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Analysis of Current-Voltage Characteristics in
Insulating Polymers using a Bipolar Charge
Transport Model

S. Le Roy, F. Baudoin, C. Laurent, and G. Teyssedre

Abstract— A bipolar charge transport model has first been
used to compare the current voltage characteristics (J-E) for
different applied voltage protocols and different times under
voltage taking low density polyethylene as a case study, as
a steady state may take a very long time to be reached
experimentally. Simulation results highlight the necessity to
spend substantial time under voltage to reach a quasi-stable
current. In a second part, evolutions of the model in terms of
physical processes are proposed, to observe their impact on
the J-E characteristics, and particularly the appearance of
electric field thresholds, as proposed by the Space Charge
Limited Current (SCLC) theory. To do so, different
mathematical expressions are proposed for each physical
process related to injection, mobility and trapping. Field
dependent mobility equations allow obtaining electric field
threshold values comparable to experimental data, while a
constant mobility is the only way to observe a trap free limit
region. Moreover, all parameters linked to trapping are of
most importance in the observation of a SCLC characteristic,
but are not enough to observe a trap free limit region when
electric field dependent mobility is considered.

Index Terms— bipolar charge transport model, fluid
model, J-E characteristics, polymer insulation, SCLC
theory

|. INTRODUCTION

URRENT-voltage measurements are necessary to
characterize polymers used as electrical insulation under
direct current (DC) thermo-electrical stress. They are often

analyzed in terms of Space Charge Limited Current (SCLC)
theory. This theory has been developed with simple but restrictive
physical hypotheses [1], such as one type of carrier, ohmic
contacts, no traps or a unique level of traps, and steady state
condition. Figure 1 illustrates a typical current density as a function
of voltage curve, where different regions are observed:
- an Ohmic region, where JocV. This region is often not
observed experimentally for insulating polymers.
- Atrap limited current region, where Joc\VV2 when traps are
not distributed
- Atrap-filled limited current, i.e. Joc\V*, where theoretically
asingle trapping level is considered. When traps (deep traps
particularly) are distributed, the slope is not infinite.
- Atrap free limited current. The voltage at which all traps are
filled is called Ve,
Even with such restrictive physical hypotheses, the SCLC theory
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Fig. 1. A typical current density-voltage

characteristic of space-charge-limited conduction
current. V1r is transition voltage. VrrL is trap-filled
limit voltage.

allows describing the specific S-shaped current density-voltage (J-
V), or current density-electric field (J-E) characteristic often
observed for insulating polymers [2], and particularly polyethylene
[3]. Among the restrictive physical hypotheses of the SCLC theory,
obtaining a steady state current is almost impossible for highly
insulating polymers [4]. In the present paper, a bipolar charge
transport (BCT) model [5] has been used to evaluate and
understand the differences in results arising from the variation of
time under voltage application from seconds to quasi-steady state,
and the differences arising from the experimental protocol. The
BCT model has then been used with different physical hypotheses
related to injection, mobility and trapping, hopefully in the spirit of
[6], in order to observe the impact on the simulated current density-
voltage characteristics, particularly on the reproduction of a
specific S-shape, as predicted by the SCLC theory. Hypothesis of
a field dependent mobility seems more appropriate to obtain an
electric field threhold in the range of the experimental ones, i.e. 40
kV/mm for LDPE [5]. However, it goes against obtaining a third
region in the J-E characteristic. Although many hypotheses for the
mobility rule were tested in the present paper, it was not possible
to correctly reproduce the experimental J-E characteristic, for a
simple material such as LDPE.



Il. MODEL DESCRIPTION

A bipolar charge transport model, already reported in the literature
[5, 7-9], has been used for the simulations in a low density
polyethylene (LDPE). This charge transport model, also called
mesoscopic model in the literature for insulating polymers [10], is
a hydrodynamic model, based on the advection equation. The
model is one dimensional, function of the depth in the sample, and
features generation of electronic charges (i.e. electrons and holes)
through injection at each electrode, charge transport within the
bulk, trapping into one level of deep traps, from which charges can
detrap, and charge recombination between carriers of opposite sign
(Figure 2). The equations to solve are of the form:

Ong
% +V. (nap-aE - Ddiff—avna) = Sq 1)

V. (g0&rE) = (qnpy + qnne = qey — qnee) = p (2)

Where n, is the density (m), and a refers to the charge carrier,
being electron (e) or hole (h), mobile (u) or trapped (t). t is the
time, 4 the mobility (m?\V/s), for each charge carrier, E the
electric field (V/m), go is the vacuum permittivity, and & the
relative permittivity of the material (2.3 in the case of LDPE),
q is the elementary charge (C), and p the net charge density
(C/m3).

