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In this paper, we present a bipolar transport model in low-density polyethylene under high direct-current voltage in
order to investigate the charge packet dynamic generated under high injection. These charge packets, observed by
our model for the first time, have already been seen in some previous experimental works for a long time. Our

model results show that applied electric field and sample thickness play important roles on the apparition of space

Introduction

Low-density polyethylene (LDPE) is considered as the
material mostly used in high-voltage insulation, thanks
to its important mechanical and electrical properties [1].
Unfortunately, several previous experimental works that
were realized on charge transport in polyethylene proved
that space charge accumulation phenomenon affects the
electrical properties of the insulator and can lead to its
electrical breakdown [2-4]. In 1994, Alison started the
first attempt on bipolar charge transport model, and he
evoked consistent theoretical formulations for this prob-
lem [5]. After that, several modeling works interesting to
bipolar charge transport appeared based on Alison’s
model [6-9]. In this work, we present a bipolar charge
transport model for low and high direct-current (dc)
voltage, taking into account trapping, detrapping, and
recombination phenomena [10]. The theoretical formu-
lation of the problem regroups three coupled equations:
Poisson’s equation, continuity equation, and transport
equation. To resolve this bipolar problem, we apply ad-
equate numerical techniques. Indeed, the sample thick-
ness is divided into cells of trapping, detrapping, and
recombination phenomena. In the first step, we apply
the finite element method to Poisson’s equation in order
to determine the instantaneous electric field distribution
of the inputs and outputs of cells. In the second step, we
apply the Leonard model to the continuity equation
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without source terms to determine the mobile charge
densities (electrons and holes) in each cell. Finally, these
mobile charge densities are used as initial data for the
Runge-Kutta method, of the precision degree 5, applied
to the continuity equation with source terms for the
purpose of determining the densities of mobile and
trapped electrons and holes. Details of the model were
presented in our previous works [10,11]. By this, we
proved the existence of two charge dynamics under low
and high dc voltages, respectively. In fact, under low ap-
plied dc voltage, the charge dynamic in the polyethylene
sample is dominated by trapped charges, and the results
of external current show the aspect of space charge-
limited current, whereas under high dc voltage, the charge
packet aspect appears, and the charge dynamic and the
evolution of the external current density are governed by
mobile charges [11]. These aspects were also shown
experimentally in previous works [12]. In this work, we
focused on the conditions of charge packet apparition. In
fact, there is a threshold value of the voltage from which
the charge packet aspect appears and the charge dynamic
changes. To explain this effect, two parameters are consid-
ered: the sample thickness and the value of applied electric
field. Our model results show a threshold value to observe
charge packet aspect for both parameters, and the dynamic
is always governed by mobile charges.

Physical model

Our work is realized on an isotherm low-density poly-
ethylene of 150-um thickness sandwiched between two
electrodes under dc applied voltage. The holes and
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electrons were injected according to the Schottky
model and had an effective mobility which was expo-
nentially dependent on the temperature. As the sample
is an isotherm, then the effective mobility is constant.
Two kinds of traps exist in the bulk of the sample:
shallow traps (due to chain polymer conformation) which
contribute to the conduction phenomenon (transport) and
deep traps (due to chemical impurities) which contribute to
the trapping mechanism and charge accumulation which
can lead to many problems and even to the electrical
breakdown of the insulator [13,14].

Theoretical formulation

Our model is based on three coupled equations: Poisson’s

equation, continuity equation, and transport equation.
Poisson’s equation is written as follows:
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Continuity equation is written as follows:
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Sty Sat(e,n and Sy ) are the source terms of trapping,
detrapping, and recombination mechanisms, respectively:
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where dp(etonhy are the trapped densities for electrons
and holes. For the coefficient of trapping (B), signs (+) and
(=) correspond respectively to the appearance of trapped
charges and the disappearance of mobile charges. For the
coefficient of detrapping (Dgy), signs (+) and (=) correspond
to the appearance of mobile charges and the disappearance
of trapped charges, respectively. wq. and wy, are the
detrapping barriers for electrons and holes, respectively.
v is the attempt to escape the frequency.
Finally, transport equation is written as follows:

j(e,h) (x7 t) = /’te,hp(e,h)y (xa t)E(?C, t)' (8)

