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Abstract

In this study, characteristics of charge injection under extra high electric field (above
100 kV/mm) in cross-linked polyethylene (XLPE) were investigated by experiments
of conduction current and space charge. The results show that current density from
low electric field to sample breakdown corresponds to space charge limited current
(SCLC) theory. More specifically, Schottky current is similar to experiment current
before 100 kV/mm, while the /-E curve conforms to a modified SCLC theory after
100 kV/mm. Besides, the non-linear coefficient of J-E curve from 100 kV/mm to
extra high electric field is smaller than theoretical value, and the injection depth of
space charge is restricted as the field becomes higher than 100 kV/mm, which may be
caused by the negative differential mobility of charge. Driven by extra high electric
field, charge collides with lattice of dielectric and scatters. As a result, mean free time
of charge decreases and charge mobility is reduced with the increased field. Conse-
quently, considering the decrease in charge mobility, a mobility-limited charge injec-
tion equation is proposed, and the validity of the proposed equation under extra high
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1 | INTRODUCTION

High-field conduction of polymer is different from the tradi-
tional Ohm's law, which has a significant non-linear volt-ampere
characteristic. Research on the conduction characteristics of
polymer could not only provide a theory basis for the design of
the insulation structure, but also conduct a2 microcosmic inves-
tigation on charge transport, energy level distribution and trap
density in dielectric [1]. Therefore, the research on high-field
conduction of polymer is of great significance to explore the
dielectric insulation performance and estimate the insulation life.

The non-linear conduction mechanism of polymers under
high electric field mainly contains two types: electrode-limited
model and bulk-limited model. The process in which charges
overcome the work function of the metal electrode and inject

electric field is demonstrated by space charge simulation.

into dielectric is the electrode-limited model, such as Schottky
effect and the Fowler—Nordheim effect [2, 3]. And as the in-
jection current becomes greater than the bulk conduction cur-
rent in dielectric, charge accumulates in the interface between
electrode and material, and the conduction mechanism turns
into the bulk-limited model, such as Poole—Frankel effect,
hopping conduction and space charge limited current (SCLC)
theory [4-6]. As a commonly used insulation material for power
cables, polyethylene has been widely studied for its non-linear
conductivity characteristics under high electric fields. G. C.
Montanari found that the current density of high-density poly-
ethylene followed the typical Schottky law describing an injec-
tion-dominated conduction mechanism [7]. Researches by L.
Lan showed that the conduction characteristics of cross-linked
polyethylene (XLPE) under high electric field could be
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explained by SCLC theory [8]. Besides, a research on carbon
black/polyethylene composite found that the conduction
characteristics under high fields were consistent with tunnelling
effect [9], while a study found that the high-field conduction
mechanism in silicon dioxide/low-density polyethylene com-
posite was dominated by hopping conduction [5]. Although
there have been a lot of researches on the high-field conduction
of polyethylene, the test electric fields in previous studies were
basically lower than 200 kV/mm. To ensute the safe operation
of high-voltage electrical equipment under extra high electric
field, it is of great significance to study the conduction mecha-
nism of polyethylene before sample breakdown. Therefore, to
reveal the high-field conduction at pre-breakdown in polymer,
some researchers developed a novel measurement system for
transient characterization of extreme field conduction [10], and
the conductivities near breakdown were discussed by a simpli-
fied criterion for thermal breakdown [11], which allowed tem-
perature dependent breakdown data to be converted to field-
dependent breakdown data. These provide the necessary
research foundation for study on polymer conductivity. But,
how to eliminate the effect of material ageing on the conduc-
tivity characteristics in long-term high-field experiment is also
needed for further study.

In addition, the current density of dielectric under high field
is an important basis for the analysis of space charge injection in
dielectrics. In the numerical calculation and simulation of space
charge, the Neumann boundary for charge injection is usually
chosen as Schottky equation [12, 13]. In parallel-plate electrode,
a bipolar charge transport model based on Schottky injection,
charge migration, trapping and recombination processes has
been developed [14]. Furthermore, under higher electric field,
Schottky equation was also applied to simulate the charge
injection in needle-plate electrode [15, 16]. However, the cor-
rectness of choosing the Schottky equation as the injection
equation under high fields has not been verified. Although
T. Tanaka proposed that the tunnelling effects might occur at the
needle tip [3], there is no clear experiment to verify this hy-
pothesis. Therefore, studying the conductivity of polyethylene
under extra high field and determining the charge injection
equation, are of great significance for the further research on
space charge characteristics under needle-plate electrodes.

