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IN THIS ARTICLE, WE PROPOSE A
method to calculate the density of deep
traps formed in interaction zones based on
a mesoscopic structure and a double-elec-
tric layer of polymer nanocomposites. A
space-charge modulated breakdown model
is then utilized to investigate the electrical

breakdown property and its relation to
deep traps in interaction zones. The deep
traps that formed around the independent
interaction zones suppressed the space-
charge accumulation and the distortion of
the electric field, leading to the improve-
ment of the dc breakdown strength.

INTERACTION ZONES IN
NANOCOMPOSITES

Polymer nanocomposites have higher
electrical breakdown strength than poly-
mer matrices and their microcomposites,
which is beneficial for the development of
high-voltage dc power equipment [1]-{6].
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Intensive research has been conducted on
nanocomposites, including thermal stabil-
ity, mechanical property, and other electric
properties [7]-[10]. It is widely accept-
ed that the improvement of breakdown
strength originates from the interaction
zones or interfacial regions formed around
nanoparticles. Interaction zones can change
chain conformation, aggregation struc-
ture, or morphology of polymer matrices,
causing the modifications of trap proper-
ties, carrier mobility, and charge injections,
among others. These modifications lead
to the suppression of space-charge accu-
mulation, reduction of volume resistivity,
and enhancement of electrical breakdown
strength in polymer nanocomposites at low
filler contents [3], [11]-[13].

The dispersion of nanoparticles and the
mesoscopic structure of interaction zones
largely determine the dielectric properties
of polymer nanocomposites. The effect
of interaction zones on electrical break-
down strength is not obvious at extremely
low filler contents and is negligible, or
even counterproductive, at high filler con-
tents. In other words, the breakdown
field increases and then decreases with an
increase in filler content; it may also be
saturated at high filler contents. Electri-
cal breakdown strength (which relates
positively to volume resistivity and space-
charge accumulation [14]-[17]), volume
resistivity, and space-charge accumulation
all depend on filler content. The variation
in charge transport properties produced
by the interaction zones can change the
accumulation of space charges, which may,
in turn, modulate the electrical breakdown
strength of polymer nanocomposites.

We introduce a model based on an
interaction zone, from which shallow and

deep-trap distributions can be obtained.
Thus, the mechanics of a nanofiller’s
content impact on trap distribution and a
trap distribution’s impact on breakdown
voltage will be analyzed.

BREAKDOWN IN POLYETHYLENE
NANOCOMPOSITES

Breakdown strength is the property that
directly determines the long-term perfor-
mance of nanocomposite dielectrics, which
is influenced by many conditions, e.g.,
temperature, thickness, humidity, disper-
sion of the nanofiller. Kim showed that the
dielectric strength of polytetrafluoroethyl-
ene was found to decrease with increasing
temperatures for all sample thicknesses
[18]. Additionally, the activation energy
of dielectric strength increases with an
increase in film thickness for the thinner
film thickness range, but the activation
energy is nearly constant for the thicker
films, indicating that dielectric strength is
less sensitive to fluctuations in temperatures
for thicker films since the electromechanical
breakdown is the dominant mechanism.
Min [19] proposed the charge trans-
port and molecular displacement model
to evaluate the space-charge accumulation
and field distortion during the application
of the dc ramp voltage on low-density
polyethylene (LDPE) and found that the
breakdown fiel d decreases exponentially
with an increase in temperature. Zebou-
chi et al. [20] reported that the break-
down strength had a negative temperature
dependence and a positive pressure depen-
dence. (Frequency also had an impact on
the breakdown strength.) The breakdown
strength decreased with the increased
frequency, and Artbauer [21] found that
electric strength was also related to free
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FIGURE 1 The schematic of a charge capturing.

16 | IEEE NANOTECHNOLOGY MAGAZINE | JUNE 2018

volume and defects. He concluded that
the breakdown is treated as the final stage
of the disproportionate rise of the electron
current in a very high field, and that the
breakdown field depends on the same fac-
tors as the longest free path.

TRAP THEORY

Random topological structures and chemi-
cal arrangements in polymers, also con-
sidered to be physical or chemical defects,
can bring in many discontinuity points.
An Anderson-localized state [22]-[24],
which is also known as a chazge capture cen-
ter (trap), will capture free-moving charges.
Traps in polymer materials can offer con-
tributions to charge mobility and charge
capture. Specifically, carriers (charges)
directionally migrate under the effect of
the electric field and contribute to conduc-
tion current; once these carriers are cap-
tured by traps, carrier density will decrease.