The following equation describes the condition of an
additive-free sample:
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p(x,0)=0. (9)

The boundary conditions related to the applied voltages
at the cathode and the anode are given by the following
equations, respectively:

V(0, > 0) = Ve, (10)

V(D,t > 0) = Va, (11)
with

[oEdx = AV, (12)

AV = Ve-Va. (13)

Flows of injected electrons and holes are given by the
Schottky model as follows, respectively:

Wei e [eE(0,t)
i(0,1) = AT? - — ’ 14
Je(0:2) xp ( kT) xp (kT 471e )’ (14)

. Whi e [eE(D,t
Jju(D,t) = AT?exp (— k—;) exp <kT ins)> . (15)

Table 1 Nomenclature

Parameters Fixed values

Coefficients of trapping
B. (electrons) 7x107 57!
By, (holes) 7x 107 s

Coefficients of recombination

So 4%x10°m3C s
S 4x10°m*C' s
S, 4x107°m* s
S3 Neglected (0)
Mobilities

Ue (electron) 9x 107" m?V s
Up (hole) 9x 107" m? Vs

Trap density

dpe (electrons)
dpt (holes)
Injection barriers
Wi (electrons)
W (holes)
Temperature
Applied voltage
Time step
Sample thickness

Spatial discretization

100Cm™
100C m™

1.2 eV
1.2 eV
25°C
10 and 50 kV
001s
150 pm
Variable
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Equations of conduction, displacement, and external
currents

The conduction current density for the mobile electrons
and holes is written in the following way:

o ®:8) = (Mo (5:2) + pypy, (3.8) ) E(x, ). (16)

The displacement current density is as follows:

, OE(x,t)
Jalx,t) = e (17)
The external current density is given by the following
equation:
](t) :jep‘hg(xv t) +]d(xa t) (18)

Due to the boundary condition (Equation 12), the
following condition is always satisfied:

Joja(x, £)dx = 0 (19)

Net charge density (C.m'3)

Nomenclature of different model coefficients and
parameters is given in Table 1.
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Figure 1 Net charge density in a thickness of 150 x 107° m. Figure 2 Electric field distributions in a thickness of 150 x 107° m.
Under (a) 10, (b) 20, and (c) 60 kV. (@ 10 and (b) 20 kV.
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Results and discussion

In this section, we study the effects of the applied electric
field and the sample thickness on the apparition of the
space charge packets and on the dynamic of charge.

Effect of applied electric field

Figure 1a,b,c shows the net charge density in the bulk of
an LDPE sample of 150-um thickness under 10, 20, and
60 kV, respectively. From Figure 1a, we note the absence
of charge packets and the accumulation of injected elec-
trons and holes near the electrodes. Figure 1b gives the first
apparition of the charge packets which are more significant
in Figure 1c. Under 60 kV of dc voltage, we note also the
presence of alternation zones called zones of heterocharges
(profile at 60 s). From these results, we can conclude that
the charge packets are linked to the threshold value of
applied voltage of about 20 kV, which corresponds to an
applied electric field of 1.33 x 10° V.m™.

10s

e+ 0 vV ®

Mobile electron density (C.m'3)

Thickness (m) x10*

Trapped electron density (C.m'3)

: S, »
Thickness (m) x10*

Figure 3 Mobile and trapped electron densities in a thickness
of 150 x 107® m under 10 kV. (a) Mobile electron density and (b)
trapped electron density.
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Figure 2a,b shows the electric field distribution under
10 and 20 kV, respectively. From this figure, we can con-
clude that the apparition of space charge packets under
a high voltage is due to the reintensification of electric
field at the interfaces which provokes the intensification
of injected charge densities. In fact, as can be seen from
Figure 2a, there is no intensification of the interfacial
electric field which decreases continuously because of the
accumulation of injected charges near the electrodes. This
can explain the disappearance of charge packets under low
dc voltage. However, in Figure 2b, the reintensification of
the electric field at the interfaces is clearly observed as it
can be seen from profile 200 s.