Duitr-a refers to the diffusion coefficient, and is of the form,

following the Einstein relation:
kpT
Daiff-a = ——MHgq 3)

q

With kg the Boltzmann's constant (J/K) and T the temperature
(K). This expression of diffusion is adopted since used in
organic semi-conductors, even if it is not clear whether or not it
is usable when the mobility is field dependent. This particular
point has been largely documented in the literature for organic
semi-conductors [11,12].

Sa in (1) are the source terms, reflecting all the physical
processes taken into account but not linked to transport

mobile
transport level electrons |
2 A | A
5 Sy B: D
8 . \L | trapped
@ trapping level -- X electrons |
S; So
. : trapped
trapping level -« s 7 holes N
8 S,
2 B, D,
< I
transport level hmoolglz
hp

Fig. 2. Schematic representation of the bipolar
charge transport model. Conduction is by free
charges in the transport levels, associated with
trapping and detrapping into one level of deep traps,
and recombination between charge of opposite
sign.

(trapping, detrapping and recombination in the present paper).
An example of source term for mobile electrons is given in:

n
Sep = _Beneu (1 - Fe;) + Denet - Slneunht - S3neunhu (4)

B. is the trapping coefficient (s), Noet the trap density for
electrons (m-3), which corresponds to a maximal trapped charge
density of 100 C/m3. De is the detrapping coefficient for
electrons (s%), and S; and S;3 are recombination coefficients
(m?3/s). The same kind of equation holds for trapped electrons
and mobile and trapped holes, and can be found in [5].

All the variables are function of space and time, even if
equations (1-4) do not reflect this, for sake of simplicity.

Charge generation is only due to injection of carriers at each
electrode, and follows a Schottky law:

3 - ai _E
Jscnote (X) = AT?exp ( Ij:/T ) [exp (157\' 4250};)] ®)

A is the Richardson’s constant, w,i is the injection barrier
height, for electrons or holes (eV), and the coordinate X refers
either to the anode or to the cathode. There is no extraction
barrier at the cathode for holes and at the anode for electrons.

The total external current density is calculated based on the
following Maxwell equation:

1 0D . OE (x,t
Jeot®) =3 J7 joona (6, £) dx + go, o (6)

Where jeond(X,t) refers to the conduction current, being the
sum of the conduction current of each mobile carrier, and D is
the sample thickness.

In the present paper, the sample considered is a LDPE of
thickness 150 pum. The model, developed with COMSOL
Multiphysics® uses the mathematic module (Partial
Differential Equation) to solve the convection-diffusion
equation for each kind of carrier (4 kinds). The Poisson
equation module is used to couple these equations to the
Poisson's equation. The Backward Differentiation Formula
solver is used for the time integration (maximum order 2, and
minimum order 1).

Il. IMPACT OF THE APPLIED VOLTAGE PROTOCOL ON THE
J-E RESULTS

A. Impact of the time under voltage application

Simulations have first been performed to observe the impact of
the time of voltage application on the current density vs. electric
field (J-E) characteristic. The physical hypotheses taken into
account are: a constant mobility, a constant trapping coefficient,
a detrapping coefficient function of temperature, for each kind
of carrier, and constant recombination coefficients. A Schottky
injection law (5) is used for charge generation at each electrode.
An optimized set of parameters has been previously determined
in [5]. Although no experimental data will be presented in the
present paper, the optimized set of parameters chosen is able to
reproduce most of the space charge and current measurements
available for LDPE, for different experimental protocols. This
set of parameters is presented in Table | and used for the
simulations in section 3. The experimental protocol is a step
increase of voltage, from 10 to 500 kV/mm, by steps of 10



TABLE |
Parameters used for the simulations
Symbol value units

Trapping coefficients
B. electrons 1.10% st
By, holes 2.10% st
Constant mobility
U for electrons 1.10% m?/V/s
u, for holes 2.10% [ m¥VIs
Trap densities
Noet for electrons 6.2510% | m?
None for holes 6.2510%° | m?3
Injection barrier heights
W, for electrons 1.27 eV
Wi for holes 1.16 eV
Recombination coefficients
So, S1and S; 6.410%2 | mis
Ss 0 m/s
Detrapping barrier heights
Wire fOr electrons 0.96 eV
Wirh for holes 0.99 eV

kV/mm from 10 to 100 kV/mm, and by steps of 50 k\V/mm from
100 to 500 kV/mm. The time between each step of voltage has
been varied from At=60 s to 10800 s (i.e. 3 hours).