Trap density distribution in polymeric
material can turn on various situations
since traps that are constrained at a certain
energy depth may exist in the material.
Mizutani et al. [25] investigated the phe-
nomenon of a transient space charge that
restricts current and obtained the carrier
mobility of a sample that varies from 50 to
90 °C. Their work demonstrated that car-
rier mobility of the high-density polyethyl-
ene sample obeys the Arrhenius equation
and the trap energy is approximately 1.2 ¢V.
Additionally, Dennison et al. [26] investi-
gated the voltage—current response of the
LDPE sample and simulated the results
using a thermal-hopping conductivity
model. The trap energy of the sample that
was obtained was roughly 0.76 eV.

It is also possible for traps to be con-
strained in more than one energy level,
Chen et al. [27], [28] proposed a space-
charge accumulation and a decay model,
based on double-discrete, energy-level
traps. They measured the space-charge
accumulation and decay properties of
LDPE via a pulsed electro-acoustic mea-
surement with voltage applied for 2 min
and 10 min, respectively. As a result, they
found that the energies of double traps
are 0.88 ¢V and 1.01 €V, respectively.

Additionally, a trap may also expo-
nentially distribute the trap energy level,
as shown in Figure 1. Quirke et al. [29],
[30] investigated the physical and chemical



defects in the distribution properties of PE
via a molecular simulation method and
concluded that trap distribution complies
with exponential distribution, where the
coefficient of the exponential function
Ny is roughly 102 —10%” m ™. Further-
more, traps may obey a Gauss distribution
with trap energy. Simmons’s theory can
be applied to the isothermal decay cur-
rent [31], the surface potential decay [32]—-
[35], or the thermally stimulated current
method [36], and serve to obtain the trap
density and distribution properties of
materials. For polymeric materials, all of
the results revealed that trap distribution
can be regarded as a Gauss distribution or
a combination of several Gauss distribu-
tion situations.

Carrier capturing is a significant pro-
cess that influences the electric property
of polymeric materials. If no trap exists in
a dielectric, all of the charges can move
freely with no barriers. Carrier mobility is
then solely determined by charges, pho-
nons, and the impurities” collision proper-
ties. Defects are inevitable in materials, and
the effect of the traps’ capturing charges
must be noted, as shown in Figure 1, [22],
[37]. Accompanied by a charge motion,
some charges leave the conduction band
and drop into the forbidden band. Traps
in the forbidden band then capture the

charges and are forced to be constrained in
the forbidden band for a specific duration,
which is determined by trap energy. Higher
trap energy will lead to a longer retention
time, which can increase exponentially with
trap energy until the trapped-in charges
obtain adequate energy to detrap and con-
tinue to move; thus, a trap-capturing effect
can decrease the affected carrier’s mobility,
which is also called effective carrier mobility.

Generally, various retention times can
vary by more than ten orders of magni-
tude, e.g., the retention time of a trap
with an energy level of 0.1 eV is approxi-
mately 10713 5, whereas it is roughly 500 s
when the trap energy is 1 ¢V [38]. In
most models, including ion- or electron-
hopping conduction, trap-constrained
conduction and Pool-Frankel conduction,
the effective carrier mobility will decrease
exponentially with an increase to the trap
depth [22], [37], [38].

When explaining the breakdown prop-
erty via the trap theory, four elements are
taken into consideration: electrons and
holes injection, the carrier mobilities of
electrons and holes controlled by shallow
traps, the trapping-in and trapping-out pro-
cess of charges in deep traps and electron-
hole combination (including free-electron
free-hole recombinations), and the free-
electron hole-trap recommendation and

Electron
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Voltage Source
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d
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x=0

Migration
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FIGURE 2 A charge transport property during the breakdown process.

trap-electron free-hole recommendation.
These elements are displayed in Figure 2.

ESTIMATION OF DEEP-TRAP
DENSITY IN NANODIELECTRICS

We propose the following model to cal-
culate the density of deep traps formed
by interaction zones for polymer nano-
composites: a space-charge modulated
electrical breakdown model consisting
of a bipolar charge injection and trans-
port (i.e., the variation in trap density
caused by interaction zones) and a break-
down criterion are used to investigate the
affected mechanisms of filler content on
the dc electrical breakdown field.