To understand how the charges behave at low and high
voltages, we plot the mobile and the trapped electron dens-
ities under 10 and 60 kV. Figure 3a,b shows the electron
densities at 10 kV. From this figure, it is clearly observed
that the trapped electron density is much higher than the
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Figure 4 Mobile and trapped electron densities in a thickness
of 150 x 10~° m under 60 kV. (a) Mobile electron density and (b)

trapped electron density.
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mobile density. In fact, the trapped electron density is al-
most equal to 4 C m™> and the mobile electron density is
nearly equal to 2 C m™>. Thus, we can conclude that
under a low voltage (less than 20 kV dc applied volt-
age), the charge dynamic is governed by trapped charges.
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Figure 5 Net charge density under 60 kV. Thicknesses at (a)
600 x 107°, (b) 450 x 107°, and (c) 200 x 107° m.
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For applied voltages higher than the threshold value
(20 kV), we observed that the charge dynamic is inverted
(Figure 4a,b). In this case, the charge dynamic is so
dominated by mobile charges.

Effect of polyethylene thickness

Now, we study the effect of the sample thickness for a
given dc applied voltage. In fact, from Equation 12, it is
pointed out that the decrease of the sample thickness
(D) has an effect similar to the increase of the applied
voltage. Figure 5a,b,c shows the net charge density under
60-kV dc applied voltage in LDPE samples of 600-, 450-,
and 200-pm thicknesses, respectively. These thickness
values correspond to 108 1.33 x 10%, and x 10® V. m™,
respectively. These figures lead to the existence of a thresh-
old value of thickness from which the charge packets
appear and the charge dynamic changes. For example, from
Figure 5a, we note the absence of the charge packets which
begin to appear at a thickness of 450 pum (Figure 5b) and
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Figure 6 Electric field distribution under 60 kV. Thicknesses at

(@) 200 x 107° and (b) 600 x 107° m.
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clearly formed and appeared at 200 pm (Figure 5c). Thus,
450 pum is considered as the threshold thickness.

As interpreted, the apparition of charge packets is due
to the reintensification of the interfacial electric field. In
fact, we note in Figure 6a the reintensification of the
interfacial electric field at 200 um; however, it decreased
continuously until 600 pm (Figure 6b).

In order to study the effect of the sample thickness on
the charge dynamic, we represent in Figures 7a,b and 8a,
b the densities of mobile and trapped electrons under
60-kV dc applied voltage at 600 and 200 pm, respectively.
At 600 pm, it is clear to see that the trapped electron
density is much higher than the mobile electron density;
for example, at 700 s, the ratio between the trapped dens-
ity (Figure 7a) and the mobile density (Figure 7b) near the
electrodes is greater than 4. Hence, the conclusion is that
the charge dynamic for thicknesses greater than 450 pm is
governed by trapped charges.
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Figure 7 Mobile and trapped electron densities in a thickness
of 600 x 10°° m under 60 kV. (a) Trapped electron density and (b)
mobile electron density.
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Figure 8 Mobile and trapped electron densities in a thickness

of 200 x 10~° m under 60 kV. (a) Mobile electron density and (b)
trapped electron density.

This aspect inverts for thicknesses less than 450 pum
where the mobile electron density (Figure 8a) becomes
much more important than that of the trapped electrons
(Figure 8b), and the ratio between mobile and trapped
densities near to the electrodes is greater than 10.
Therefore, the charge dynamic for thicknesses less than
450 pm is dominated by mobile charges.

Conclusions

In this paper, we studied the space charge dynamic in an
additive-free low-density polyethylene and the conditions
of space charge packet apparition. Model results proved
the existence of a threshold electric field of 1.33 x 10° V
m™ (20-kV dc applied voltage) from which the charge
packets appear and the charge dynamic becomes governed
by mobile charges. In addition, we investigated in this
study the effect of polyethylene thickness on the appar-
ition of space charge packets. It should be noticed that the
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obtained threshold electric field corresponds to the fixed
thickness of 150 pm; in the same way, the obtained thresh-
old thickness corresponds to the fixed applied electric field
of 4 x 10° V. m™ (60-kV dc applied voltage). Therefore,
the applied electric field and the sample thickness are
highly dependent from each other, and consequently, there
is a threshold electric field for each thickness and a thresh-
old thickness for each electric field. Thus, we concluded
that this study gives useful information about the adequate
insulator thickness that should be chosen when the ap-
plied electric field is fixed.
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