These time values are based on practices reported in the
literature for polyolefins [13-21]. This leads to a total time of
experiment varying from 18 min to 54 hours. Figure 3a presents
the J-E characteristics for this applied voltage protocol. It is to
note that the value taken to plot the J-E characteristic is the
mean of the current density over the last minute under the given
applied field. In the literature for experimental results, the
Authors either take the last value under a given applied voltage
[22], or they take the mean value over the last minutes of
experiment [15-19]. For all the simulated time steps apart from
60 s, the J-E characteristic has a specific SCLC shape (or S-
shape). The first region, with ohmic regime at low electric field,
is not observed, but the other regions, as defined by the SCLC
theory (trap-limited conduction, the trap filled limit and the trap
free conduction) are observed, though the hypotheses behind
the two approaches are clearly different. The impact of the time
between two voltage steps on the current density values is
important for times up to 600s. On the contrary, the
characteristic is almost unchanged for times above 1800 s, and
the current density should have reached a quasi-steady state.
This is however not totally true, and simulations results
obtained with a stationary BCT model [23], with the same
optimized set of parameters, presented also on Figure 3a, show
a perceptible difference in the current values. The characteristic
however presents the same slopes for a steady state and
unsteady states. Figure 3b presents the current density as a
function of time for an applied electric field of 60 kV/mm, for
the different resting times between two steps. The current
density at 60 kV/mm has the same characteristic for all resting
times, i.e. it increases and reaches a maximum after around 20 s,
and then decreases. The differences arise from the value of the
current density at the beginning of the step, which is really
higher (by up to one decade) for short times under voltage
compared to longer ones. In all cases, the current density is still
decreasing and has not reached a steady state when the next step
in voltage is applied. Charges, being present due to the
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Fig. 3. a) Current density as a function of applied
electric field for a step increase of voltage protocol and
b) current density as a function of time for an applied
electric field of 60 kV/mm, for different times between
two steps.

previously applied voltages or injected at this step, have not
achieved an equilibrium, leading to a high current value at the
beginning of the next step of applied voltage. This behavior
holds for applied electric fields ranging from 10 to 150 kV/mm.
Above this field value, there is a slowing down of the
differences between each resting time (Fig. 3a). It is to note that
the electric field range for which there is a sharp increase of the
current density is relatively high (around 200 kV/mm)
compared to what is observed experimentally for a LDPE
(around 60 kV/mm). This is all the more surprising that the
simulation parameters have been optimized for LDPE sample
with different experimental protocols, for which the step
increase of voltage is one such [5]. However, during parameters
optimization, the objectives were more to quantitatively
reproduce most of the experimental data available, letting apart
the specific SCLC shape that was not reproduced. One of the
possible reasons proposed in [5] was that the mobility of holes
was relatively high, making it more difficult for charges to be
trapped. In the following section, simulation results are
presented with different physical hypotheses, among them
electric field dependent mobilities, to see their impact on the J-
E characteristics.

The present simulated results show that waiting for more than
30 min between two steps is a minimum to obtain a correct
value of the current density as regards stationary state, for this



specific step increase of voltage protocol and for the current
physical parameters values.

B. Impact of the applied voltage protocol

Simulations have then been performed for a
polarization/depolarization protocol, for the same applied
voltages and different polarization times, in order to investigate
the impact of the voltage application protocol on the J-E
characteristic. In the previous section, a step increase of voltage
has been chosen, which implicitly takes into account the state
of charges at the end of the previous step of voltage. In the case
of a polarization/depolarization scheme, a new sample is used
for each measurement, i.e. the sample is considered free of
charges before any voltage application. Figure 4a presents the
simulated current density as a function of the applied electric
field for different polarization times: a short time of 300 s, and
alonger time of 3600 s (i.e. 1 hour). They are directly compared
with the previous simulation results of Figure 3a. Simulation
results are similar for a step increase of voltage and for a
polarization/depolarization protocol, for a time under voltage of
3600 s. In the case of At=300 s, the shape of the results is
globally the same in both cases, but there are some
discrepancies in the simulated results. These differences, mainly
in the region 30 to 100 kV/mm, are particularly important in the
case of a J-E analysis, where a small error in the slope of the curve
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Fig. 4. a) Current density as a function of applied
electric field for a polarization/depolarization protocol
and different times under voltage application; b) Current
density as a function of time for a step —increase of
voltage and a polarization/depolarization protocol, for
an applied electric field of 60 kV/mm.

leads to a large error in the estimated permittivity, as an example,
in the case of a Schottky or Poole-Frenkel (PF) hypothesis, where
the permittivity is directly deduced from the J-E slope.