In this study, samples of XLLPE were prepared to investigate
the conductivity characteristics of polyethylene from low electric
field to sample breakdown. Space charge measurement and bi-
polar charge transport simulation were carried out to research
the charge behaviour under extra high electric field. Further-
more, considering the variation in charge mobility, a mobility-
limited charge injection equation was proposed to characterize
the charge injection process under extra high electric field.

2 | EXPERIMENTAL PROCEDURES
2.1 | Sample preparation

XLPE samples used in this study were commercial-grade
HVDC cable insulation materials. The XLPE pellets were mixed

at 110°C for 5 min in a torque rheometer (RM-200C) to obtain a
homogeneous material and eliminate possible pellet-to-pellet
interfaces. Then, the material mixture was thermally pressed at
110°C at a pressure of 20 MPa and cross-linked at 180°C by a
curing press. Finally, it was cooled naturally to room temperature
under the mechanical pressure [8]. Plate samples with thickness
of 20 pm were obtained for high-field conduction measurement
and those with thickness of 150 um were obtained for space
charge measurement. Before test, the samples were all degassed
at 70°C in vacuum (10> Pa) for 24 h to climinate crosslinking
by-products and avoid the mechanical stress.

2.2 | High-field conduction measurement
High-field conduction was conducted with Keithley 6517B, and
the electrodes were designed according to IEC Standard [17], as
shown in Figure 1. In order to study the semi-conduction-
insulation-metal structure existing in practical engineering, the
upper electrode is semi-conduction (SC) material and the lower
electrode is aluminium. The conduction cutrent was obtained
by applying an initial electric field of 2 kV/mm and increasing
the field in vatious increments to sample breakdown. Test
temperature was maintained at 20°C. Although a long polari-
zation time is beneficial to obtain the stable current value under
high electric field, the long polarization time would cause the
breakdown and ageing of the samples, which is not available to
obtain the J-E curve from low to extra high electric field.
Therefore, the polarization time was chosen as 300 s.

2.3 | Space chatge measurement

Space charge distribution in sample was measured at 20°C by a
pulsed electro-acoustic measurement system, as shown in
Figure 2. The upper and lower electrode were SC and
aluminium, respectively. The sample was polarized for 300 s at
a series of positive DC electric fields and space charge distri-
bution was acquired.

3 | RESULTS

3.1 | Current waveform before sample
breakdown

Through a large number of experiments, it is found that
the breakdown of XLPE sample generally occurs at
350 kV/mm. It is noted that the breakdown always suddenly
occurred during the relaxation of current, as shown in
Figure 3. The normal experiment result is shown by the
solid black line, which is significantly consistent with the
typical exponential decay trend. However, the sample would
be broken down suddenly under high electric field, which
could be divided into Case 1 and Case 2. The former is due
to the breakdown in the measuring electrode, leading to the
sudden increase of cutrrent, as shown in the dashed red line.
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The latter is caused by the breakdown in the guard elec-
trode, thus the measuring electrode is short-circuited and the
current changes from polarization current to depolarization
current, as shown in the dotted blue line. The current under
the last electric field before the sample breakdown is
recorded as the last data point.

Normally, the polarization current consists of steady con-
duction current and transient absorption current, where the
polarization process includes fast charge current (relaxation
time 7 < 10~'" 5) and slow current (107> s<z < 104 s) [18].
Therefore, a two-phase exponential decay function is applied
to fit the polarization current /(£), excluding the transient ab-
sorption current and obtaining the steady conduction current
Iy as shown in Equation (1):
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FIGURE 4 The relationship between current density and electric field

I(t) =1y + Are™"/™ + Aze /™. (1)

whete Ay and 7; represent the fast polatization, A, and 7,
represent the slow polatization, and the parameter I, is applied
as the conduction current at each electric field.

