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ABSTRACT

Polyimide (PI) has excellent dielectric properties with superior thermal stability, and it is considered as a promising polymer dielectric for
energy storage capacitors. Here, we studied the energy storage properties of PI composite films with BaTiO; (BT) nanoparticles in a wide
content range. Benefiting from the high breakdown strength (520 kV/mm), the nanocomposite filled with 0.05wt. % of BT exhibits an
increased energy density of 4.51 J/cm® at room temperature and keeps a good thermal stability (3.22 J/cm® at 100°C). Additionally, trap
properties of the nanocomposites and their effect on breakdown strength were studied by thermally stimulated depolarization current. It was
found that the dominant trap parameter on breakdown strength variation, with the increase in the BT content, is correlated with deep traps,
deep and shallow traps especially their depths, and shallow trap density. Then, a physical quantity of average trap depth was introduced, the
value of which decreases from 0.81 eV to 0.44 eV as the BT content increases to 50 wt. %, and a clear correspondence was discovered

between the average trap depth and breakdown strength.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5115766

Among the various electrical energy storage technologies, poly-
mer film capacitors are strongly attractive because of their flexibility,
unique self-healing ability, high operating voltage, and large power
density. They have significant applications in many fields' ~ such as
modern electronics, electric vehicles, and power system. However, the
low energy density of capacitor films hinders the full display of their
potential in many applications. For example, the energy density of
biaxially oriented polypropylenes, the most common dielectric in com-
mercial film capacitors, is only 1-2 J/cm®.*”

Polyimide (PI) is a promising polymer dielectric for energy stor-
age capacitors owing to its excellent electrical properties and superior
thermal stability. To improve its energy density, PI/ceramic nanocom-
posites,” " PI composites containing conductive nanofillers,'”'* and
three-phase PI nanocomposites by means of direct mixing'” '’ or
core-shell structure'® " were investigated in the last decade. Most of
these works focused on dielectric and energy storage properties, with
less attention to the breakdown mechanism. Some relevant electrical
studies were performed in the last several years, but they mainly
focused on the relationship between partial trap parameters (usually

deep trap depth or density) and breakdown strength at a low content
of nanoparticles.””' >

Recently, researchers introduced small amounts of one-
dimensional (1D) ceramic nanofillers (about 1-5vol. %) into a poly-
mer matrix and obtained enhanced energy density and breakdown
strength;™* *° however, these properties were weakened with the
same content as the corresponding nanoparticles.””*° The enhance-
ment is attributed to the increased migration paths of carriers caused
by those 1D nanofillers vertical to the applied electric field.”” However,
in comparison with nanoparticles, there are still some problems in
well-controlled fabrication of 1D nanostructures.”* >’ Furthermore,
the 1D nanofillers close to the through-plane direction will provide
conductive paths for carriers. Even though several research studies
have been performed on the aligned 1D nanostructures in the polymer
matrix recently,”’" it is still challenging to develop a universal and
effective alignment technology. All of these process challenges may
severely affect the stability and reliability of polymer nanocomposites’
electrical properties. Alternatively, according to the multiregion struc-
ture theory,”” it is also possible to enhance the breakdown strength of
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the polymer matrix by introducing a much lower content of ceramic
nanoparticles.

In this paper, the dielectric, breakdown, and energy storage prop-
erties of PI/BaTiO; (BT) nanocomposites were studied, in which the
maximum breakdown strength, breakdown stability, and energy den-
sity were found at a very low content of BT nanoparticles. Moreover,
trap properties of the nanocomposites and their effect on breakdown
strength variation were explored by the thermally stimulated depolari-
zation current (TSDC) technique. A physical quantity of average trap
depth was also defined to assist in analyzing their relationship with
dielectric failure more effectively.

PI/BT nanocomposite films with different mass fractions were
fabricated through the in situ polymerization method.” The typical
thickness of PI/BT nanocomposite films was about 25 um. The dc
breakdown strength was measured in transformer oil, with a sphere-
sphere electrode fixture of diameter 25mm and a voltage ramp of
0.5 kV/s. Before further electrical measurements, gold electrodes of
8 mm diameter on the high voltage side and 11 mm diameter on the
low voltage side were sputtered on film surfaces. The dielectric tests
were performed using an impedance analyzer (4294A, Agilent) at
room temperature. The TSDC spectra were measured using a HP
4140B pA meter, and the measurement parameters are set as follows:
poling temperature: 120 °C, poling electric field: 20 kV/mm, poling
time: 30 min, cooling rate: 15 °C/min, and heating rate: 3 °C/min. The
detailed operation procedure on the TSDC measurements is described
in Ref. 33. The electric displacement-electric field (D-E) loop tests
were carried out at 100 Hz on an in-house developed apparatus.