Moreover, even if the current values are globally comparable,
this does not mean that the current transients are similar during
polarization. As an example for medium applied electric fields
(60 kV/mm), the global behavior (see Figure 4b) presents a
rising current density to reach a maximum, and then a decrease
and a stabilization, for both protocols. The amplitude is
however different, as for the polarization/depolarization
protocol, the increase and decrease of the current is over one
decade, while the current density variation in time for the step-
increase of voltage protocol is of the order of 10%. This
behavior is due to the charge distribution, and hence electric
field distribution in the material prior to field application. The
net charge density is null at the beginning of the simulation for
a polarization/depolarization protocol, while charges are
already present and mostly decrease the electric field
distribution next to the electrodes in the case of a step-increase
of voltage. Hence, in the first case, there is a high generation
rate, a large charge redistribution, leading to a large current
transient. The current density converges faster toward a
stationary state when a step increase of voltage protocol is
applied, i.e. when charges are already present within the
material.

According to the model, the magnitude of the current is
produced with relatively short resting times between two step-
increase of voltage (>30 min). It is clear that the recommended
charging time holds for the particular physical model
considered here, and its parameterization. Changing material to
amore resistive one would certainly require longer stabilization
time.

IV. IMPACT OF THE PHYSICAL HYPOTHESES ON THE J-E
RESULTS

It has been noticed before that the range of electric field at
which the simulated current density value sharply increases
(corresponding to Vre in Figure 1) is high (around 200
kV/mm) compared to experimental data related to LDPE (40-
60 kv/mm). In this section, physical hypotheses related to
injection, mobility, trapping, detrapping and recombination
have been tested in order to observe their impact on the J-E
characteristics. One of the objectives is to determine if this
increase of current density could be reproduced for all the
proposed physical hypotheses, as the choice of different
physical processes can lead to the same simulated result. The
second objective is to see if the threshold in electric field could
be shifted to lower field values with a change of physical
hypotheses (or mathematical expressions).

A. Impact of the mobility equation

Simulations have been performed for different physical
hypotheses on the mobility for electrons and holes. The
experimental protocol is a step-increase of voltage, for
At=1800 s, which is not far from a stationary state as concluded
in paragraph I11.1. As a reference, mobility has been set as
constant, with an effective constant value taking into account
the possible trapping and detrapping of carriers into shallow
traps (values of Table 1). A hopping mobility and a Poole



Frenkel (PF) mobility for electrons and holes have also been
tested, in order to see their impact on the J-E characteristics. It
is to note that the PF mobility is associated with the necessary
presence of ionizable centers localized in the band gap able to
release an electron in the conduction band (respectively to
accept an electron, i.e. to create a hole in the valence band).
These ‘donor’ or ‘acceptor’ states (as in the semi-conductor
domain) would require too much energy to detrap a carrier in
the case of dielectrics, so the PF mobility is not well fitted for
our materials. However, the goal here is to have a second field-
dependent mobility equation, to evaluate if the current-voltage
characteristics could be reproduced.

Equations and parameters used for each mobility equation are
given in Table Il. The other parameters of the model (related to
injection, trapping, detrapping, and recombination) have been
untouched and are the ones of Table I. Figure 5 presents the J-
E characteristics for the different simulations using different
mobility laws. The Schottky injection current for holes (having
the lowest injection barrier, i.e. the higher injected current) has
also been plotted vs. applied field on Figure 5, for comparison
purpose. At low applied electric fields, the external currents are
clearly lower than the injection current for all mobility
hypotheses, i.e. the current density is not driven by the injection
process. Of course, the choice of parameters for these mobility
equations drives the value of the current at low fields. However,
for the cases of field dependent mobility, i.e. hopping and
Poole-Frenkel, the current density progressively tends to the
Schottky current, whatever the chosen parameters. This means
that the injection process rapidly determines the current density,
for field dependent mobility cases study. For field dependent
mobility equations, the increase in the current density appears
at relatively low to middle applied electric fields (30 kV/mm
for PF, and around 50 kV/mm for a hopping mobility), which is
more consistent with experimental data than for a constant
mobility. However, in the cases of field dependent mobility,
with the chosen parameters as regards trapping, detrapping and
recombination, the third zone of the SCLC characteristic (‘trap
free region’) is not visible, and the current is always following
the Schottky current. Other simulations (not presented in the
present paper) have been performed with a different trap
distribution (i.e. exponential [24]), and with a power-law for the
field dependence of mobility [25], with adapted parameters to
have current densities of the same amount as the ones obtained
with a constant mobility at 10 kV/mm. These simulations, with