3.2 | J-E curve

The current density under each electric field is shown in Figure
4, where the grey area is the maximum and minimum of the
current data in three experiments. Meanwhile, the curve of
Schottky current Jschory is calculated by Equation (2) and it is
characterised in square black symbol.

) _ew € i
Jseborny = AT eXp( kT) “P\RT Viame ) @

where e is elementary charge, € is permittivity of the material
and E is electric field, A is Richardson constant 1.2 X 10°
Am? K72, k is Boltzmann constant 1.38 x 10723] 'Kf], Tis
temperature 293 K, and the injection barrier of carriers w is set
to 1.27 eV referring to previous studies [12].

It can be seen that the Schottky current increases signifi-
cantly with electric field, while the current measured by
experiment has three distinct regions with different slopes: (i)
Ji: a slight increase at 2~10 kV/mm, (ii) /»: a steep increase at
10~100 kV/mm, (iii) /5: a slight increase at 100~350 kV/mm,
which significantly corresponds to the SCLC theory [6]. Before
100 kV/mm, although there is a certain difference between the
experimental data and Schottky current, the increase trend of
experimental data is similar to that of Schottky current, and the
currents of two curves are close in magnitude under each
electric field. However, as the electric field reaches the extra
high electric field (above 100 kV/mm), Schottky current
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FIGURE 6 Spatial and temporal distribution of electric field

becomes much larger than experiment current. For example,
the current density calculated by Schottky equation is one or-
der of magnitude greater than that measured by experiment at
200 kV/mm; while as the field reaches 300 kV/mm, the
Schottky current becomes three orders of magnitude greater
than the experiment current.

A power law dependence of the J-E cutve is expressed as:

J=K-E“ (3)

whete K is the coefficient associated with matetial properties,
and a is the non-linear coefficient. Through logarithmic
transformation, the relationship can be derived as follows:

lg | =algE + 1gK. (4)

The relationship between current density J (A/m?) and
electric field E (kV/mm) is tepresented by a piecewise
function (5):

lg J,=0.72-1g E —3.82, E<10
lg J,=334-lg E— 6.45, 10 <E<100. (5)
lg J,=1.54-1g E—8.99, 100<E

In general, the current calculated by Schottky equation is
relatively close to the experiment result at the field lower than
100 kV/mm. However, the result of Schottky equation be-
comes much larger than experiment result at the field higher
than 100 kV/mm. In XLPE, the application of SCLC theory to
characterize the conductivity characteristics from low field to
sample breakdown is reasonable and applicable.

3.3 | Space charge and electric field
distribution

The space charge distribution of XLPE samples is illustrated
through the colour map in Figure 5. The yellow and blue
colours are applied to represent the positive and negative
charge, respectively. The colour bar beside the data is applied
to show the scale of the charge density for the colour map. The
ordinate represents the position in the sample, where the
anode and cathode positions are characterized by white lines.
The abscissa represents the time and applied field. It can be
found that the accumulation charge near the electrode is
homo-charge and the charge density increases significantly
with the increased electric field. Besides, negative charge is
dominant and more widely distributed in XLPE than positive
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charge, which agrees with other scholars' researches [8, 19].
Although some studies reported that the positive charge in-
jection happened more easily [20], the different results of space
charge may be caused by the different charge transport and
injection characteristics in diverse polythene materials. More-
ovet, it should be noted that, due to the limitation of the colour
resolution of colour map, the less space charge inside the
material could not be distinguished clearly when there is a large
amount of charge around electrodes. But in fact, charge
transports deeper to the middle of the sample and even the
positive and negative charges are in contact with each other at
the field larger than 100 kV/mm.

Furthermore, the electric field distribution in the sample is
shown in Figure 6. It can be seen that the electric field in the
material is significantly distorted, where the field inside the
sample is enhanced and the field near the electrode is
weakened. The distortion rate & of electric field is applied to
characterize the changing of electric field as follows [21]:

Emax - Eav _ Eav - Emin
Obulk = L 0o = . (6)

where the E,,,. is the maximum value of electric field inside the
sample, E,;, is the minimum value of electric field near the
electrode and E,, is the ideal average electric field. Due to the
significant injection of electron in cathode, the . near cathode
and Oy inside the material are shown in Table 1.

