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Charge transport model in nanodielectric composites based on quantum
tunneling mechanism and dual-level traps
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Charge transport properties in nanodielectrics present different tendencies for different loading
concentrations. The exact mechanisms that are responsible for charge transport in nanodielectrics are
not detailed, especially for high loading concentration. A charge transport model in nanodielectrics
has been proposed based on quantum tunneling mechanism and dual-level traps. In the model, the
thermally assisted hopping (TAH) process for the shallow traps and the tunnelling process for the
deep traps are considered. For different loading concentrations, the dominant charge transport mecha-
nisms are different. The quantum tunneling mechanism plays a major role in determining the charge
conduction in nanodielectrics with high loading concentrations. While for low loading concentra-
tions, the thermal hopping mechanism will dominate the charge conduction process. The model can
explain the observed conductivity property in nanodielectrics with different loading concentrations.
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4960638]

Nanodielectrics have been widely investigated in the last
two decades as some improved properties, including space
charge suppression, corona resistance, and partial discharge
resistance, have been observed. Especially, space charge sup-
pression when the nanodielectrics are subjected to the applied
dc field has an important significance for applications in high
voltage dc insulation system.

It has been widely reported that the formation of deep
traps between the polymer matrix and nanoparticles can sup-
press space charge injection.'” However, the effect of space
charge suppression has a strong link with the nanoparticle
concentration. For low loading concentration, the charge sup-
pression can be observed clearly by the pulsed electroacoustic
method (PEA), while charge transport behavior becomes
more complicated for high loading concentration.® Literature
reports and our own measurement results indicated that the
conductivity properties in nanodielectrics show different
changes for different loading concentrations,”® as shown in
Figure 1. The polymer matrixs are LDPE (Low density poly-
ethylene), LLDPE (Linear low density polyethylene), and PI
(Polyimide), respectively. One may notice that the conductiv-
ity for polyethylene without any nanofillers shows the differ-
ence in several orders of magnitude. This is likely related to
the purity of the sample, sample preparation, the influence of
test method and test environment, etc. But for each group
where the same test setup, method, and samples are used, the
conductivity results show the expected tendency. More impor-
tantly, the following trend has been observed for all the sam-
ples. For the nanodielectrics with low concentration, the
conductivity is lower than that of the pure polymer. It reaches
a minimum value at a certain concentration and gradually
becomes large with the increase of loading concentration. It
has also been found that the related electrical performance,
surface  flashover, and breakdown deteriorate for
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nanodielectrics with high concentrations.>*® At present, the
exact mechanisms of charge transport in nanodielectrics are
not detailed, and the observed experiment phenomenon of
charge conduction in nanodielectrics with high loading con-
centrations has never been fully explained.

Adding nanoparticles into polymers can introduce the
deep traps due to the effect of interfacial characteristics
between the nanoparticle and matrix, and the deep trap density
is different for different loading concentrations.' Generally, it
is difficult for charge carriers to escape from the deep trap
sites, due to the higher potential barrier, especially for nanodi-
electrics with high loading concentration, which is inconsistent
with the observed conductivity phenomenon. The quantum
tunneling mechanism based on the percolation theory has been
investigated in black carbon and carbon nanotube polymer

n _ . » Conductivity Transition Region |
10,1 sEN /T - ! ! |
N\ \ : - ! :
A ; \ —
-y @— ¥ L4 : ;
—_ A‘\’\ o : : ;
=) 17 [ I Ng” 1 H :
S0 iR s __a &
172] i —A— !
Skl . |
2 L v— :
R : ) :
L N\grrmereee o
2 107F ; ‘ i
Q | ! H : H
= Lo 1 : - . *
—g *‘\\* ,' ® '
o 21 . ~_ -
o 10 : :
—n— LDPE/TiO2 —o— LDI’]—:/AIZOi —A—LDPE/MgO
3 —v—LDPE/ZnO —— PI/SiOZ —*—LLDPE/SiO,
10-23 | 1 1 1 1 . |

0 2 4 6 8 10
Nano-filler concentration (wt%)