TABLE Il
Mobility hypotheses tested in the simulations
Mobility Equation parameters
law
Constant Uconst He=10" m?/V/s
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Fig. 5. Current density as a function of applied electric
field for different mobility laws proposed in Table II.
Other parameters as in Table I. Schottky injection is
also presented for comparison.

field dependent mobility equations, lead to the same Schottky
current values in the case of medium to high electric fields. As
all other physical processes (injection, trapping, detrapping and
recombination) and parameter values are identical, it seems that
the value of the mobility in the case of a constant mobility
prevents the total current from achieving the Schottky injection
current. This has been already described in [23], and is directly
linked to the balance of charge density between mobile and
trapped charges, as predicted by the SCLC theory.

In the case of a constant mobility, the mobile charge density for
electrons and holes is higher than the trapped charge density,
with a trapped charge density being close to its maximal value,
i.e. 100 C/m3. In the case of a hopping and a PF mobility, the
mobile charge density is lower than the trapped one, with values
for mobile and trapped charges being very low (lower than 10
3 C/md). In this case, for high electric fields, mobile charges
have a high mobility, so their density is low, and the trapped
charge density is also low. Hence, the electric field is no more
disturbed by the charges. The current is then controlled by the
electrodes. It is to note that there is quasi no difference between
the simulation results obtained with the PF mobility and the one
obtained for a Schottky injection, whatever the applied electric
field (Figure 5). It seems that the PF mobility rapidly achieves
high values, hence the current remains determined by injection.
The same kind of conclusions has been reported in [25], i.e. the
PF process, even with different parameters, cannot reproduce
the space charge behavior at high applied electric fields.

B. Impact of the injection law

Simulations have then been performed for different injection
laws, as proposed in Table I11: a Schottky injection, an infinite
reservoir of charges, and a Fowler-Nordheim (F-N) injection.
The validity of an infinite reservoir of charges is questionable:
one should account for more detailed physical hypotheses at the
interface such as the presence of contact charges at each
electrode, the presence of a higher density of traps, on deeper
levels, etc. These charges (trapped mainly) should constitute a
reservoir of charges. Moreover, one should account for the
replenishment of this reservoir of charges, which is hence not
constant, being depleted when relatively high fields are applied
[26]. As it is difficult in reality to account for all these physical



TABLE Il
Injection laws tested in the simulations
injection Equation parameters
law
Schottky - (_ewm) e eE Psch-e iii; Z\\;
exp T exp IoT | 4mege, @sch-h =1.
Fowler- [ 1 3 OrN-h=1.16 eV
2,3 5 /02
Nordheim E%e exp |- f (Z_m)z Pen Orn-e=1.27 eV
8Thpy 3\h?/ eE
Reservoir Jres. = Nyes - E Nresv=300 C/m?
of charges Nrese=100 C/m3

processes (no information, no parameters) we choose the
simplest hypothesis, being the constant reservoir of charges, i.e.
injection is not limited. For each hypothesis on injection, a
constant mobility and a hopping type mobility have been tested
(parameters of Table 2). Other parameters are the ones of Table
I. Figure 6 presents the simulated current density as a function
of applied electric field for the different cases study. The
Schottky and Fowler-Nordheim injection current densities vs.
applied electric field values, have also been plotted for a barrier
height of w=1.16 eV. In the case of a constant mobility at low
to medium applied electric fields (1-100 kV/mm), when a
sufficient number of charges are injected inside the dielectric
(i.e. case of a reservoir of charge and Schottky injection), the
current density is limited by bulk processes. The current is
lower than 10%> A/m? in the case of a F-N injection, as the
number of charges injected at low field is quasi null at these
applied electric fields. It means that the current for this case, at
low applied electric field, is limited by the F-N injection
process. At high applied electric fields, and still for a constant
mobility, the current remains the same whatever the injection
law, i.e. the current is still driven by the ‘low’ value of the
mobility. The case of an electric field dependent mobility is
more complex to comprehend. The F-N injection law implies a
low current density at low applied electric fields, as in the case
of a constant mobility. The current density then increases
drastically with the increase of the applied electric field. At high
field (>100 kV/mm), the current density value follows the one
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Fig. 6. Current density vs. applied electric field for
different injection laws and different mobility
hypotheses. Parameters as in Table Il for mobility and
Table 11l for injection. Other parameters as in Table I.