It can be seen that Oy increases first and then decreases
with the increased electric field, by contrast, the d increases
with the increased electric field and it reaches an approximate
steady state. There is a noteworthy phenomenon, as the electric
field is lower than 100 kV/mm, Sy, is larger than 8. How-
evet, as the field becomes larger than 130 kV/mm, the dpu
becomes smaller than §,,. It indicates that the shielding effect
of charge around electrode becomes significant under high
electric field, by contrast the enhancing effect of charge inside
the sample is restricted. Furthermore, considering the depen-
dent of 8, on average electric field E,,, an exponential atten-
uation model is applied to estimate the variation of

561 = pl + pZ exp (ij,Eav) . (7)

The fitting result is shown in Figure 7. R-squate (x0.9806)
indicates that the exponential attenuation model can effectively
characterize the relationship between 64 and E,,.

3.4 | Charge mobility under different
electric fields

Based on the space charge distribution shown in Figure 5, it can
be seen that the charge gradually migrates into the sample with
time, but the charge injection depth at 300 s under different
electric fields has a particular phenomenon as described in Figure
8, where the injection depth of charge reaches a steady state with
the increased electric field. As the electric field is lower than 100
kV/mm, the injection depth of charge at 300 s, whether positive

TABLE 1 Distortion rate 6 under different electric fields

E, (kV/mm)  Ep. (KV/mm)  Spui (%) Emin (KV/mm) 8¢ (%)

50 58.9 17.8 43.6 129
70 86.4 235 554 20.9
100 126.9 26.8 72.7 27.3
130 187.6 443 89.5 312
160 204.7 28.0 112.0 30.0
200 2317 15.8 133.6 332
250 294.2 17.7 170.5 31.8
35 l u 65’
Fitting result n
30
S 25
3
20
8,~32.379-76.584-exp(-0.0273 E,,)
+ R-Square = 0.986
15 -

T T v T T T T
50 100 150 200 250
E,, (KV/mm)

FIGURE 7 Fitting results of &, under different E,,

or negative, increases with the increased field. However, the
charge injection depth is restricted at the electric field higher than
100 kV/mm, and it seems to reach a steady state, such as 80 pm
for negative charge and 45 um for positive charge. It is noted that
there is a high injection depth of the negative charge under 130
kV/mm, which may be caused by the more significant recom-
bination of negative and positive charge under higher electric
field. Therefore, the corresponding velocity v of charge would
also reach a steady state, which could be calculated by dividing the
injection depth by the time [22, 23]. However, the mobility would
decrease with the increased electric field referring to Equation (8)

v=pkE. (8)

where p is charge mobility. Based on the results of charge in-
jection depth, the mobility of positive and negative charge under
different electric fields is shown in Table 2. It can be seen that
the mobility of charge decreases significantly with the increased
electric field. Moreover, the mobility of negative charge is larger
than that of positive charge. The calculated mobility in this
article agrees with other researches based on isothermal depo-
larization current and surface potential decay measurement [24,
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TABLE 2 Charge mobility under different electric fields

Mobility (X107 m*V~'s™%)

E,, (kV/mm) Negative charge Positive charge

100 2.81 1.14
130 2.20 1.04
160 1.56 0.91
200 1.35 0.70
250 1.10 0.60

25], demonstrating the validity of the charge mobility in
magnitude. Furthermore, the exponential function is suitable for
fitting the decrease in mobility of positive and negative charge
under different electric fields, as shown in Figure 9.