FIG. 1. Conductivity characteristics of nanodielectrics as a function of loading
concentrations. (a) LDPE/TiO,-50kV/mm-25 °C, black square original data
from Ref. 6; (b) LDPE/A1,0;3-40kV/mm-25 °C, red circle original data from
Ref. 8; (c) LDPE/MgO-40kV/mm-25 °C, blue triangle original data from Ref.
4; (d) LDPE/ZnO-40kV/mm-25 °C, inverted pink triangle original data from
Ref. 5; (e) PI/SiO,-40kV/mm-100°C, green diamond original data from Ref.
7; (f) LLDPE/Si0,-50 kV/mm-60 °C, green star original data from Ref. 3.
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composites.'™!" We believe that it can also be used to repre-
sent the charge conduction in nanodielectrics loaded with
metallic oxide. For high loading concentration, the separation
distance between the two adjacent nanoparticles is short.
Hence, it is possible that the trapped charges pass through the
trap site to the nearest-neighbor site by the quantum tunneling
effect.

In this paper, a charge transport model in nanodielectrics
has been proposed based on quantum tunneling mechanism
and dual-level traps to interpret the observed charge conduc-
tion in nanodielectrics with different loading concentrations.
Figure 2 shows the schematic model of charge transport in
nanodielectrics.

In the model, dual-level traps, that is, shallow trap and
deep trap are taken into account.'? There are two kinds of
charge transport mechanisms, which can represent the charge
conduction processes for the shallow trap and the deep trap,
respectively. For the shallow traps, the trapped charges can
overcome the potential barrier and hop to the neighbour trip
site by the effect of thermal vibration, which depends on the
temperature and electric field. Hence, thermally assisted hop-
ping process is considered to represent the charge conduction
in the shallow traps. For the deep traps, it is difficult for the
trapped charges to overcome the potential barrier. But there
is the exception that if the electric field is strong enough, and
the distance of potential barrier between two trap sites is
small enough, trapped charges are able to pass through the
potential well by the quantum tunneling mechanism. In the
calculation, assumptions include injection barriers for elec-
trons and holes to be symmetrical, and nanoparticles with the
same diameter are uniformly dispersed in the polymer
matrix.

The injected charges from electrodes will migrate to the
bulk of nanodielectrics under the effect of the electric field.
Neglecting the diffusion process, charge transport dynamic
behaviors in nanodielectrics can be represented by the fol-
lowing expressions:

Charge transport equation
j&h(x7 t) = pe.h(xa t):ue,h(xv Z‘>F(X7 t)' (1)
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FIG. 2. Schematic model of charge transport in nanodielectrics.
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where j, ,(x,f) is the conduction current density of electrons
and holes, A/m?; Pen(x,t) is the free charge density and
Proral(X,1) 1s the total charge density, C/m?; He n(X,t) 1is the
mobility of electrons and holes, m?/(Vs); F(x,?) is the elec-
tric field, V/m; S; is the source term, m>C~! s~ here, it
refers to the recombination of the total electrons and total
holes.

The Schottky law is adopted to describe the charge
injection process from electrode to dielectric. The injection
current density depends on the contact potential barrier, the
applied voltage, and temperature
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where j;, . and j;, , are injection current density from cath-
ode and anode, respectively, A/m?; Einey and E;y;,y are the
injection barriers for electrons and holes, respectively, eV;
A is the Richardson constant; T is the absolute temperature,
K; ¢. is the elementary electron, C; & is the Planck con-
stant, and kp is the Boltzmann constant; ¢, is the vacuum
permittivity, F/m, and ¢, is the relative permittivity of
nanodielectrics.

Thermally assisted hopping conductivity (TAH) origi-
nally developed for charge transportation in ionic crystals,
which can represent the process of thermal excitation of
trapped charges in the shallow traps. The expressions are as

follows: '3
<2NUTAHqga>eX —AH sinh aq.F
F P\ ksT 2T |’

where N is the carrier density, m; a is the average separa-
tion distance, nm; vz, is the frequency of hopping; AH is
the trap energy, eV.

