
modified poly(vinylidene fluoride) polymers. This is achieved by combining nonpolar and polar
molecular structural changes of the polymer with the proper dielectric constants, to avoid the
electric displacement saturation at electric fields well below the breakdown field. The results
indicate that a very high dielectric constant may not be desirable to reach a very high
energy density.

D
ielectric materials are used to control and

store charges and electric energies and

play a key role in modern electronics

and electric power systems. As the requirements

grow for compact, low-cost electronic and elec-

trical power systems, as well as for very high

energy and power capacitive storage systems, the

development of high power and energy density

dielectric materials becomes a major enabling

technology (1–3). For example, high energy

density dielectric capacitors would help to re-

duce the volume, weight, and cost of the electric

power system in hybrid electric vehicles.

Among various dielectric materials, poly-

mers are presently the material of choice for

energy storage applications because of their

relatively high energy density, high electric

breakdown field (E
b
), low dielectric loss, fast

speed, low cost, and graceful failure (i.e., high

reliability) (4–6). However, dielectric polymers

that are currently used for high energy density

capacitors show low (G3) dielectric constants

(represented by K). Consequently, the high

energy density in the dielectric polymers relies

on the high E
b
(9500 MV/m). In general, the

1Materials Science and Engineering Department, 2Materials
Research Institute, Pennsylvania State University, University
Park, PA 16802, USA. 3Electrical Engineering Department,
4Institute Franco-Allemand de Recherches, 5 Rue du General
Cassagnou, 68300 Saint-Louis, France.

*To whom correspondence should be addressed. E-mail:
qxz1@psu.edu
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Fig. 1. Kinetic curves for 3-nitrostyrene hydro-
genation with (A) Au/TiO2 and (B) Au/Fe2O3

catalysts. Up to nearly 100% of conversion both
catalytic systems provide selectivity 995%, avoid-
ing the hydroxylamine accumulation problem
(reaction conditions: for Au/TiO2, 120-C, 9 bar,
and 0.23 mol % of Au; for Au/Fe2O3, 130-C, 12
bar, and 0.39 mol % of Au). Arrows indicate that
the hydrogen pressure curve is referred to the
right y axis, and the remaining curves are referred
to the left y axis.
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energy density of a dielectric material (shaded

area in Fig. 1A) is equal to the integral U
e
0

X EdD, where E is the electric field and D is the

electric displacement or charge density. There-

fore, besides a high E
b
, a high D value is

another key factor in achieving a high energy

density. Furthermore, with a proper K to avoid

the electric displacement saturation (D
sat
) at

fields well below E
b
(early polarization satu-

ration), an even higher electric energy density

can be achieved (Fig. 1B).

In high energy density dielectric polymers

that are presently used, the level of D is low.

For biaxially oriented polypropylene, which has

the highest energy density (È4 J/cm3) among

the known polymers, D is below 0.012 C/m2

under a field of 600 MV/m. Conversely, in

polymers with high dipole density, D values

higher than 0.1 C/m2 can be achieved, providing

the potential of reaching an order of magnitude

increase in the energy density (7). One such polar-

polymer system is poly(vinylidene fluoride)

(PVDF) and its copolymer with trifluoroethylene

(TrFE), which is the best known ferroelectric

polymer and has been used widely in electro-

mechanical sensors and actuators (7–10). We

show that, by combining the reversible nonpolar

and polar molecular structural changes to realize

high D with proper (or matched) K values to

avoid the early D-saturation, a very high

energy density (917 J/cm3) with fast discharge

speed (G1 ms) and low dielectric loss can be

obtained in defect-modified PVDF polymers.

A typical D-E loop for a P(VDF-TrFE) co-

polymer is shown (Fig. 2A). Owing to the high

dipole density, the polymer displays a D
sat

of

È0.1 C/m2. Alternatively, the large remnant

polarization in the normal ferroelectric PVDF

and its copolymer P(VDF-TrFE) renders a

small energy density (shaded area in Fig.

2A). Therefore, besides possessing a high D

value, a polymer should also have very small

remnant polarization (D , 0 at zero E),

allowing for a large change in D. From the

molecular point of view, in the normal ferro-

electric phase of PVDF and P(VDF-TrFE), the

polymer chains are already in the all-trans

conformation (fig. S1A), and an applied field

along the original D direction can only induce

small changes in D (curve from point A to point

B in Fig. 2A), which then lead to low energy

density (8, 9).

Recently, we demonstrated that by using de-

fect modifications, the P(VDF-TrFE) copolymer

at compositions below VDF/TrFE 70/30 mole

percent (mol %) can be converted to a ferro-

electric relaxor in which the remnant polariza-

tion is near zero and a large change in D can be

obtained (11, 12). A D-E loop for a terpolymer

of VDF-TrFE–chlorofluoroethylene (CFE)

58.3/34.2/7.5 mol % is presented in Fig. 2A

(13, 14); CFE generates random defects in

P(VDF-TrFE). Apparently, a much higher elec-

tric energy density can be achieved (upper

shaded area in Fig. 2A). Integrating the

discharge D-E curve (fig. S2) yields the electric

energy density of the terpolymer. The ter-

polymer exhibits an electric energy density

higher than 9 J/cm3 under 400 MV/m field

(Fig. 2B), which is higher than known polymers

and other dielectric capacitors (3, 4, 6).

The discharged energy density of the ter-

polymer (Fig. 2B) increases in an almost linear

fashion with E. This relationship contrasts with

that of the linear dielectric polymer, in which

the electric energy density is proportional to the

square of E: Ue 0 ½Ke0E2, where e
0
is the

vacuum permittivity (e
0
0 8.85 � 10j12 F/m).

Indeed, this is the effect of the early D-saturation

in the terpolymer; the material reaches D-

saturation at a field much lower than E
b
, which

reduces the energy density that can be stored in

a dielectric material. As a quantitative estima-

tion, we modeled the D-saturation as a reduction

of the effective dielectric constant K
eff

with the

field (i.e., Ue 0 ½Keffe0E2). The K
eff

value was

È50 at low fields and decreased with E (Fig.

2B). At 400 MV/m, the terpolymer had a K
eff

value of È13.

In this sense, a very high K at low E is not a

desirable feature for a dielectric material to

achieve a very high electric energy density.

Instead, a K that can maximize the electric

energy density (curve II in Fig. 1B) is needed,

even though that dielectric constant is lower

than that of curve I. A piecewise response in D

is used to approximate the real D-E response

(Fig. 1B). This simple analysis illustrates the

importance of a matched K to maximize the

electric energy density.