4 | DISCUSSION

41 | Conduction mechanism in XLPE from
low to high electric field

The current density in experiment from low electric field to
sample breakdown has two threshold electric fields (10 kV/
mm and 100 kV/mm) and three distinct regions with different
slopes. The characteristics of conduction current under
different electric fields are discussed in detail.

i. As the field is lower than 10 kV/mm, the charge injection is

little, and the current density obeys the Ohm law, which
could be expressed as Equation (9)

J =eunk. (9)

where e is elementary charge, 7 is charge density.

ii. As the field increases from 10 kV/mm to 100 kV/mm,
charge is injected and captured by traps. Moreover, from
the J-E curve shown in Figure 4, the expetiment current is
close to the Schottky current. The conduction characteristic
may be associated with Schottky emission and SCLC theory

First of all, the electrode-limited current, Schottky current,
is illustrated in Figure 10a. The work function of metal is @p,
and the actual bartier @y(x) is the electrostatic attraction be-
tween electrons and induced positive charges in metal surfaces.
Under the electric field, the final barrier @(x) is expressed as
follows:

D(x) = Dy(x) — ebx = — — eEx. (10)

16Tex

The highest barrier @,,,,, and the position of the highest
barrier x,,, could be calculated as follows:

Diax = \/

As shown in Figure 10a, the injection barrier moves to the

11
167T8E (11)

lower left with the increased electric field, decreasing @, and
Xmax As a result, there is a lower and thinner injection barrier
for Schottky injection, which enhances the charge injection
from electrode and accounts for the injection current.

And then, the bulk-limited current, SCLC, is illustrated in
Figure 10b. There is a basic requirement in SCLC model: the
electrode must take ohmic contact to the insulator to ensure
the sufficient space charge in the dielectric [6]. But, due to the
lower and thinner injection barrier under high electric field, a
large amount of charge would be injected by Schottky emis-
sion. Therefore, although the electrode and insulator are not in
ohmic contact, the sufficient injected charge and the trapping
process make the conduction characteristic of the dielectric
conform to the SCLC model. As shown in Figure 10b, the
injection current J; becomes larger than the electron current J,
in dielectric, which leads to the homo-charge accumulation
near the electrode. The existence of space charge causes the
SCLC J,, leading to J; = J. + J. Due to J; >> J,, the SCLC
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FIGURE 10 Space charge injection and formation of conduction
current. (a) Electron injection by Schottky emission, (b) space charge
limited current in dielectric

accounts for the conduction current in dielectric. It is noted
that different distribution of trap level accounts for different
trap-limited SCLC. For example, evenly distributed trap levels
lead to the SCLC where non-linear coefficient a equals to 1;
traps limited to single and multiple discrete energy levels would
cause a close to 2. Besides, in the exponentially distributed trap
levels, trap-limited SCLC could be expressed as follows [6]:

T RS A s
J = Nowe {H(1+1)Kl+1) A (12)

where Nj is effective state density in valence band, H is the
total trap density, d is sample thickness. According to the
results shown in function Equation (5), a of J, is about 3
and [ approximately equals to 2, demonstrating the trap-
limited SCLC where the trap energy level is exponentially
distributed.

In general, from 10 to 100 kV/mm, the Schottky cutrent is
promoted due to the lower and thinner injection barrier.
Meanwhile, a large amount of injected charge accumulates in
dielectric, making the conduction characteristic of the dielectric
conform to SCLC model as well.

i. As the electric field further increases (larger than 100 kV/
mm) until the sample breakdown, the number of charges
would be more than that of traps, which may lead to the
traps to be completely filled by charges. The trap-free SCLC
current is shown as the Child law [6]

9 V?

But, it is noted that the non-linear coefficient a of J; is
about 1.54 according to the experiment results, which is rela-
tively smaller than the theoretical value (@ = 2) in Equation
(13). The decrease in a may be caused by the decrease of
mobility under extra high electric field, which would be further
discussed in the following section. Besides, the Schottky
equation is no longer applicable to characterize charge injec-
tion under extra high field in XLLPE, and a proper electrode-
limited injection equation is needed.

In summary, as the electric field is lower than 100 kV/mm,
the conduction process of XLLPE commonly consists of elec-
trode-limited conduction and bulk-limited conduction. But, as
the electric field reaches an extra high value, the bulk-limited
conduction would be changed and the electrode-limited con-
duction has not been clarified.

4.2 | Negative differential mobility under
extra high electric field

According to the experiment results of charge mobility shown
in Table 2, it can be seen that charge mobility decreases
significantly with the increased electric field. It is speculated
that the smaller non-linear coefficient of J-E curve at the field
larger than 100 kV/mm is due to the dectease in charge
mobility under extra high electric field.