The quantum tunneling conductivity (TUN) was initially
developed by Mott and Davis, and extended by Apsley and
Hughes.'* Charge transport processes are composed of a series
of tunneling processes; hence, the overall conductivity depends
on an average of the probabilities of sequential tunneling. The
geometric mean is used to describe the process'*

) n ) 1 n
(P) = lim lH Pi| =exp [}LTO ZZ lnP,-], (7
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where P; is the probability of an individual tunneling pro-
cess. After complex mathematics, the tunneling conductivity
can be represented as follows:

- 1/4

arun(F,T) = NkBZZ!;’hqe {1 + };i?} K(Pz—i— Q)]
3+ 1 B
24(1+p)° 8 3
2+p 1 P
2

6(1+p)° 3

2 1/4
x exp|— (m) ) (8)

where f is the ratio of field energy to thermal energy
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where K, P, and Q are the intermediate variables to simplify
the equation; N is the energy density of trap states, m °; o is
the decay constant of localized state wave functions. The
average trap separation distance of d equals to (20) ', nm.

Interfacial zone between the polymer matrix and nanopar-
ticles plays a key role in determining charge transport behav-
iors and will have a significant effect on the electrical
performance of nanodielectrics. Several models have been pro-
posed to characterize the properties of interfacial zone,”'>'
such as, multi-region structure around spherical nanoparticles
model. These proposed models are beneficial to understand the
interfacial characteristics and some observed experimental
phenomena. However, it is difficult to gauge or calculate the
actual thickness of the interfacial zone, due to the complexity
of interfacial zone. Hence, the separation distance between the
two adjacent nanoparticles cannot be determined definitely as
there is no specific value of thickness of interfacial zone for
different loading concentrations.

In the simulation, nanoparticle loading concentration is
not adopted directly. Instead, the trap energy and separation
distance between the two adjacent trap sites are discussed,
which has a qualitative link to the loading concentration.
Dual-level traps are considered in the calculation. The values
of shallow trap and deep trap are set to 0.76eV and 1.10eV,
respectively, based on previous studies of LDPE or nanodi-
electrics (0.8-1.0eV,'? 0.76eV,"® 0.88¢V, and 1.01eV."?
The separation distance between the two adjacent trap sites
is set from 0.1 to 5nm, which is extracted from the experi-
mental results of LDPE or nanodielectrics (1.1nm and
2.9 nm,13 3.2 nm,17 2.8 nmlg). In the simulation, a voltage of
9kV is applied on the nanodielectrics with a thickness of
180 um. The whole sample was discretized into 200 ele-
ments. Considering the volt-on time in PEA measurement,
the total calculation time is set to 1 h and the time interval is
0.1s. The numerical calculation has carried out by Finite
Difference Method (FDM). A summary of the parameters of
simulation is presented in Table 1.

Appl. Phys. Lett. 109, 062901 (2016)

TABLE I. Definition of parameters in simulation.

Model parameter Value
T, Temperature (K) 300
F, Applied electric field (kV/mm) 50
Ej ey, Injection barrier (eV), for electrons 1.10
E..ny» Injection barrier (eV), for holes 1.10
Ehation Shallow trap energy (eV), 0.76
for electrons and holes

E geep» Deep trap energy (eV), 1.10
for electrons and holes

a, Separation distance (nm), for TAH 0.1-5
d, Separation distance (nm), for TUN 0.1-5
S;, Recombination coefficient (m3 c! s’l), 4%x1073

for total electrons and total holes

Space charge and electric field distributions versus sam-
ple position and time in nanodielectrics with a certain sepa-
ration distance are calculated, as shown in Figures 3 and 4.
The separation distance is set to 3.2 nm, which was extracted
from experimental results of surface potential decay.'’

It can be observed from Figure 3 that electrons and holes
injected from the two electrodes gradually migrate to the
bulk of the sample with time, and they will go through a
recombination process inside the sample. At the initial stage
of stress, most injected charges will be captured by the trap
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FIG. 3. Net space charge distribution versus sample position and time in
nanodielectrics.
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FIG. 4. Electric field distribution versus sample position and time in
nanodielectrics.
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FIG. 5. Net charge distribution versus sample position in nanodielectrics
with different separation distances.

sites nearby the electrode interface. Charges at the elec-
trode interface gradually increase with time, and reach a
peak, about 52.5 C/m> at 600's, which will form an opposite
space charge electric field, resulting in the reduction of total
electric field. The rate of charge injection will become slow
with the decreasing local electric field, but the charge injec-
tion process still takes place as long as the electric field
exceeds the injection threshold. Overall, the accumulated
charges in the bulk of sample gradually increase until they
reach a stable state. Consequently, the maximum electric
field increases from 5 x 10’ V/m to 6.09 x 10’ V/m in the
bulk of sample under the stress time from 30s to 3600, as
shown in Figure 4.