of the injection current in the case of a Schottky and a Fowler-
Nordheim injection. The case of a reservoir of charges
associated to a hopping mobility shows a drastic increase of the
current density at high applied electric fields compared to other
cases, leading to a conclusion different from a constant
mobility, as the mobility does not limit the current value. For
these cases study for high applied electric fields, the controlling
process in the case of a constant mobility is the transport, while
it is the injection in the case of a hopping mobility.

C. Impact of recombination

The impact of recombination law on the J-E characteristic has
also been investigated, for the different mobility hypotheses
proposed in section 4.1. Three cases have been tested, i/
constant ~ recombination  parameters, ii/  Langevin
recombination, function of the mobility of the carrier, and iii/
no recombination. Figure 7 presents the current density as a
function of the applied electric field for the nine different cases.
Practically no differences are observed for the cases where the
mobility is field dependent, whatever the recombination
hypothesis, even no recombination. The only case where
recombination plays a non-negligible role is when the mobility
is constant. For this hypothesis, considering constant or
Langevin recombination almost leads to the same current
density values. A difference exists only when no recombination
is considered. In that case, the current shape tends to the
Schottky injection current. This particular behavior has already
been highlighted in [23].

D. Impact of the trapping physical hypotheses

One last physical process, the trapping, has been investigated.
For these simulations, mobility for electrons and holes are of
the hopping type, as it seems more physically sound to have a
field dependent mobility. Three parameters are linked to the
trapping: the trapping coefficient, the trap density, which is
usually kept at 6.25 10%° m* (producing maximal trapped
charge of 100 C/m®) in most of the researches linked to BCT
models [6,8], and the detrapping barrier height. In the present
research the trapping coefficient value has been changed
equally for electrons and holes, from 0.1 to 100 s. The trap
density for electrons and holes has been increased from 6.25
10%° m2 to 6.25 10?2 m=3. At last, the detrapping coefficient has
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Fig. 7. Current density as a function of applied electric
field for different mobilty and recombination
hypotheses. Other parameters as in Table .



been varied symmetrically from 0.8 to 1.2 eV. Figure 8 presents
the simulation results. Whatever the coefficient, the impact is
almost the same. As stated in the SCLC theory, the trapping
processes are directly related to the trap-filled limited current as
in Fig. 1 (i.e. JocVV*, when traps are not distributed). An increase
of the density of trapped charges (through an increase of the
trapping coefficient B, an increase of No or an increase of the
detrapping barrier height) implies a decrease of the current
density at low applied electric fields, a shift of the threshold in
electric field to the right, i.e. toward higher values of applied
electric fields, and an increase of the slope of the characteristic
for medium applied fields. There is hence a clear effect of the
trapping parameters on the variation of the current density at
low to relatively high fields. At high applied electric fields, all
the curves tend to the same current value, which is the Schottky
current for holes (i.e. for a barrier height of 1.16 eV), and all the
charge densities (not presented here) are low.

E. Discussion

Current density vs. electric field characteristics with a constant
mobility and optimized parameters lead to unrealistic
thresholds in electric fields regarding the space charge limited
and trap free conduction regime (corresponding to VgL in the
SCLC theory) compared to experimental data for LDPE. One
of the objectives of this paper was to find how to shift the
threshold in electric field to obtain simulation data fitting to
experimental ones. To do so, different physical hypotheses
and/or mathematical expressions have been tested. Important
remarks can be deduced from the simulations in section 4:

- When the mobility is field dependent, the threshold in field
approaches the one observed experimentally (around 60
kV/mm in the case of LDPE). However, keeping the optimized
parameters as for a constant mobility, the trap free conduction
as proposed by the SCLC theory and observed experimentally
is not reproduced. Moreover, when adopting electric field
dependent mobility equations, the space charge behavior cannot
be reproduced, as at high applied electric fields, the amount of
charges is quasi null (lower than 10-° C/m?®), not representative
of what is experimentally observed.
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Fig. 8. Current density as a function of applied electric
field for different values associated to trapping
processes. Other parameters as in Table I.