Several models, such as Lewis’s model
[39], [40], Tanaka’s multicore model
[5], [41], and Li’s multiregion struc-
ture model [24] have been proposed to
describe the interaction zones formed in
polymer nanocomposites. Figure 3 shows
the mesoscopic structures and charge dis-
tribution in interaction zones. From the
mesoscopic structural point of view, inter-
action zones can be divided into three
layers, i.c., the bonded, transitional, and
normal regions [5], [41]. The thickness
is several nanometers for the bonded
region, approximately 10 nm for the tran-
sitional region, and greater than 10 nm
for the normal region [5], [41], [42]. A
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Gouy—Chapman diffuse layer or an elec-
tric double layer is formed in the interac-
tion zone from the electrical point of view.
The Gouy-Chapman diffuse layer over-
laps the bonded, transitional, and normal
regions [5], [41], [42]. The mesoscopic
structure and the Gouy—Chapman layer in
interaction zones modify charge transport
properties, e.g., trap density and energy,
the charge-trapping coefficient, carrier
mobility, and the charge-injection barrier;
consequently, the macroscopic properties
are changed. In our experiments, we con-
centrated on the influence of the modi-
fication of trap density on the electrical
breakdown of polymer nanocomposites.
The density of deep traps may be
determined by the interparticle distance,
thickness of the bonded and transitional
regions, binding strength in the bonded
layer, and overlapping of the Gouy—Chap-
man diffuse layers as shown in Figure 3
[5], [42]. The spherical inorganic nanopar-
ticles with a density of p, and a weight of
m, are incorporated into a semicrystal-
line polymer matrix with a density of p,
and a weight of m, to prepare a polymer
nanocomposite. The radius of nanopar-
ticles is 74, and they are assumed to be
homogeneously dispersed in the polymer
matrix with interparticle distance from
surface-to-surface of /, and, therefore,

mainly located in the amorphous regions
[43]. The crystallinity is assumed to be y.
for polymer nanocomposites. The weight
fraction of nanofillers f,, is equal to
mn/ (ma+ my), while the volume frac-
tion £, is mupp/(mapy+ mppn). Then,
the relation between volume fraction f
and weight fraction f, can be obtained
from the following equation

1 —fm< —ﬂ)]. 1)

Pn

1 _1p»

fv_fmﬂp

The volume fraction of nanoparticles
f» can be expressed by

F=-z)¥ (5 @)

The interparticle distance can be cal-
culated from (2) and (1). Then, we can
obtain the relation between the interpar-
ticle distance, weight fraction, densities of
nanoparticles and the polymer matrix, and
diameter of nanoparticles [5], [41], [44] as

L, =

[t i) )
3)

The number density of nanoparticles
n, is inversely proportional to the cubic
volume with a length of (/,+ /). The

Normal Region

Charges in
Particle Surface

FIGURE 3 A schematic of mesoscopic structures and charge distribution in an interaction zone.
Deep traps are mainly formed in bonded and transitional regions.
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interspacing between the centers of two
nanoparticles is 27, + [,. If we assume
nanoparticles are distributed uniformly in
the polymer matrix, the relation between
the number density of nanoparticles and
interspacing can be described by

nn=(1=x0)/ (27 + 1), (4)

Since the morphology of polymers
becomes less ordered from the bonded
layer to the loose layer, the energy of
the traps decreases as the distance from
the nanoparticle surface increases. Deep
traps are formed in the bonded and tran-
sitional regions, whereas shallow traps
are present in the normal region [5],
[41]. Consequently, the density of deep
traps is influenced only by the volume
fraction of the bonded and transitional
regions. The average distance between
two deep traps in bonded and transi-
tional regions is assumed to be Apr, and
the number of deep traps ¢ generated in
an interaction zone can be calculated by
the following equation:

_dm e
§=3 )

where 7, is the radius of the transitional
region. When the interfacial thickness
is very small, it is extremely difficult to
form deep traps. In other words, the
density of deep traps in interfacial regions
would be zero. With the increase in /i,
more deep traps will be generated in
interfacial regions.

It is possible for the Gouy—Chapman
layers to overlap with each other at high
filler contents. The overlapping prob-
ability may increase dramatically with an
increase in filler content. Accordingly,
the possibility for independent interac-
tion zones decreases strikingly.