There have been some studies on the negative differential
mobility of charge, which can be roughly divided into two as-
pects. (i) In semiconductor materials, the charge mobility de-
creases with the increased electric field when the temperature T
exceeds a reference temperatute T". Besides, Gunn effect in
gallium arsenide is also applied to account for the decrease in
charge velocity [26]. (i) In the polymer insulation, the
morphology of polyethylene changes with electric field, which
weakens the tunnelling process and consequently reduces charge
mobility. Also, the formation of charge packet in materials may
be an un-negligible factor for the negative differential mobility
[23]. However, the test electric field in previous studies is low
(<150 kV/mm) and few performed at pre-breakdown. Thus, the
effect of impact ionization before sample breakdown may be
available to reveal the negative differential mobility.

The possible impact ionization of charge would occur as
shown in Figure 11. Driven by electric field, carriers acquire
energy, and the energy transfers to the lattice of dielectric by
collision. Under a low electric field, the energy released from
collision equals the lattice energy. And the thermal velocity v, is
much larger than drift velocity vy, thus mean free time 7 be-
tween collisions is a constant as shown in Equation (14) [20]:

/ )
T= N—. (14)
Vgt v U

where [ is the mean free distance between collisions. But, under
extra high electric field, the extended state in dielectric be-
comes wider and the energy of carriers would be higher than
that of lattice. Thus, the drift velocity increases with the
increased electric field as follows:

vy =pE. (15)

Consequently, v; becomes larger than v, and 7 becomes a
function of v, as shown in Equation (16):

/ )
T= N—. (16)
Vgt v vy

25U807 SUOLLILIOD) BAER.D) 3! e L) A PoLBAOD a2 SPILE VO ‘3N J0 Sa|N 10} AReiq 1 BUIIUO AB]IV O (SUONIPUOO-PU.-SLLLBILI0D" B | ARe1q Bu|uo//Sdl) SUONIPUOD PUE SWLS | a1 95 *[§20Z/80/80] UO AXeiq 1 aUIUO /8|1 "BUIYDRURILR0D) Ad 6E0ZT ZoAU/6YOT 'OT/I0p/0Y" 8|1 ATRIqpUI [UO" 0 JEasa. /Scy W1y POpRojUMOQ 'S “TZ0Z ‘Y9Z/L6EZ



ZHU ET AL.

| 789

(E— @ Electron

Lattice Lattice

FIGURE 11 Reaction between charge and lattice. (a) Charge migration
as velocity of v between collisions with distance of /, (b) mean free time 7
between collisions, (c) chatge scattering after collision, (d) decreasing in
mobility of charge, (¢) broken lattice after multiple collisions

It can be seen that as the electric field increases, vy increases,
consequently reducing 7. Considering the scattering effect of
electrons after collision, the mobility is expressed as follows:

where m" is effective mass. Thus, due to the scattering of high-
energy charge after collision with lattice, the mean free time
decreases and as a result the mobility is reduced with the
increased electric field. Furthermore, due to the multiple col-
lisions by chatges, the lattice structure of dielectric would be
destroyed and the sample breakdown occurs.

In summary, the collisions of charges with lattice and
charge scattering after collisions may be critical factors to the
decrease in mobility and sample breakdown, reducing the non-
linear coefficient of J-E cutrve in XLPE from 100 kV/mm to
extra high electric field.

4.3 | Mobility-limited charge injection
equation under extra high electric field

Under the premise that the conduction current in sample bulk
and the injection current in electrode are continuous, the
charge injection equation under extra high electric field is
discussed as follows.

Based on the relationship between & and E,, shown in
Figure 7, the actual electric field in cathode E. under
different E,, is calculated in Table 3, and the cortesponding
current density obtained by experiment is shown in Figure
12. In general, charge would be injected into samples from
electrodes by tunnelling process as the electric field be-
comes larger than 100 kV/mm, which is expressed as
Fowler—Nordheim effect as shown in Figure 12. The
Fowler—Nordheim equation is applied to fit the current
density J with E,. R-squate (20.996) seems to indicate that
the experimental data fit the equation well, but the fitting
tesult of parameter B contains a minus sign (B = —141.85),
which demonstrates the unavailability of the equation in

describing the charge injection in XLPE under extra high
electric field.