- Only a constant mobility ‘respects’ the trap filled region, as
presented in [23], i.e. all traps are filled, and the current is
driven by bulk transport.

- When the mobility is field dependent, the current limiting step
at high applied electric fields is the injection process, for the
tested physical hypotheses. Changing the injection hypothesis
has then a significant impact on the high field current densities.
This is not the case when a constant mobility is accounted for.
- Recombination (constant or mobility dependent) has an
impact only for constant mobility; the impact is negligible for
field dependent mobility equations.

- Changing the trapping physical hypotheses has been
performed only by changing the parameters values. It does not
affect the shape of the characteristic to a large extent, but the
variations on the current density values are large at low applied
electric fields.

Changing the mobility equation from constant to electric field
dependent has then a substantial impact on the J-E
characteristic. Similar simulations, performed on semi-
conducting materials [27], with an exponential and a Gaussian
trap distribution, led to the same kind of conclusions, i.e. the
trapping parameters are of most importance, and have to be
modulated in order to change the slopes and ranges of the J-E
curve. It is however difficult to shift the field threshold without
changing the permittivity or the material thickness. Moreover,
these simulations [27] also led to the conclusion that the
injection mechanism determines the current value at high
applied electric fields.

From the present results, it seems that changing the mobility
law allows obtaining consistent results as regards the current
density values, but the shape of the characteristic is not correct.
Hence, in its current form, the BCT model is yet not enough to
reproduce most of the experimental data available for LDPE,
the simplest polymer in its structure. The alternative
mathematical or physical hypotheses explored in the present
work for such model did not lead to definitive improvement: no
hypothesis as regards generation, transport, trapping has been
able to reproduce at the same time an electric field threshold at
a reasonable applied electric field, and a third region in the J-E
characteristic, where most of the traps are filled. A possible
reason could be that the real physical processes are a
combination of the previously proposed ones: for example, the
charge injection rule can be changing from one process to
another with increasing the electrode field, or the mobility can
switch from a constant to field-dependent one above a
threshold. Another possibility is that the physical hypotheses
chosen in the present paper are not well adapted to reproduce
the experimental behavior. The present model has the
advantage of dissociating all relationships between parameters
of each physical process. This is however not true in reality, and
evolutions of the model should certainly account for that.
Other tracks, particularly as regards the trapping/detrapping
hypotheses, need also to be investigated, such as for example
field dependent trapping/detrapping processes or a modulation
of the trapping/detrapping processes as a function of the already
trapped density of charges.



I1l. CONCLUSIONS

A bipolar charge transport model has been used in order to
evaluate the impact of each physical process, related to
injection, transport and trapping, on the J-E characteristic, for a
low density polyethylene. The protocol for voltage application
(step-increase of voltage or simple polarization/depolarization
protocol) does not seem to be critical as long as the time under
a specific voltage is long enough. It has been found that for a
polarization time longer than 30 min, the current values do not
change to a large amount compared to steady state simulated
currents. This time under voltage should then be used as a
minimum for any measurement if current-voltage characteristic
is under study, for the dynamics of processes considered in the
present model. The charge dynamic and the current transient for
each  protocol (step  increase of voltage and
polarization/depolarization protocol) is however different, and
a richer  information can be  deduced from
polarization/depolarization protocol, compared to a step-
increase of voltage protocol with combining current
measurements and space charge distribution measurements.
Injection, mobility, trapping and recombination have then been
analyzed, to see their impact on the J-E characteristics, and
particularly on the electric field threshold linked to the space
charge limited current. For the physical hypotheses tested in the
present paper, injection is always the dominant process when
field dependent mobility is accounted for, at medium to high
applied electric fields. Parameters linked to trapped charges (i.e.
trapping and detrapping coefficients and trap density) have a
significant impact on the shape of the characteristic when field
dependent mobility is accounted for, leading to a S-shape
characteristic in the case where enough charges can be trapped,
but with thresholds in electric field far from the ones observed
experimentally for LDPE. More work needs to be done on the
mathematical expressions and/or on the physical hypotheses
that need to be implemented in such BCT model to have
simulation results consistent with experimental J-E
characteristics.
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