B
1+< 3 Vn3>]

6\
—(%m x ) ] ©)

n

P =

exp

where 7, is the radius of the Gouy-
Chapman layer, while B is an exponent
for the stretched exponential function.
The density of deep traps in inter-
facial regions also depends on the type
of nanoparticles, the surface treatment,



charge distribution in the Gouy—Chap-
man diffuse layer, the binding strength in
the first layer, and so on. Therefore, the
density of deep traps can be written as

NDTzfﬂnl)i. (7)

Figure 4 demonstrates how the density
of deep traps formed in interaction zones
changes with filler content in LDPE-
based alumina (Al,O3) nanocomposites
with a crystallinity of roughly 50%. The
densities of the polymer matrix and the
nanofillers were 0.918 and 4.0 gem™3,
respectively. The radii of nanoparticles,
the transitional region, and the Gouy-
Chapman layer were 15, 30, and 125 nm,
respectively. The average distance between
the two deep traps in the bonded and
transitional regions was assumed to be
3 nm. Independent interaction zones
increase with a rise in filler content at
relatively low values, which resulted in an
increase to the deep traps. At relatively
high filler contents, the Gouy—Chapman
layers overlapped with each other, caus-
ing a decrease in independent interaction
zones, and therefore deep traps.

A space-charge modulated electri-
cal breakdown model [19] was utilized
to simulate the breakdown strength of
LDPE/Al2O3 nanocomposites at various
filler contents. The electrons and holes
were injected into the material from the
cathode and the anode, respectively, by
Schottky thermionic emission [45], [46].
Charge injection and transport in an
insulating material were governed by a

set of self-consistent equations, including
equations of charge injection, charge con-
tinuity, transport, and Poisson’s equation
[19], [45], and [47]-[49], as follows:

. Ein(f,h)
Jin(e,h) ( t) = AT2 CXP<_I€B_T>

exp( Y/ EF/‘LﬂEoSr )’ 8)

kgT
qum(x, Z') 4 aQtrap(x, t)
ot ot
$UD o 9)
X

7o) = fiiee (2, £) o F(x,£),  (10)

82¢(x>t) _ qfrcc(x,f)+qtra}1(x,t)
2 - - .
ox €0E; (1)

Here, A is the Richardson constant
(=1.20x10° a.m. 2K %), and kp is the
Boltzmann constant. Furthermore, ¢ is
the time after applying voltage in sec-
onds, while F(0,z) and F(0,z) are the
electric fields at the interfaces x = 0 and
x = d, respectively. The injection currents
from the cathode and the anode, jin(
and Jin(»), respectively, are determined by
contact with the potential barrier between
the material and its electrodes, Ein()
and Ein(), the electric fields at interfaces,
and temperature.

LDPE/Al203 nanocomposites with
various filler contents ranging from
0 wt% to 10 wt% were used for dc break-
down simulations. The nanocomposite
films were 200 #m in thickness, and in the
dc breakdown simulations, LDPE/Al2O3
nanocomposite films were discretized

into 500 elements, and each element
was 0.4 #m in length. The computation
time step Az was 1 ms, and the nonlin-
ear charge continuity shown in (9) was
numerically solved by a finite differen-
tial weighted essentially nonoscillatory
method, which consists of fifth-order spa-
tial discretization and explicit third-order
total variation diminishing Runge—Kutta
time discretization. As expressed in (11),
The Poisson’s was solved by a boundary
element method.

Deep traps in polymer nanocompos-
ites consist of those in interfacial regions
with a density of N7, and in the poly-
mer matrix with a density of Nz,. It can
be assumed that deep traps in interfacial
regions and those in the polymer matrix
are located in the same energy level.
Consequently, the density of deep traps
in polymer nanocomposites N is equal
to the summation of Nz, and Ny, i.c.,
N7 = N1+ N1y

A ramp voltage with a rising rate of
500 Vs~1 was applied on the nanocom-
posite films. An intrinsic breakdown
strength was set for LDPE nanocompos-
ites, meaning that dc breakdown simula-
tions stop when the internal local electric
field reaches 365 kV/mm. The breakdown
field was then calculated from the applied
voltage, divided by the sample thickness.

Figure 5 displays the comparison
between simulated and experimental results
of the dc breakdown field as a function
of filler content in a range of 0 wt% to
10 wt% in LDPE/Al2O3 nanocompos-
ites. The simulation results are in good

5 x 10 >0 B Experimental Results
= xperi u
o« Nano- Nano- Nano- IE 360 - Simulation Results
& 4 x 1020 particle, particle particle 1S
= > 340 hy=10 nm
§ 3x 10201 Overlapping of D 300l lge=110 nm
o Gouy-Chapman Layers i
6 20 S 300}
> 2x10 r,=15nm 3 L]
‘@ pr =30 Nm % 280
8 1x102} Iqe=125nm 2 *
Apr=3nm @ 260
1 1 1 1 .O
0.5 1.0 1.5 2.0 0 1 >

Filler Content (wt%)

FIGURE 4 The density of deep traps formed in interaction zones as a
function of filler content in LDPE/AI203 nanocomposites.