In the relaxor ferroelectric polymer, the

change in molecular conformation between the

nonpolar and polar forms at room temperature is

associated with the polar-glass transition process,

which is accompanied by a broad and high K

peak (11, 12, 15). Because the energy difference

of PVDF homopolymer between the trans-

gauche-trans-gauche¶ (TGTG¶) and all-trans

conformations is very small, this may be used

to generate a large change in D without the

penalty of a high K at low E values (16, 17). The

TGTG¶ and all-trans conformations as well as

the associated a and b phases are illustrated in

fig. S1. Recent simulations have shown that for

the single molecular chain, a TGTG¶ conforma-

tion has a lower energy value compared with the

all-trans conformation; however, in the crystal-

Fig. 1. (A) Schematic illustration of D and discharged energy density (shaded area) with E. Curve with
arrows indicates energy release as the field is reduced. (B) Schematic illustration of the effect of K (the
slope of D-E curve) on Dsat and energy density. The high K value of curve I leads to the early D-saturation
and consequently to a lower energy density compared with that of curve II, despite its lower K value.

Fig. 2. (A) D-E loops for P(VDF-TrFE) 75/25 mol% (dotted lines) and P(VDF-TrFE–CFE) 58.3/34.2/
7.5 mol% (solid lines) measured at 10 Hz. The shaded blue areas indicate the energy density. (B)
The discharged energy density measured from the D-E loops and Keff as a function of the field
amplitude. The solid curves are drawn to guide eyes.
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line phase, the interchain coupling lowers the

energy of the all-trans conformation with respect

to the TGTG¶ conformation (17). Therefore,

defects that expand the interchain lattice spacing

may lower the energy of the TGTG¶ conforma-

tion and achieve a reversible change in con-

formations between the nonpolar and polar

phases. This can also lead to a substantial

change in D in the absence of a very high value

of K at low E and the early D-saturation.

Based on these considerations, we examined

random copolymers of VDF-chlorotrifluoro-

ethylene (CTFE), in which the bulkier size of

CTFE compared with VDF may expand the

interchain space and distort the crystalline

ordering (14). As previously observed for the

PVDF homopolymer, the films prepared from

the solution cast are in the a phase, whereas,

after mechanical stretching, the films are

converted to b phase, which is the thermo-

dynamically lower energy phase for PVDF

(16, 17). In contrast, both of the films EP(VDF-
CTFE) 91/9 mol%, unstretched and uniaxially

stretched^ exhibited an x-ray pattern of mostly the
a phase (fig. S3), indicating that the small amount

of bulky CTFE stabilizes the TGTG¶ confor-

mations and the a phase. In addition, the D-E

hysteresis loop, measured from the uniaxially

stretched P(VDF-CTFE) 91/9 mol% films, also

exhibited much smaller remnant polarization as

compared with that of PVDF (Fig. 3A).

The discharged energy density from the films

of P(VDF-CTFE) 91/9 mol% was measured by

the use of the Sawyer-Tower circuit under

unipolar Es of 10 Hz (Fig. 3B) (13, 14). The

data indicate that P(VDF-CTFE) 91/9 mol%

copolymer does not show D-saturation as seen

in the terpolymers (fig. S2A). The discharged

energy density as a function of E is presented in

Fig. 3C, and the copolymer exhibited an energy

density of more than 17 J/cm3 under a field of

575 MV/m. Furthermore, the discharged energy

density increased with the square of E, which

suggests that, by improving the film quality so

that E
b
can be further raised to 9575 MV/m, a

much higher energy density can be achieved

(U
e
º E2). For instance, E

b
in the Langmuir-

Blodgett films of P(VDF-TrFE) copolymer has

been shown to be higher than 1000 MV/m (18).

For many applications to energy storage

capacitors, a fast discharge time is required

(1, 5, 6). We measured the discharge speed of

these copolymer films by using a specially

designed, high-speed capacitor discharge circuit

in which the discharged energy was measured

from a load resistor (R
L
) in series with the

polymer capacitor (fig. S4). For P(VDF-CTFE)

capacitor films of 0.16 nF (measured at low

field and 1 kHz) discharging to a 1 kilohm

load, the energy discharging time is well below

1 ms (Fig. 4). As the R
L
value changed from 1

to 100 kilohms, the discharge time increased by

a factor of 100 (fig. S5). This finding indicates

that the discharge time is controlled mainly by

the capacitance of the film and external R
L
and

that the P(VDF-CTFE) copolymer capacitor

can have very fast discharge time (G1 ms). In-
deed, the fitting to the voltage change V(t)

across the R
L
yields the time constant that is

nearly the same as that deduced from R
L
C (fig.

S6), where C is the capacitance. Furthermore,

the discharged energy density does not change

greatly whenR
L
is varied from 1 to 100 kilohms.

These results show that the P(VDF-CTFE)

copolymer capacitor possesses a low loss. Our

demonstrated approach can also be applied to

other polymers possessing high dipole density

and high D to achieve ultra-high energy density

with fast discharge time and low loss.
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Fig. 3. (A) Comparison of the D-E loops of PVDF (black curves) and P(VDF-
CTFE) 91/9 mol% (blue curves) measured at 10 Hz. P(VDF-CTFE) shows
much lower remnant polarization even though the film was uniaxially
stretched. (B) D-E loops measured under a unipolar E of 10 Hz for P(VDF-
CTFE) 91/9 mol%. The different colored curves correspond to D-E loops

measured with different field amplitudes. The conduction contribution was
subtracted. (C) The discharged energy density measured from D-E loops
under unipolar fields. Open squares, uniaxially stretched films; þ,
unstretched films. The uniaxially stretched P(VDF-CTFE) films exhibit much
higher Eb values compared with unstretched films.

Fig. 4. Discharge energy density as a function
of time measured from the direct discharge of
the P(VDF-CTFE) polymer films to RL of 1
kilohm. The E value is 253.5 MV/m.
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Materials and Methods 
 

Materials preparation and experimental methods  
 P(VDF-TrFE-CFE) terpolymer powder was synthesized by suspension polymerization with an 
oxygen-activated initiator. The terpolymer films were prepared using the solution cast method, in 
which the polymers were dissolved in N,N-dimethylformamide and solution cast as ~20 µm films.  
These films were annealed at 120oC for at least 14hrs to improve the crystallinity and remove solvent.  
P(VDF-CTFE) and PVDF powders were supplied by 3M at Saint Paul, MN. The films were formed 
by melt-pressing the powder at 230 oC followed by immediate quenching in ice water. Some of the 
films were uniaxially stretched to 4 times of the original length using the zone drawing method (S1, 
S2). The temperature at heating zone is 110 oC. The uniaxially stretching induces preferred chain 
orientation along the stretching direction and increases the crystallinity in the films.  
 It was found that the stretched copolymer films exhibit much higher breakdown field than 
non-stretched films. This is consistent with the earlier experimental data on polypropylene films (S3, 
S4). In general, resistivity is much higher between the polymer chains than along them. Increased 
crystal-amorphous interfaces due to increased crystallinity also increase the scattering to the charges.  
Both effects will raise the breakdown field (S4).    
 For electric characterization, Au films of 30 nm were sputtered on surfaces. The film thickness 
for the electric characterization ranges from 10 µm to 20 µm. The x-ray diffraction was carried out 
using a Scintag diffractometer with a Cu-Kα radiation. 
 