Figure 1(a) shows the relative permittivity (¢,) of PI/BT
nanocomposites. The permittivity of the composites, filled with the BT
content lower than 5 wt. %, is close to that of Pure PI. However, it is
greatly improved at a higher content. For instance, at 100 Hz, the rela-
tive permittivities of PI nanocomposites with 20 wt. %, 30 wt. %, and
50wt. % of BT are 5.2, 6.7, and 10.3, respectively, which are 1.3, 1.6,
and 2.5 times larger than Pure PI’s value. In addition to the BT par-
ticles, the boundary between ceramic nanofillers and the polymer
matrix (viz., interface) also contributes to the permittivity enhance-
ment, which was demonstrated in Refs. 9 and 34 through the obvious
difference between the calculated and experimental permittivity values.
The dielectric loss (tan J) of the PI/BT nanocomposites in Fig. 1(b) is
smaller than 0.02 over the frequency range of 10°-10° Hz. At low fre-
quencies, loss increases with the increase in the BT content except at
0.05 wt. %, which is governed by the change of their conductivity. Loss
peaks are found in pure PI and its nanocomposites at a frequency of
about 5 x 10° Hz, which are attributed to the coupled water molecules
and limited motions of carbonyl groups.”

In order to study the breakdown property of PI/BT nanocompo-
sites more accurately, 28 test points were taken for each sample during
the dc breakdown measurement. Then, the results were analyzed by a
two-parameter Weibull distribution function,”®

e p =1 -op| (%) g

'S

where Py is the cumulative probability distribution function; E,, is the
experimentally measured breakdown strength in kilovolt per millime-
ter; the scale parameter E; represents the breakdown strength at a
probability of 63.2% in kilovolt per millimeter; and the shape
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FIG. 1. Frequency dependence of (a) relative permittivity and (b) dielectric loss for
the PI/BT nanocomposite.

parameter 5 characterizes the scatter of experimental data, ie., the
breakdown stability.

Figure 2 shows the Weibull breakdown distributions of PI/BT
nanocomposites. E; initially increases with the BT content, and a maxi-
mum value of 520 kV/mm is reached at 0.05wt. % and becomes
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FIG. 2. Weibull breakdown distribution of PI/BT nanocomposite films.
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FIG. 3. (a) Energy density and (b) energy efficiency of PI/BT nanocomposites at the electric field from 40 kV/mm until breakdown occurred. (c) Breakdown field and energy

density of the PI/BT (0.05wt. %) nanocomposite at different temperatures.

comparable with that of pure PI (471 kV/mm) for nanofiller loading
between 0.1 and 1wt. %. For the nanocomposites with a higher con-
tent of BT, a dramatic reduction of E; is observed. Meanwhile, f§ is also
first enhanced, which is 11.5, 18.1, and 36.8 for pure PI, the nanocom-
posite with 0.02wt. % of BT, and the nanocomposite with 0.05wt. %
of BT, respectively, and then fluctuates within 13.5-20.4 at a higher
content. The local electric field in the nanocomposites with a high BT
content increases significantly because of much shorter distances
between the nanoparticles and the permittivity contrast between the
polymer matrix and the ceramic nanofillers.”””

The discharged energy density (U,) and efficiency of PI/BT nano-
composites, which were calculated from the results of D-E loops, are
presented in Fig. 3. Because of the increased permittivity, the energy
density is obviously improved at a low electric field while the BT con-
tent is higher than 20 wt. %. However, their maximum energy density
is restricted by the breakdown strength reduction. Benefiting from the
higher breakdown field, the nanocomposite with 0.05wt. % of BT
exhibits an increased energy density of 4.51 J/cm?® with the energy effi-
ciency of 77% at room temperature. Meanwhile, as shown in Fig. 3(c),
there is a good thermal stability. At 100 °C, its breakdown field and
energy density are maintained at relatively high values of 540 kV/mm
and 3.22 J/cm®, respectively. For pure PI and all the nanocomposites,
the energy efficiency obviously decreases with the increasing electric

field due to the rising leakage current. Moreover, the breakdown field
of all the samples is slightly higher than their dc breakdown strength
because of the much faster voltage rise and much shorter voltage time.