Filler Content (Wt%)

FIGURE 5 The dc breakdown field as a function of filler content of
polymer nanocomposites.
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Breakdown strength is the property that directly
determines the long-term performance of
nanocomposite dielectrics, which is influenced
by many conditions, e.g., temperature,
thickness, humidity, dispersion of the nanofiller.

agreement with experiments. The dc
breakdown field obtained by simulation
first increases and then decreases with
an increase in filler content. The break-
down field reaches its maximum at a filler
content of approximately 0.5 wt% and
becomes saturated above 2 wt%.

Figures 6 and 7 show the distribu-
tions of space charges and electric fields at
various times during the voltage rise stage.
Electrons and holes are injected into
dielectric materials under an applied volt-
age through Schottky thermionic emis-
sion from the electrode and the anode,

respectively. These injected negative and
positive charges migrate in the bulk of
materials toward the opposite electrodes
via extended states and/or shallow traps.
During the migration, these charges may
be captured by deep traps produced by
chemical impurities and interfacial regions
between nanoparticles and the polymer
matrix. Homocharges are then accumu-
lated near the electrodes, while the electric
field in the bulk of the materials is distort-
ed by the accumulated space charges. The
electric field is enhanced in the middle of
the materials while it is reduced near the
electrodes. The maximum electric field
increases with time and reaches the intrin-
sic breakdown strength at s. The break-
down electric field is determined to be
kV/mm from the applied voltage. The
same simulation is carried out for LDPE
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FIGURE 6 The space charge distributions in neat LDPE at various

times during the voltage rise stage.

FIGURE 8 The average space charge density as a function of filler con-

tent in LDPE nanocomposites after applying a ramping voltage for 110 s.
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FIGURE 7 The electric field distributions in neat LDPE at various times

during the voltage rise stage.
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FIGURE 9 The average space charge density as a function of filler con-

tent in LDPE nanocomposites after applying a ramping voltage for 110 s.



nanocomposites with different filler con-
tents of nano-ALOs.

The changes in the dc breakdown
field with an increase in filler content
can be observed by the variation in the
space-charge accumulation and the elec-
tric field distortion in the polymer nano-
composites. Figures 3 and 6-9 reveal
how the distributions of space charges
and electric fields vary with increased
filler content.

The thickness of the Gouy—Chapman
diffuse layer determines the chance of
overlap with a given filler content; this
probability of overlap decreases with a
decrease in the thickness of the Gouy-
Chapman diffuse layer. The maximum
dc breakdown field may occur at high-
er filler content, and this is observed in
LDPE-based magnesium-oxide nano-
composites. The thickness of the Gouy—
Chapman diffuse layer is determined by
the charge density absorbed on the sur-
face of nanoparticles. As shown in Fig-
ure 10, an increase in the thickness of
the Gouy-Chapman diffuse layer, the
transition point moved left to the lower
nanofiller content. Additionally, for a spe-
cific Gouy—Chapman diffuse layer, the dc
breakdown rose with an increase of field
thicknesses of bonded and transitional
regions, as seen in Figure 11.

EVALUATION OF THE MODEL

This model explained the macroscopic
electric phenomenon in terms of micro-
scopic perspectives, and systematically
analyzed the combination of nanofiller
content with the dc breakdown field. The
mechanism of how trap distribution and
density affect properties of material, which
can be considered as a valid method in
nanocomposite research, were also dem-
onstrated by this model. However, fur-
ther efforts must be taken to explain the
aggregative state of nanoparticles so that
the effect of interfaces and their coordi-
nated impact on electric strength, and the
regulation and mechanics of breakdown
behavior can be clearly understood.

CONCLUSION

The density of deep traps formed in poly-
mer nanocomposites was calculated by
observing the mesoscopic structures and
double electric layer around the interac-
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FIGURE 10 The dc breakdown field as a function of filler content at different thicknesses of the

Gouy-Chapman diffuse layer.
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FIGURE 11 The dependence of the dc breakdown field on the thickness of bonded and transi-

tional regions at /gc and f of 110nm and 0.5wt%.

tion zones. The estimation method of
deep-trap density was used in a space-
charge modulated breakdown model
to calculate the breakdown strength of
polymer nanocomposites. The relation
between the breakdown strength and the
filler content was obtained and the simu-
lation results were in good agreement
with experiments. Deep traps formed
around independent interaction zones at
relatively low-filler content were found
to suppress the accumulation of space
charges and the distortion of the elec-
tric field, leading to the improvement of
the breakdown strength. The proposed
model is advantageous for exploring the
influential mechanisms of the interaction
zone on the electrical property of poly-
mer nanocomposites.
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