Discharge experiments and discussions 
 The discharged energy density was measured by the traditional Sawyer-Tower circuit (S5).  
Data for the P(VDF-TrFE-CFE) terpolymer are shown in Fig. S2A. The integrated area along the 
discharge cycle yields the energy density and under 400 MV/m, an electric energy density higher than 
9 J/cm3 can be achieved in the terpolymer (Fig. S2B).  

In the fast discharge experiment, the polymer film capacitor was charged to a given field E 
and through a high voltage MOSFET switch (Behlke HTS81), the stored energy was discharged to a 
resistor RL as schematically shown in Fig. S4A. RL can be varied so that the discharge behavior of the 
polymer film capacitor can be characterized over a broad time domain. In all the dielectric materials, 
there exist various losses which can be treated as an equivalent series resistor (ESR) as illustrated in 
Fig. S4B. Therefore, the total discharged energy Ue to the load resistor RL will be smaller than the 
total stored energy U0. However if RL>>ESR, Ue will be close to U0. For the discharge experiment 
performed here, an ESR can be introduced to link the total discharged Ue to the total stored energy 
density U0 
                                  Ue=U0 RL/(RL+ESR)                    (1) 
And in general ESR will also depend on the discharge speed (or RL) (S6). In the frequency domain 
analysis,  

                                ESR(ω) = 
Cω
δtan

                         (2) 

where tanδ is the dielectric loss, ω is the angular frequency, and C is the capacitance (S6). For the 
polymers investigated here, ESR(ω) in equation (2) decreases with frequency. Consequently, at the 
initial time of discharging (high frequencies) to RL in which most of the energy is released, ESR effect 
is small. At later stage (longer time and lower frequencies) of discharging process, ESR influence 
increases.   
 The discharge data thus obtained for P(VDF-CTFE) stretched films are presented in Fig. S5.  
With 253.5 MV/m, Ue for RL=100 kΩ is 3.47 J/cm3 and for RL=1 kΩ is 3.25 J/cm3.  



 2

In general, the presence of ESR will also cause the discharge time deviates from the simple 
RLC time constant and for small RL so that RL is not very much larger than ESR, the influence of ESR 
can be significant. However, as shown by the experimental data in Fig. S6, even with the discharge 
time shorter than 1 µs, the ESR effect is still not significant. In fact, the fitting to the voltage drop at 
the load resistor RL (V(t) = V0exp(-t/τ)) yields a τ nearly the same as that deduced from τ=RLC (Fig. 
S6). For RL=1 kΩ, depending on the fitting time ranges, τ obtained varies from 0.151 µs to 0.168 µs 
(Fig. S6A). For RL=100 kΩ, the fitting in the same time ranges yields τ from 15.2 µs to 16.8 µs, a 100 
times increase compared with RL=1 kΩ (Fig. S6B). These values are close to the RLC values of 0.16 
µs and 16 µs for RL=1 kΩ and 100 kΩ, respectively. The nonlinear dielectric response as well as the 
increased ESR effect at later discharge process may contribute to the change of τ obtained from the 
fitting to different time ranges. 
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Fig. S1.  The molecular conformations and lattice structures of (A) β-phase and all-trans 
conformation and (B) α-phase and TGTG’ conformation for PVDF. 
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Fig. S2.  (A) D-E loops measured under unipolar electric fields of 10 Hz for P(VDF-TrFE-CFE) 
58.3/34.2//7.5 mol%. The different colored curves correspond to D-E loops measured under different 
applied field amplitudes. The conduction contribution was subtracted. (B) The discharged energy 
density measured from the D-E loops and the effective dielectric constant Keff as a function of the 
field amplitude. Data pointes are shown and the solid curves are drawn to guide eyes. 
 
 
 
 
 
 
 
 
 
 
 

0 100 200 300 400
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

 

 

E
le

ct
ric

 D
is

pl
ac

em
en

t (
C

/m
2 )

Electric Field (MV/m)

A

50 100 150 200 250 300 350 400 450
0

2

4

6

8

10

E
ffe

ct
iv

e 
D

ie
le

ct
ric

 C
on

st
an

t

 

R
el

ea
se

d 
E

ne
rg

y 
(J

/c
m

3 )

Electric Field (MV/m)

10
15
20
25
30
35
40
45
50

B



 5

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S3.  X-ray diffraction data for (A) PVDF and (B) P(VDF-CTFE) 91/9mol%. Both as prepared 
and uniaxially stretched films were measured. X-ray peak positions for the α-phase and β-phase are 
indicated in (A). 
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Fig. S4.  (A) Schematic of the discharge experiment in which the discharged energy density from the 
sample to a load resistor RL was measured. A high voltage MOSFET switch is used in the experiment. 
(B) A dielectric sample can be modeled as a pure capacitor without any loss in series with an ESR 
which represents all the losses. In general, ESR will depend on the discharge time. 
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Fig. S5.  Discharge energy density as a function of time measured from the direct discharge of the 
P(VDF-CTFE) polymer films to a resistor load RL. (A) RL=100 kΩ and (B) RL=1 kΩ. Ue for RL=100 
kΩ is 3.47 J/cm3 and for RL=1 kΩ is 3.25 J/cm3. The electric field is 253.5 MV/m. 
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Fig. S6.  Fitting of the discharging voltage V(t) by V0exp(-t/τ) for (A) RL=1 kΩ and (B) RL=100 kΩ.  
τ obtained from the fitting is also indicated in the figure. Red curves are the fitting and black curves 
are the date. The different τ values obtained from the fitting to different time range may be due to the 
nonlinear dielectric effect as well as possible effect due to ESR. 
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Copolymer  
 

Xin Zhou, Baojin Chu, Bret Neese, Minren Lin and Q. M. Zhang  
Electrical Engineering Department and Materials Research Institute 
The Pennsylvania State University, University Park, PA 16802, USA 

 
ABSTRACT 

The high electric displacement (D>0.1 C/m2) and breakdown field (>600 MV/m) in 
polyvinylidene fluoride based polymers suggest high electrical energy density in this 
class of polymers.  By defect modifications which reduce or eliminate the remnant 
polarization in the polymer, a high electrical energy density can indeed be obtained.  
This paper shows that in properly prepared P(VDF-CTFE) copolymer film capacitors, 
an electrical energy density ~ 25 J/cm3 can be obtained with a breakdown field higher 
than 600 MV/m.  The dielectric and discharge behavior of the polymer films were 
investigated. The results reveal that there are strong frequency dispersions in both the 
dielectric and discharge behavior. The dielectric constant decreases with frequency and 
the discharged energy density is also reduced at shorted discharge time (~ 1 μs) due to 
increased ESR for fast discharge.  The results indicate the potential of this class of 
polymers for high energy density capacitors and suggest the need for further tuning of 
the polymer compositions to reduce the frequency dispersion. 

   Index Terms - Polymer thin film capacitor, ferroelectric polymers, dielectric 
materials, energy storage, equivalent series resistance. 