The comparison between this work and the literature on PI
nanocomposites is summarized in Table I. In the table, several U, val-
ues are calculated from 1/ Zsoerf (where ¢ is the vacuum permittiv-
ity) instead of D-E loops, and hence their actual values should be some
lower than the reported ones. As seen in most literature, ceramic
nanofiller addition was effective in increasing &, but hard to maintain
E,. In this work, a relatively large U, with high E; was achieved. A large
U, was also achieved by introducing small loading of BT nanofibers in
Ref. 25, however, the problem of in-plane alignment needs to be stud-
ied further for better breakdown stability.

The TSDC technique was used to understand the trap properties
of the nanocomposites and their influence on the breakdown strength.
Considering the limitation of the initial rise method, various heating
rate methods, and other algorithms,* the general TSDC expression™
was directly employed for the calculation of our TSDC measurement
results, as shown in Fig. 4,

Q| _LJT M
(1) = To exp[ kT y70 )1, P kT a1, @

TABLE I. Comparison in relative permittivity ¢, breakdown strength E, and discharged energy density U, between this work and the literature.

Samples ¢ and 1kHz E, (kV/mm) U, (J/em?) U, method
0 _ 10 ~ 1
10 vol. % BST-nps 3.7 296 2.9 ot B
40 vol. % BT-nps and 10 vol. % ~780 31.9 4.77 18 e B
multi-walled carbon nanotubes'” 2 0 s
3 vol% BT and SiO,-nfs™ ~4.4 346 231 1 2
3 &o&rE;
1 vol. % BT-nfs" ~3.9 553 5.82 D-E loops
1 vol. % BT-nps™” ~3.4 ~300 ~1.6 D-E loops
2 vol. % BT-nws"’ ~4.8 220 1.06 D-E loops
1 vol. % CCTO and TiO,-nfs"’ ~4.1 299 1.6 1 2
3 &8, E;
5 wt. % platelike BNT* ~14.5 141 1.24 1 2
E SQSrEs
0.05 wt. % BT-nps (this work) 4.05 520 4.51 D-E loops
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FIG. 4. Experimental (point) and fitting (line) TSDC curves of PIBT

nanocomposites.

kB Tm2 Ha
1o = ———exp| — , (3)

THq P ( kB Tm)

where I(T) is the TSDC in A; Qy is the charge quantity in C; 7, is the
relaxation time constant in s; u, is the activation energy of the peak
caused by relaxation polarization or the trap depth for the peak caused
by traps, in electron volt; y is the heating rate in K/s; Ty is the initial
temperature in K; and T,,, is the peak temperature in K. For the peaks
caused by traps, the trap density N, could be estimated using the
following equation:

Qo
E ) (4)

where e is the elementary charge in C, S is the area of the sample in
m?, and d is the thickness of the sample in m.

In Fig. 4, all the experimental curves were well fitted with Eq. (2)
and there are four separate peaks for each sample, which were named
as peaks 1, 2, 3, and 4 in order from low temperature to high tempera-
ture. Their origins could be based on relevant papers."" ** Dipoles
dominate at low temperature and correspond to peak 1 and peak 2. In
the nanocomposites, interfaces could also contribute to the dipolar
polarization. During the process, interface regions will be charged and
contain the dipoles, which may be oriented under an applied field.
Space charges prevail in the high temperature region and correspond
to peak 3 and peak 4.

Nt:

ARTICLE scitation.org/journal/apl

Shallow and deep trap parameters of the nanocomposites were
extracted from peak 3 and peak 4, respectively, as shown in Figs. 5(a)
and 5(b). With the increase in the BT content, depths of shallow and
deep traps decrease after an initial increase and finally tend to be sta-
ble. Moreover, their densities are significantly improved at a high con-
tent. For example, the densities of shallow and deep traps of 50 wt. %
PI/BT nanocomposites are 1.47 x 10%° m~> and 4.37 x 10" m73,
which are 84 and 7 times the values of Pure PI, respectively. It is sug-
gested that the changed trapping occurs at the interfaces between BT
nanofillers and the PI matrix, which is made up of the bonded, transi-
tional, and normal regions.32 While the BT content is relatively low,
the interaction of the nanoparticles could be disregarded and the inter-
faces are almost independent, where carriers will be captured by deep
traps in the bonded regions. At a higher content of BT, the interfaces
are overlapped because of the shorter distance between the nanopar-
ticles and more serious aggregation; hence, the role of deep traps will
be limited and more shallow traps will appear, which could assist car-
riers in bulk transport. Based on the trends shown in Figs. 5(a) and
5(b), the influence of trap parameters on breakdown strength could be
reasonably deduced. For the nanocomposites with a low content of BT
(range I), the variation of breakdown strength is mainly associated
with deep traps. At a higher content of nanoparticles (range II), the
breakdown strength is together influenced by shallow and deep traps,
especially their depths. While the BT content is much higher (range
III), increased shallow trap density becomes the dominant factor of
the breakdown strength reduction.