It is noted that, because parameter B is a negative num-
ber, the effect of the exponential term in Fowler—Nordheim
equation on current changes from promotion to suppression
as the electric field increases. Considering the continuity be-
tween electrode-limited current and bulk-limited current, the
negative differential mobility of charge in dielectric bulk may
account for the weakening of charge injection from electrode
under extra high electric field. A large amount of charge is
injected into dielectric with the increased electric field, but the
saturation of charge velocity may restrict the charge migration
into dielectric. As a result, there is a lot of homo-charge
accumulating around the electrode, which would increase the
injection barrier and weaken the electric field inevitably. The
shielding effect of charge on electrode becomes significant
while the enhancing effect of charge on electric field inside
the sample is restricted. Therefore, the charge injection pro-
cess under extra high electric field no longer follows the
Schottky law or Fowler—Nordheim law. By contrast, a
mobility-limited charge injection equation considering the
decrease of mobility in dielectric bulk is proposed as Equa-
tion (18). Moreover, considering the possible effect of tem-
perature on conduction characteristics [8, 27], some
parameters in Equation (18) are set as a function of
temperature:

I =A(T) - E* exp(B(T) /E). (18)

where A(T) is associated with injection bartier and tem-
perature, B(T) is associated with the effect of the negative
differential mobility and temperature. Although Equation
(18) is similar in form to the Fowler—Nordheim equation,
the sign of the B reflects different charge injection mech-
anisms, and the fitting result in Figure 12 also demon-
strates the wvalidity of Equation (18). But, it is noted that
the fitting result is developed based on the experiments at
20°C. In our later studies, the effect of temperature on the
conduction characteristics under extra high electric field
would be further investigated to define the expression of A

(T) and B(T).

In general, through research on J-F curve and space charge
results from low electric field to extra high electric field, the
mechanism of charge injection and migration in XLPE is
summarized as Table 4.

4.4 | Simulation of space charge based on
the mobility-limited charge injection equation

From discussions above, the mobility-limited charge injection
equation is proposed to replace Schottky equation under extra
high electric field. To further verify the validity of mobility-
limited charge injection equation, a space simulation is carried
out, where the size of simulation model is the same as that in
space charge experiment. And the electric field in simulation is
250 kV/mm.
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TABLE 3 Calculated 8. and E under different E,,

E,, (kV/mm)

Results 150 175 200 225 250 275 300

O (Y0) 31.10 3173 32.05 3221 3230 3234 32306

Eg (kV/mm) 1033 1195 1359 1525 1693 186.1 2029

5.5E-6

@® Current density
5E6 3 |——Fittingresult |

4.5E-6

4E-6

3.5E-6 3

Current density (A/m?)

3E-6 Fowler-Nordheim: J=AE E,Zexp(-B/E )

R-square=~0.996 A=6.65¢"' B=-141.85

b S L | 5 G L T S LR B S I AR SRS b
100 12 140 160 180 200 220
Actual electric field in elecode (kV/mm)

T | 11 1) T T T =
150 175 200 225 250 275 300
Average electric field (kV/mm)

FIGURE 12 Current density with actual electric field

Firstly, the modified charge injection equation consists of
Equation (2) at field lower than 100 kV/mm and Equation (18)
at field higher than 100 kV/mm, is shown in Equation (19):

Joooo— Jschoriy () E <100 kV/mm (19)
injection ]m,[(E) E > 100 k‘7/1/]31/]?1 .

and then, the charge transport function is described as:

. 6) = Bl 0E (e, 1) ~ Dy D (ap)

whete p(E) represents the dependence of mobility on electric
field, and Dy(u) represents the diffusion coefficient considering
a comparable Einstein equation as:

Dy(p) =p(E) - T. (21)

Based on the results in Figure 9, the dependence of charge
mobility on electric field is applied in the simulation, and the
corresponding diffusion coefficient of chatge is also calculated
through Equation (21).

Besides, charge trapping, de-trapping, recombination and
extraction processes are also considered, which is illustrated in
Figure 13. It can be seen that space charge distribution
significantly affects the electric field distribution according to
Poisson's equation, further changing the charge injection,

transport and extraction processes. Besides, some parameters
independent on space charge are shown in Table 5 [12-14].