 
1   INTRODUCTION 

CAPACITORS with high electrical energy density, fast     
discharge speed, and low losses are highly desirable for a broad 
range of applications such as hybrid electric vehicles, electric 
weapon systems, and medical devices [1-3]. Polymer capacitors, 
because of their high breakdown strength and graceful failure 
mode, are very attractive for these applications [4-6].  Recently,   
we reported that in defects modified polyvinylidene fluoride 
(PVDF) based polymers such as P(VDF-CTFE) (CTFE: 
chlorotrifluoroethylene) and P(VDF-HFP) (HFP: 
hexafluoropropylene), in which the dielectric constant can be 
tailored to avoid the “early” electric displacement saturation, a 
very high electrical energy density can be obtained [7,8]. For 
instance, in P(VDF-CTFE) 91/9 mol% copolymer, an energy 
density Ue=17 J/cm3 can be achieved. In this paper, we show that 
by further improving the film processing conditions and   
copolymer film quality, a higher breakdown field (>700 MV/m) 
can be achieved in these polymer films and consequently an Ue~ 
25 J/cm3 can be obtained.  We investigate the dielectric and other 
polymer properties which are of interest for capacitor   
applications. We further investigate the discharge characteristics 
and equivalent series resistance (ESR) associated with different 
discharge time of the polymer capacitors to load resistors of 
different values. 

2  EXPERIMENTAL 
     P(VDF-CTFE) 91/9mol% copolymer was purchased 
from Solvay. Two different methods were employed to 
fabricate the polymer films for various electric tests: the melt 
press method and the extrusion method.  In the first method, 
the films were formed by melt-pressing the powder at 230 °C 
followed by immediate quenching in ice water.  In the latter 
method, films were prepared from a standard extrusion-blown 
process. A 1 inch Brabender single-screw extruder was used 
with temperatures varying from 190 to 250 °C depending on 
desired film thickness.  The melt-press method is suitable for 
fabricating films with small quantity of polymer powders 
while the extrusion method requires in general a large quantity 
of polymer resins (~ a few kilograms).  The experimental 
results show that the extruded films show better quality in 
terms of the breakdown field and are also easier for the 
subsequent uniaxial stretching, which further improves the 
film breakdown strength. A special zone drawing machine 
was designed and fabricated which provides a very narrow 
heating zone with the drawing ratio to be controlled precisely 
by the differential speed of the two motors at the two ends of 
the thin film to be stretched [9]. The zone drawing machine 
was used to uniaxially stretch the P(VDF-CTFE) films to five 
times of their original length with the temperature of the 
narrow heating zone at 100 °C. The final film thickness for 
the electric tests is in 10 μm range. Manuscript received on 7 February 2007, in final form 13 April 2007. 
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Figure 1.  a. D-E loops for P(VDF-CTFE) 91/9 mol% measured at 10 Hz 
and room temperature. Different curves correspond to D-E loops acquired 
under different applied field amplitudes; b The discharged energy density as 
a function of applied field deduced from the data in a. 

 Differential scanning calorimetry (DSC) was performed on 
these film samples using a TA Q100 instrument at a heating 
rate of 10 °C/minute.  Dynamic mechanical analysis (TA 
DMA 2980) was carried out to characterize the elastic 
modulus of the polymer films.  For electric characterizations, 
Al electrodes were thermally evaporated on both sides of the 
films.  Dielectric properties were characterized at different 
frequencies and temperatures using an HP (4284A) LCR 
meter equipped with a computer controlled temperature 
chamber. The electric-displacement (D)-electric field (E) 
curves were characterized at 10 Hz using a Sawyer-Tower 
circuit from which the discharged energy density was 
determined [10].  The discharged energy density was also 
measured by directly discharging the stored electric energy to 
a resistor load RL. In the experiment, RL can be varied so that 
the discharge behavior of the polymer film capacitor can be 
characterized over a broad time domain. 

3 RESULTS AND DISCUSSION 
3.1 ELECTRICAL ENERGY DENSITY AND  

BREAKDOWN STRENGTH 
 In general, the energy density stored in a dielectric material 
is equal to the integral ∫= EdDU 0 , where E is the electric 

field and D is the electric displacement (charge density) [11]. 
Only for linear dielectric materials, can the equation  

                                       2
00 2/1 EKU ε=                         (1) 

be used, where K is the dielectric constant and 0ε is the 

vacuum permittivity ( 0ε =8.85x10-12 F/m).  The D-E loops 
measured under unipolar 10 Hz field with different field 
amplitudes are shown in Figure 1a, where for each D-E curve 
the lower branch corresponds to the charging cycle and the 
upper branch is the discharging cycle.  The difference in the D 
at E=0 for the charging and discharging curves (that is, the D 
after one charging-discharging cycle does not return to zero), 
is mainly due to the conduction in the film samples as well as 
the remnant polarization in the copolymer.  The discharged 
energy density Ue determined from the integrated area from 
the discharging curve is summarized in Figure 1b, where Ue~ 
25 J/cm3 was achieved under a field of 600 MV/m. 
  The breakdown strength of the copolymer was evaluated 
and the results are summarized in Figure 2.  The 2 parameter 
Weibull analysis is used for the data in Figure 2,  

])/(exp[1 β
bf EEP −−=  

where E is the measured breakdown electric field, β is the 
shape parameter and Eb  is the evaluated breakdown strength 
(63.2% of accumulated probability of breakdown) [12]. The 
Weibull parameter for the breakdown field Eb is 618 MV/m 
and β =8.6.  The small β for these film capacitors is likely due 
to the presence of gel particles in the films, which are made 
from the commercial polymer resins with relatively high gel 
content.  By removing the gels in the polymer resins, β can be 
increased. 

 
3.2 THE DIELECTRIC AND OTHER RELATED 

PROPERTIES OF THE COPOLYMER 
Presented in Figure 3a are the dielectric properties as a 

function of frequency measured at room temperature where 
the dielectric constant K at 1 kHz is about 13 and the 
dielectric loss is about 0.03.  The dielectric relaxation at 
frequencies above 1 MHz as shown in the Cole-Cole plot in   
Figure 3b is related to the β-relaxation of the amorphous 
region, similar to those observed in PVDF and P(VDF-TrFE) 
[13-15]. 

The dielectric properties as a function of temperature 
measured at different frequencies are shown in Figure 4. The 
dielectric constant at 1 kHz shows nearly weak temperature 
dependence from 0 °C to 80 °C.  This is due to the unique 
nature of the heterogeneous composition of the copolymer 
[16]. That is, the copolymer has a broad composition profile, 
which results in a relatively flat dielectric response with 
temperature. 
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Figure 2. The breakdown strength of the copolymer and Weibull analysis, 
measured on samples with 6mm diameter and gold electrode at room 
temperature.  
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Figure 3. a. The dielectric properties as a function of frequency measured 
at room temperature; b. Cole-Cole plot of the room temperature dielectric 
data, indicating a dielectric relaxation at frequencies near and above 1 
MHz for the copolymer. 
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Figure 4. Dielectric constant (left) and loss (right) of copolymer as a function 
of temperature at different frequencies. 
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Figure 5. a. DSC data and b. DMA data of the P(VDF-CTFE) 91/9 mol% 
copolymer.  