In order to study the influence more clearly, a physical quantity
of average trap depth was defined to describe the whole trap properties
of the nanocomposites,

Ua(s) Nits) + Ha(@)Nu(w

Ugy = 5 (5)
Ni(s) + Nya)

where u,, is the average trap depth in electron volt; u,) and u,4 are
the shallow and deep trap depths, respectively, in electron volt; and
Nys) and Ny are the shallow and deep trap densities, respectively, in
m ™. As shown in Fig. 5(c), there is a clear corresponding relationship
in which a larger average trap depth corresponds to a higher break-
down strength. Compared with the various trap parameters, the aver-
age trap depth we defined is a more universal and intrinsic parameter
related to conductivity and breakdown strength.

In summary, the breakdown strength and energy density of PI/
BT nanocomposites reach maximum values of 520 kV/mm and 4.51 J/
cm? at 0.05 wt. %, while keeping a good thermal stability (3.22 J/cm” at

0.9 ; . 600 —. 10" : . 600 . ~600
1 (a) i| —s— Shallow E 1 (b) i| —— Shallow é E ()
0.8} . i | —=— Deep 5005 . ; i|=—Deep | EE 0.053t%
S ./ \l ! ; "’-;1020’ ./ \: i 500 g Esool— Rangel /., /
207t ' =< i = = B
= |\. : l40o Eo .‘? :\. : 1100 Eﬂ E‘J {7!40.5 Wt%
1% i i S 2. 019 i : S 3 =/°
2 0.6 i i 3005 glﬂ ; 3005) ?240(” Range H// ,
a | 1 4 1 4 /
S 0.5+ ! ¢ ° £ = T s g /
e i : \. 200§ E 1o : N 2005 %30& Range L~ ~ //
Al [ | Range 11 = ! : < 30 %L R
0.4 Rangel : Range 1T ‘ ange § Range I : RangeIl | Range Il § § sé;io%wt %o /L 20 wt%
; ; o 1 ; @ @A .-
03— 0™ e 10 ™ F2gg : :
0 005 05 5 20 30 50 0 005 05 5 20 30 50 0.2 1.0

. 0.4 0.6 0.8
Mass Fraction (wt%) Mass Fraction (wt%) Average Trap Depth (eV)

FIG. 5. Relationship between (a) trap depth, (b) trap density, (c) average trap depth, and breakdown strength for PI/BT nanocomposites.
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100°C). Moreover, trap properties and their effect on breakdown
strength were studied through TSDC. The dominant trap parameter,
with the increase in the BT content, is correlated with deep traps, deep
and shallow traps especially their depths, and shallow trap density.
Then, it was found that a larger average trap depth corresponds to a
higher breakdown strength, the value of which decreases from 0.81 eV
to 0.44 eV as the BT content increases to 50 wt. %. This work presents
an effective strategy to enhance energy density while maintaining high
breakdown strength for PI nanocomposites and provides an under-
standing of the role of traps in dielectric breakdown. Recently, particle
arrangement and symmetry in multilayer PI nanocomposites are
receiving increasing attention.”' "’ This work also will support future
studies on them. For instance, the PI nanocomposite with 0.05wt. %
of BT could be used as the “insulation layer” instead of pure PI in a
multilayer structure design, and the calculated trap parameters could
be used for charge transport and breakdown behavior simulation in
the multilayer samples. Moreover, the PI composite filled with in-
plane aligned 1D nanofillers is also an interesting direction.

See the supplementary material for FTIR spectra, XRD patterns,
and TEM and SEM images of BT nanoparticles, pure PI, and PI/BT
nanocomposites.
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