To consider the influence of the nanoparticle loading
concentration on charge transport in nanodielectrics, the
influences of the separation distance between the two adja-
cent trap sites on charge dynamics and conductivity have
been studied. Figure 5 shows net charge distributions in
nanodielectrics at 3600 s. Figure 6 shows conductivity distri-
bution in nanodielectrics as a function of the separation dis-
tance. It can be observed that from Figure 5 the charge
distributions present different tendencies with the increase of
separation distance, it increases first from 2.9 C/m* for 0.3 nm
to 89.0 C/m3 for 1.0nm and then decreases to 17.5 C/m3 at the
cathode interface.
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FIG. 6. Conductivity distribution in nanodielectrics as a function of the sep-
aration distance.
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The conductivity properties are different for nanodielec-
trics with different separation distances, as shown in Figure 6.
It can be seen that the thermal conductivity (TAH) gradually
increases from 1.29 x 107 '®S/m to 2.44 x 10~ "*S/m with
the increase of separation distance, while tunnelling conduc-
tivity (TUN) gradually decreases from 4.44 x 107'°S/m to
1.64 x 10~ "7 S/m. The total charge conduction is dependent
on the two processes of TAH and TUN, which first decreases
and then increases with the increasing of the separation dis-
tance. The critical threshold of separation distance is about
1 nm, which is in agreement with the electron tunneling length
of polymer composites."!

The threshold value may vary within a small range,
which depends on the applied electric field, composite struc-
ture, and trap distributions. When the separation distance
between the two trap sites is shorter than the threshold value,
charges may pass through the potential well by the tunneling
effect under the strong field; this moment, the thermal hop-
ping process is weak. Overall, the tunneling process domi-
nates the charge conduction, the total conductivity gradually
reduces. With the increase of separation distance, the tunnel-
ing process gradually becomes difficult, and the thermal hop-
ping process becomes easier. When the separation distance
exceeds the threshold value, the thermal hopping process is
responsible for the charge conduction and gradually
increases with the increase of the separation distance.

The calculation in Figure 6 is consistent with the experi-
mental results in Figure 1. For high loading concentration, the
separation distance is short, and it may decrease to several
nanometers under the effect of interfacial zone. The tunneling
effect may occur between the two nearest nanoparticles, and it
will dominate the charge transport process. With the decrease
of concentration, the separation distance gradually becomes
large, and the tunneling process in nanodielectrics becomes
weak. It will result in the decline of the overall conductivity
and reach a minimum value. For low loading concentration,
the tunneling effect gradually becomes weak, owing to the
increase of separation distance. The thermal hopping process
becomes easier and will gradually dominate the charge con-
duction process. So the measured conductivity gradually
increases with the decrease of the loading concentrations for
the case of low concentration. The explanation is consistent
with the bipolar charge transport (BCT) model. The reduction
of loading concentration means the decreasing of trap density,
so the charge conduction will be accelerated. For the pure
polymer, the trap density is less than that of nanodielectric.
Hence, the conductivity of pure polymer is higher than that of
nanodielectric with low concentration.

In conclusion, in order to explain the observed charge
conduction phenomenon and reveal the charge transport
mechanism in nanodielectrics, a charge transport model in
nanodielectrics has been proposed based on quantum tunnel-
ing mechanism and dual-level traps. Distributions of space
charge and electric field with sample position and time in
nanodielectrics at a certain separation distance, and distribu-
tions of space charge and conductivity with different separation
distances are calculated. For different loading concentrations,
the charge transport mechanisms are different. The quantum
tunneling mechanism plays a major role in determining the
charge conduction in nanodielectrics with high concentrations.
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While for the case of low concentrations, the thermal hopping
mechanism will be dominant, which is identical with the bipo-
lar charge transport (BCT) model. The proposed model is bene-
ficial to explore the electrical performance of nanodielectrics
with different nanoparticle loading concentrations.

The authors thank the National Natural Science
Foundation of China (Grant Nos. 51337008 and 11575140). G.
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the scholarship for visiting Ph.D. studentship at University of
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