The DSC data for the copolymer is presented in Figure 5a 
where there is no other phase transition peak except the 
melting. The copolymer displays a relatively high melting 
temperature at 165 °C as revealed by the DSC data in the 
heating run. This is also related to the heterogeneous 
composition nature of the copolymer. In contrast, the P(VDF-

CTFE) copolymer with a uniform composition of 91/9 mol% 
shows a melting temperature at 130 °C as measured by DSC. 
The elastic properties of the copolymer measured as a function 
of temperature are presented in Figure 5b.  The sharp increase 
in the elastic modulus at below 0 °C is due to the glass 
transition in the polymer [13-15, 17]. 
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Figure 6. Typical discharge data of P(VDF-CTFE) copolymer measured at 
room temperature for load resistor RL=10 k�and RL=100 k�, respectively.  
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Figure 7. The discharged energy density Ue vs. the load resistor RL

measured at a. room temperature and under 250 MV/m field and b. 51 oC and 
under 200 MV/m field.  

3.3 THE DISCHARGE CHARACTERISTICS AND ESR 
OF THE COPOLYMER 

The copolymer film capacitor was also characterized for 
fast discharge behavior to a resistor load.  The discharge 
energy density is determined by integrating the electric energy 
delivered to the load resistor RL.   In all the dielectric materials 
there exist various losses which can be treated as an 
equivalent series resistor (ESR) [11].  In the frequency domain 
and for a linear dielectric capacitor, ESR can be found from  

                     ESR = tanδ/ωC                         (2) 
where C=ε’A/t  for a parallel plate capacitor with an area A 

and thickness t, and ε’is the real part of the dielectric 
permittivity (ε*=ε’-jε”). To remove the dimensional  
effect, ESR can be converted to the resistivity ρESR, 

         ρESR = tanδ/ωε’                              (3) 
In the literature, the loss in a dielectric material is often 

expressed as            
                               tanδ = ε”/ε’ 
which leads to,  
                           ρESR = ε”/ω(ε’)2                            (4) 
For dielectric materials, there have been extensive 

investigations on the dielectric relaxations associated with 
various dielectric phenomena such as Debye relaxation as well 
as modified Debye relaxation, charge conduction, and charge 
hopping [18].  By using the frequency dependence behavior of 
ε’ and ε” for these dielectric relaxation processes, the 

frequency behavior of  ρESR can also be derived for a given 
dielectric material.  

For the discharge experiment which covers a broad 
frequency spectrum, ESR can be found for a linear dielectric 
material if the frequency dispersion of ESRρ (ω) is known.  
On the other hand, ESR can be directly determined by 

Ue=U0 RL/(RL+ESR)                         (5) 
where U0 and Ue are the total stored energy density in the 

capacitor and discharged energy density to RL, respectively. 
When RL is much larger than ESR, Ue = U0.  

In our experiment, in order to reduce experimental error, 
the discharged energy density Ue was measured for a fixed 
copolymer film sample as RL was varied from 1 kΩ to 10 MΩ.  
To avoid electric breakdown, the measurement was carried out 
at a low field (250 MV/m) for the room temperature test (~ 22 
°C) and 200 MV/m for the tests carried out at 51 °C. The 
measurement was repeated for more than five film samples. 
The typical discharge curves are presented in Figure 6 for the 
room temperature test data. Figure 7 summarizes the 
discharged energy density Ue as a function of RL for the room 
temperature and 51 °C discharge test data, respectively. 
Consistent with what is expected, Ue approaches a constant U0 
as RL increases. Based on the data in Figures 7 and 
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Figure 8. Deduced ESR/RL and loss vs. RL from discharge data for a. room 

   temperature and b. 51 oC.  
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Figure 9. The discharged energy density Ue vs. the discharge time t0

measured at a. room temperature and under 250 MV/m field and b. 51 oC and 
under 200 MV/m.  

approximating U0=Ue for RL>1 MΩ, ESR as defined in 
equation (5) can be determined, which are shown in Figure 8 
(the ratio of ESR/RL is plotted as a function of RL) along with 
the loss during the discharge (ESR/(RL+ESR)) for both the 
room temperature (Figure 8a) and 51 °C (Figure 8b) test data, 
respectively. 

Both ESR and discharge time are functions of the 
capacitance C of the capacitor tested and RL.  The results here 
are obtained on film capacitors of 250 pF. In order to 
generalize the results to other C value capacitors, we consider 
the case when RL>ESR. When RL is larger than ESR, the 
discharge time t0 is approximately proportional to RLC.  In 
other words, RL ~ t0/C; on the other hand, ESR ~ 1/C, that 
means that ESR/RL ~ 1/t0.  That is, the ratio of ESR/RL 
depends on t0 only and is independent of C. In addition, 
ESR/RL decreases with t0, which in fact is consistent with 
what was observed experimentally here. Hence, the loss as 
well as the efficiency, defined as Ue/U0, which is equal to (1-
loss), is not directly related to C but rather on the discharge 
time t0.  In Figure 9, Ue is plotted as a function of t0 (here we 
define the discharge time t0 as the time for the discharged 
energy density in RL reaches 90% of the final value).  Figure 
10 presents the loss and efficiency as a function of t0. For a 

discharge time of 1 ms, the loss of the copolymer film 
capacitor during the discharge is less than 5%, which also 
decreases with temperature, as indicated by the data of room 
temperature and 51 °C.  On the other hand, for very fast 
discharge such as t0~1μs, the loss is more than 40% for the 
P(VDF-CTFE) 91/9 mol% copolymer tested here.  Such a 
high loss at short discharge time is related to the strong 
dielectric relaxation at high frequencies (>1 MHz). By varying 
the composition, this loss may be reduced. 

4 CONCLUSIONS 
The large polarization level and high breakdown field in the 
PVDF based polar fluoro-polymers make them attractive for 
high electrical energy density capacitors.  In the traditional 
PVDF and P(VDF-TrFE) copolymers, the large remnant 
polarization causes high loss with an electrical energy density 
much below its potential value.  By defect modifications, the 
remnant polarization in PVDF polymer can be substantially 
reduced while avoiding very high dielectric constant as 
observed in P(VDF-TrFE) based relaxor ferroelectric 
terpolymers [7,13,19]. As a result, an electrical energy density 
~ 25 J/cm3 with a discharge time in ms range can be obtained 
in P(VDF-CTFE) 91/9 mol% copolymer. The experimental 
results show that the copolymer exhibits strong frequency 
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Figure 10. Efficiency and loss for the discharged energy of the copolymer 
capacitor measured at a. room temperature and b. 51 oC.  

dispersion in the polarization responses as frequencies approach 
1 MHz, which induces high loss at high frequencies or short 
discharge times.  The discharged energy density is reduced by 
about 40 % as the discharge time is reduced from 1 ms to 1 μs. 
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ABSTRACT 

This paper investigates the relaxor ferroelectric polymer—poly(vinylidene 
fluoride/trifluoroethylene/chlorofluoroethylene) terpolymer for energy storage 
capacitors.  It is found that the high dielectric constant (> 50 at 1 kHz) and high 
reversible polarization in the terpolymer lead to a high electric energy density ~ 10 
J/cm3, achieved under an electric field of more than 350 MV/m.  The high dielectric 
constant also causes the polarization saturation at fields much below the breakdown 
field and whereby the discharged energy density increases nearly linearly with applied 
field, distinctively different from the low dielectric constant linear dielectric polymers 
whose energy density rises with square of the applied field.  The strong frequency 
dispersion and nonlinear polarization response (polarization saturation) of the relaxor 
terpolymer result in a low effective capacitance at the beginning of the discharge and 
the effective capacitance increases with time during the discharge.  Furthermore, due 
to the frequency dispersion and nonlinear effect, the discharged energy density of the 
terpolymer to a resistor load RL increases with RL. A large RL will lead to high 
discharge efficiency in the terpolymer capacitor. 

   Index Terms — Ferroelectric capacitors, polymers, dielectric materials, and energy 
storage 

 
1   INTRODUCTION 

DIELECTRIC materials have been used extensively in a 
broad range of technologies such as gate dielectrics, 
capacitors for energy discharge and frequency filtering [1].  
For many applications, a high electric energy density is highly 
desirable.  For a linear dielectric material, this energy density 
Ue is directly related to the dielectric constant K of the 
material, i.e., Ue=1/2 Kε0E2 where E is the electric field and ε0 
is the vacuum permittivity (=8.82x10-12 F/m).  On the other 
hand, many dielectric materials exhibit nonlinear polarization 
response and consequently the energy density is the integral, 
Ue= ∫ EdD , as schematically shown in Figure 1, where D is 
the electric displacement. Among various dielectric materials, 
polymers seem to be the material choice for high energy 
density capacitors. Although all polymers utilized in the 
current thin film polymer capacitor market show low dielectric 
constant (K < 10), the extremely high breakdown field (>500 

MV/m) and the self-healing after breakdown, which renders 
the capacitors with high reliability, lead to high energy density 
[2,3].   

Figure 1.  Schematic illustrating the discharged energy density (shaded area) 
calculated from the D-E data (black curve, arrows indicating the discharge 
process). Manuscript received on 7 January, in final form 16 July 2006. 
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Recently, it was reported that in a series of 
poly(vinylidenefluoride-trifluoroethylene) (P(VDF-TrFE)) 
based terpolymers, a relatively high dielectric constant (K>50 
at 1 kHz) can be obtained at room temperature, which makes 
this class of polymers attractive for high energy density 
capacitors [4-6]. For instance, presented in Figure 2a is the 
dielectric constant of P(VDF-TrFE-CFE) (CFE: 
chlorofluoroethylene; monomer: CH2=CFCl) 63/37/7.5 mol% 
as a function of temperature. In addition, recent experimental 
results also reveal that these polymers exhibit typical 
ferroelectric relaxor behavior, that is, the small signal 
dielectric constant shows strong frequency dispersion (see 
Figure 2a), which is quite different from the linear dielectric 
polymers. In this paper, we investigate various features related 
to the application of the relaxor P(VDF-TrFE-CFE) 
terpolymer for high energy density discharging capacitors. 
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Figure 2.  (a) The small signal dielectric constant and dielectric loss as a 
function of temperature measured at different frequencies (for dielectric 
constant, curves from top to bottom and for the dielectric loss, curves from 
bottom to top: 100Hz, 1 kHz, 10 kHz, 100 kHz, and 1 MHz) and (b) The 
polarization hysteresis loop of the terpolymer P(VDF-TrFE-CFE) 63/37/7.5 
mol% measured at 10 Hz. For comparison, the polarization loop of P(VDF-
TrFE) copolymer is also presented in (b).   
 

2  EXPERIMENTAL 
P(VDF-TrFE-CFE) terpolymer was synthesized via a 

suspension polymerization process [6]. The weight-average 
molecular weight of the terpolymer is around 370,000 and a 

polydispersity of 2.7. The terpolymer films used in the 
investigation were fabricated using the solution cast method 
where dimethylformamide (DMF) was used as the solvent.  
The films after casting were annealed at 120oC for more than 
2 hrs to remove residual solvent and to raise the crystallinity. 
The typical film thickness in this investigation is in-between 
10 μm and 15 μm. Sputtered Au electrodes on the terpolymer 
films were used for the electric signal measurement.  

In this investigation, two different methods were employed 
to quantitatively characterize the discharged energy density of 
the terpolymer. In the first method, a modified Sawyer-Tower 
circuit was used where a triangular unipolar voltage was 
applied to the polymer film samples [7].  The discharged 
energy density was obtained by integrating the area as 
illustrated in Figure 1.  In this investigation, the applied field 
frequency is 10 Hz.  In the second method (the discharge 
method), the terpolymer film was charged to a fixed voltage 
and then with a high voltage MOSFET switch, the stored 
energy was discharged to a resistor RL (the resistance can be 
1kΩ, 10kΩ, 100kΩ, 1MΩ) and a 50Ω reference resistor, 
which is much smaller than RL. During the discharging 
measurement, change of discharging current I(t) (the current 
signal was converted into voltage signal) with time flowing 
through the reference capacitor was measured. At the same 
time, change of voltage V(t) with time across the sample was 
also recorded. By integrating the product of I(t) and V(t) with 
time, the total energy dissipated in the load resistor, the 
discharged energy can be obtained. The energy density can be 
calculated by dividing the discharged energy by sample 
volume. The schematics for the circuit used for the discharge 
method is shown in Figure 3. 

 
 

Figure 3. Schematics of the discharge circuit for measuring the discharge 
speed and energy density of a capacitor sample to different resistor load RL.    

 
It should be pointed out that due to the dielectric loss in a 

capacitor material, the measured energy density will be less 
than the total stored energy density U0. Although total stored 
energy density is a material property, the measured discharged 
energy density UD will depend on the measurement condition. 
For example, in many capacitor analyses, the dielectric loss is 

(b) 

(a) 
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represented by a series equivalent resistor ESR as illustrated 
in Figure 4.  It is easy to see that when the external load 
resistor RL is much larger than ESR, most of the stored 
energy will be delivered to the load and thus measured 
energy density in the discharge method will be nearly the 
same as the stored energy density. On the other hand, if RL 
is small, most of the stored energy will be dissipated at ESR 
and measured energy density from RL will be much less 
than the stored energy density. Therefore, the efficiency of a 
dielectric capacitor will depend on the load condition and 
can be very high if the condition of RL >> ESR can be 
realized. 

 

 
 

Figure 4. Schematic illustrating an equivalent circuit for a capacitor 
sample with loss where the loss is represented by an equivalent series 
resistor ESR.  

 

3 RESULTS AND DISCUSSIONS 

3.1 DISCHARGED ENERGY DENSITY UNDER A 
UNIPOLAR APPLIED FIELD MEASURED USING 

SAWYER-TOWER CIRCUIT 

P(VDF-TrFE-CFE) belongs to a relaxor ferroelectric 
group of materials [8,9]. At room temperature, the 
terpolymer displays a slim hysteresis loop, as shown in 
Figure 2b. For the comparison, the polarization hysteresis 
loop for a normal ferroelectric P(VDF-TrFE) copolymer is 
also shown in Figure 2b. Apparently, the large polarization 
change allowed in the terpolymer suggests a high energy 
density compared with the normal ferroelectric copolymer.   
  In Figure 5a, the polarization-field curves under different 
applied fields for the terpolymer P(VDF-TrFE-CFE) 
63/37/7.5 mol% measured at room temperature are 
presented and in Figure 5b the discharged energy density as 
a function of the applied field (for several terpolymer 
compositions) was calculated from the above curves.  For 
the terpolymer films studied, the breakdown field is at about 
400 MV/m and the data show that at that field level, the 
discharged energy density can reach more than 9 J/cm3,  

Figure 5.  (a) The unipolar polarization loop (D ~ E) measured from 
P(VDF-TrFE-CFE) 63/37/7.5 mol% thin film samples by applying a series 
of unipolar voltages with increasing peak voltages on one sample. (b) The 
discharged energy density obtained from the unipolar polarization loops for 
several P(VDF-TrFE-CFE) terpolymers. The data points are shown and 
solid curves are drawn to guide the eyes.  For comparison, the discharged 
energy density from a normal ferroelectric P(VDF-TrFE) copolymer is also 
shown. (c) The effective dielectric constant (see text) as a function of the 
applied field amplitude for the terpolymer 63/37/7.5 mol%.  
  
much higher than that obtained in other polymers [3].  By 
careful composition design, the energy density of a specific 
terpolymer can reach about 10 J/cm3, which is also shown 
in Figure 5b. It is interesting to note that for the P(VDF-
TrFE-CFE) terpolymer, the energy density does not show a 
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square dependence on the applied field, as one would 
expect for a linear dielectric material, but rather, the energy 
density more or less increases linearly with the applied 
field, due to the nonlinear dielectric response of the 
terpolymer.  If we use the low field dielectric constant 
(K=50) and assuming the terpolymer is a linear dielectric 
material, the energy density at 400 MV/m will reach 35 
J/cm3, much higher than that shown in Figure 5b. This result 
illustrates the danger of overestimating the energy density 
when the low field dielectric constant and linear dielectric 
model are used to predict the energy density of a dielectric 
material under very high electric field. Polarization 
saturation, as reflected by the much reduced slope of D~E 
curve at high field (see Figure 2b), can significantly reduce 
the energy density if it occurs at a field much below the 
breakdown field.   

In order to compare with a linear dielectric material, an 
effective dielectric constant is introduced here, which is 
related to the energy density and the applied field through, 
Ue=1/2 Keffε0E2. For the terpolymer with the data shown in 
Figure 5b, the effective dielectric constant can be obtained, 
which is plotted in Figure 5c.  As expected, Keff becomes 
progressively smaller with field and under a field of 400 
MV/m, Keff is about 13.  

These results point to a very important feature for a high 
energy density dielectric material. A material with high 
dielectric constant at low field may not be desirable in order 
to achieve a high energy density.  For a class of dielectric 
materials with a given saturation polarization and 
breakdown field, the dielectric constant of the material 
should be suitably tuned to avoid the dielectric saturation at 
a field much below the breakdown field. We use Figure 6 to 
illustrate this point, where the dielectric materials are 
bounded by the saturation polarization and breakdown field. 
In the figure, a piecewise polarization response is used to 
approximate the polarization saturation, i.e., a high 
dielectric constant at below the polarization saturation and a 
much smaller dielectric constant above the saturation (K ~ 
2, for example).  For a class I dielectric material which 
possesses a high dielectric constant before the polarization 
saturation, the polarization increases with field rapidly and 
reaches saturation under a field far below the breakdown. 
Consequently, the energy density is not as high as it can be.  
In other words, this class of materials is under-performed 
and has potential to be improved to achieve even higher 
energy density. We believe that the PVDF based relaxor 
ferroelectric terpolymer belongs to this class of dielectric 
materials.  In the second class (class II) of dielectric 
materials, the dielectric constant is lower than the first class 
of materials, which leads to a much higher field of 
polarization saturation.  In this case, the field in which the 
polarization starts to show saturation is close to the 
breakdown field.  Therefore, the material exhibits a much 
higher energy density compared with the first class of 
materials.  A third class of dielectric materials (class III) 
possess a low dielectric constant and even at a field of 
dielectric breakdown, the polarization level is still far below  
 

that of the saturation and therefore, the energy density is 
low.  It is noted that the discussion here focuses solely on 
the energy density of the dielectric materials.  There are 
other parameters such as pulse shape, efficiency, and 
reliability which will impose other constraints on the 
nonlinear dielectric response of a capacitor material that 
should also be considered. It should be emphasized that, as 
mentioned above, this rule is applied to a class of dielectric 
materials with similar saturation polarization and 
breakdown field; for example, the P(VDF-TrFE-CFE) 
terpolymer system or PVDF-based copolymer system, and 
so on. We can’t use this rule to compare the energy density 
of PVDF-based polymers and other linear dielectric 
materials, which have a low dielectric constant (~3). For 
most of the PVDF-based ferroelectric polymers, their 
energy density is definitely larger than linear dielectric 
materials because of their high induced polarization level 
and high breakdown field. However, linear dielectric 
materials possess low loss, facilitating its use for many 
high-energy-density storage and especially ac capacitor 
applications.  

For a comparison, the discharged energy density of P(VDF-
TrFE) copolymer at the similar composition was also 
measured and the result is also shown in Figure 5b, which is 
much lower than that from the terpolymer, especially at low 
fields.   

3.2 CHARACTERISTICS OF ENERGY DISCHARGE 
OF TERPOLYMER TO A RESISTOR LOAD 

Using the circuit as shown in Figure 4, the discharge 
behavior of the terpolymer P(VDF-TrFE-CFE) 63/37/7.5 
mol% to a resistor load is characterized.  Presented in Figure 7 
is the discharged energy density to a 1 MΩ load as a function 
of time for different initial fields in the terpolymer.  The 
typical small signal capacitance of the film samples is about 
1nF measured at 1 kHz.  Several terpolymer film samples 
were characterized. Because of the nonlinear and frequency 
dependence of the polarization responses, the discharge 
characteristics of the terpolymer can’t be described simply by 
a RC constant, where R is the resistance (R=RL+ESR).  

Dsat

D

Eb

  

 

Electric Field 

I I

III 

Figure 6.  Schematic illustrating the relationship among the 
dielectric constant, polarization saturation, and breakdown field.
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Figure 7.  The discharged energy density as a function of time for the terpolymer 63/37/7.5 mol% into a 1 MΩ load, data from different peak fields 
are shown in different figures. Different curves in each figure are from different terpolymer samples. The small field capacitance of the film samples is 
about 1 nF, measured at 1 kHz using a LCR meter.   
 

Assuming a capacitor of which the capacitance does not 
change with frequency as well as the electric field and the RC 
time constant τ = RLC + ESR*C, ESR*C can be ignored, the 
discharged energy density vs time t follows:    

)1()( )/2( τt
De eUtU −−=                                (1) 

For the sake of comparison, we use the small field 
capacitance of 1 nF and load resistor of 1 MΩ to estimate the 
time for the energy discharge using eq. (1) (ignore ESR). The 
discharge time for 70% energy release is 0.6 ms and for 50% 
energy release is 0.35 ms. Experimentally, the time is 0.66 ms 
and 0.3 ms, respectively. The difference between the 
estimated and measured values reflects the nonlinear (the 
effective dielectric constant becomes small at high field (>100 

MV/m)) and frequency dependence of dielectric response (the 
dielectric constant is smaller at higher frequency or faster 
discharge time). Furthermore, ESR at high frequency (or short 
discharge time) is small and becomes larger at late discharge 
times.    

The discharged energy density to other values of load 
resistor (RL=100 kΩ and 1 kΩ) for the same terpolymer film 
capacitors is shown in Figure 8.  As expected, reduced RL 
shortens the discharge time.  However, careful inspection of 
the experimental data reveals that the reduction of the 
discharge time is not proportional to the reduction of RL.  In 
Table 1, we list the discharge time τ for 70% and 50% energy 
release for the three load resistor cases.  Especially for the 1 
kΩ load case, the time for 50% energy release is 0.2 μs which 
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is more than 1000 times shorter than that in the 1 MΩ case.     
The difference is due to the frequency dependence of the 
dielectric response and at high frequency (faster discharging 
time), the effective dielectric constant of the relaxor 
terpolymer becomes small, causing a reduction of the 
discharge time.  The results here also indicate that at relatively 
fast discharge time, ESR effect is not significant. For AC 
signal with the angular frequency ω, ESR of a capacitor can 
be deduced from the dielectric loss tanδ [3] 

C
ESR

ω
δtan

=                 ( 2 ) 

For dielectric materials with weak dispersion, ESR 
decreases with frequency f (~ 1/f). For the relaxor ferroelectric 
terpolymer, the dielectric constant decreases and the loss 
tangent increases with frequency (see Figure 2a).  The net 
effect is a slower decrease of tanδ/ωC with frequency (see 
Figure 9, deduced from the data in Figure 2a). 

Table 1.  The experimental data on terpolymer capacitor (~ 1 nF at low field 
and 1 kHz) discharge time 

 1LR M= Ω  100LR K= Ω  1LR K= Ω  
T50% 0.3 ms 0.03 ms 0.2 μs 
T70% 0.66 ms 0.078 ms 0.76 μs 

 

The total discharged energy density of the terpolymer to 
different load resistor RL is summarized in Figure 10. With 
reduced RL, the discharged energy density is reduced, due to 
the energy loss in ESR. For discharge experiment, an effective 
ESR may be introduced to account for the energy loss in the 
capacitor and the equivalent circuit in Figure 4 implies that the 
discharged energy density Ue measured from RL is related to 
the total stored energy density U0 in the capacitor by [3] 
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D +

= 0                        ( 3 ) 
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Figure 9. ESR as a function of frequency deduced from the data at 25 oC in 
Figure 2a for the terpolymer 63/37/7.5 mol% 
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Figure 10.  The discharged energy density as a function of the applied field 
amplitude for the terpolymer 63/37/7.5 mol% to different load resistors.  Data 
points are shown and solid curves are drawn to guide eyes.  
 
It should be emphasized that ESR thus introduced will not 
have a fixed value and will depend on RL.  For the terpolymer 
here, the effective ESR will decrease as RL is reduced. As 
estimated, based on the data in Figure 10 for 1 MΩ and 100 
kΩ loads, eq. (3) yields an effective ESR of 10.1 kΩ.  On the 
other hand, using the data for 100 kΩ and 1 kΩ load, eq. (3) 
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Figure 8.  The discharged energy density as a function of time for the terpolymer 63/37/7.5 mol% into a 1 kΩ and 100 kΩ under a 
field ~ 250 MV/m. Different curves in each figure are from different terpolymer samples. The small field capacitance of the film 
samples is about 1 nF, measured at 1 kHz using a LCR meter 



B. Chu et al.: Relaxor Ferroelectric Poly(vinylidene fluoride-trifluoroethylene-chlorofluoroethylene) Terpolymer 1168 

yields an effective ESR of 0.26 kΩ.  Although these values 
are some type of averaged value (for example, the effective 
ESR for 1 kΩ load will be smaller than 0.26 kΩ, and the 
effective ESR for 100 kΩ will be in between 0.26 kΩ and 10.1 
kΩ), the results do confirm that the effective ESR for the 
discharge experiment increases with RL and meanwhile also 
provide an approximate range for the effective ESR for each 
RL. By conducting the discharge experiment with more closely 
spaced RL values, the effective ESR for each RL can be 
determined and as a result, the efficiency of the capacitor 
discharging to a given load RL can be determined.  

4  CONCLUSIONS 
Two different methods, i.e., the Sawyer-Tower circuit 

method to measure the polarization response and the direct 
discharge method to measure the discharged energy at a 
resistor load, were employed to characterize the discharged 
energy density of the ferroelectric relaxor P(VDF-TrFE-CFE) 
terpolymer.  The unipolar polarization loops yield a 
discharged energy density ~ 10 J/cm3, obtained under an 
electric field of more than 350 MV/m.  The effect of 
polarization saturation of the terpolymer at fields much below 
the breakdown field is manifested by the nearly linear 
dependence of the discharged energy density with applied 
field, which is distinctively different from the low dielectric 
constant linear dielectric polymers whose energy density rises 
with the square of the applied field. The strong frequency 
dispersion and nonlinear polarization response (polarization 
saturation) of the relaxor terpolymer result in a low effective 
capacitance at the beginning of the discharge of the 
terpolymer to a resistor load RL and the effective capacitance 
increases with time during the discharge. In addition, the 
discharged energy density of the terpolymer to a resistor load 
RL increases with RL, due to the frequency dispersion and 
nonlinear effect in the terpolymer. A large RL will lead to high 
discharge efficiency.  For a terpolymer capacitor of 1 nF 
(measured at low field at 1 kHz) to a 1 MΩ load, most of the 
stored energy can be discharged within 1 ms and to 0.1 MΩ 
load, this time is reduced to 0.1 ms. 

The discharged energy density determined by the two 
methods is consistent with each other.  For example, the 
discharged energy densities to 1 MΩ and 0.1 MΩ load 
resistors are more or less the same as that measured from the 
unipolar hysteresis loops.  
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