To quantify the degree of the charge accumulation, the
mean charge density Gmean in the sample is calculated mathe-
matically as follows [28]:

V,
pacc(x7 t) :pﬂpp(x3 t) - V—plfjprcf(x’t)' (22)
L ol 23
qmean(t) *d /chufd |pacc(xa t) | X. ( )
where V,,, represents the applied voltage, V¢ represents the

reference voltage, p,pp represents the charge distribution at
applied voltage, p..r represents the charge distribution at
reference voltage, p,.. represents the true charge distribution,
Xo is the anode position, and d is the thickness of the
sample.

Three simulations are developed as shown in the Table 0,
where Schottky equation is applied in simulation I but the
modified injection equation is applied in simulation II and III.
Moreover, to reveal the effect of charge migration on charge
accumulation, the mobility and diffusion coefficient in simu-
lation II is dependent on the electric field as shown in Figure 9,
by contrast, those in simulation III are set as constants which
are the values at 250 kV/mm.

The simulation results of Gmesn at different times are
calculated and shown in Figure 14. It can be seen that gycay in
simulation I is larger than that obtained by experiment,
whereas Gmean in simulation II is close to that obtained by
experiment. Moreover, by comparing simulation II and simu-
lation III, it can be seen that the simulation result with negative
differential mobility is closer to the experimental result than
that with constant mobility. It is noted that the difference
between simulation I and simulation II decreases with the
increased time, which may be caused by the transient distrib-
uting of space charge.

In general, the modified injection equation, consists of
Schottky equation and mobility-limited charge injection equa-
tion, is available to characterise the space charge injection in
XLPE. And, the negative differential mobility of charge is also
demonstrated to better characterize the space charge accu-
mulation in XLPE under extra high electric field.

Furthermore, from discussion above, space charge injec-
tion and impact ionization are key points for the breakdown of
XLPE. At present, addition of nano-filler is suitable for
improving the dielectric insulation properties, such as less
charge accumulation and higher breakdown strength [29].
Besides, voltage stabilizers, as additives in polyethylene, could
more easily combine with high-energy electrons under electric
field, weakening the collision of electrons on the dielectric
lattice. Even voltage stabilizers can transfer electrons to any
ionized molecular chains, preventing the free radical chain re-
actions and promoting the electrical insulation properties of
polyethylene [30]. Therefore, material modification in fabrica-
tion or manufacture techniques is an effective way to improve
the reliability of electrical insulation, which is of great signifi-
cance for the development of polyethylene insulation materials.
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TABLE 4 Mechanism of charge injection and migration from low electric field to extra high electric field

Description Field range Electrode-limited current Bulk-limited current Notes
Low 0~10 kV/mm None Ohm law: None
J=eunE
High 10~100 kV/mm Schottky injection: SCLC theory: Combined effect of charge injection and

J. Schottky — AT exp (‘%) exp (/e_er % >
Mobility-limited charge injection:
Juv1=A(TE exp(B(T)/E)

Extra high 100 kV/mm to

breakdown

charge trapping

I+1
J= N()I‘-eF] [H(?«[H)] (%) :{z/;
SCLC theory:
J=5¢%-wE)

Negative differential mobility of charge due
to charge collision with lattice

Abbreviation: SCLC, space charge limited current.

? HV
_ . Anode ™
lo J Schottky (<100KV/mm) \T/rapping | [
£ g or
= \LO Charge transport & °/>
Z —u(E)E 3 o
— ‘[‘ HLE) S g Detrapping
T‘ -Dy(dnldx) g ()
Y
~ ~ I  Extraction
TO J ot (>100KV/mm) or |o
! Cathode b
J -

FIGURE 13 Bipolar charge transport model in simulation

TABLE 5 Specific simulation parameters of XLPE

Parameters Description XLPE Unit
B.=B, Trapping coefficient 0.1 s
S$=8=25, Recombination coefficient 4x107° m’C 5!
S5 Recombination coefficient 0 m’C ' s7!
C,=C, Extraction coefficient 0.8 1

AUy, Trap depth 0.9 eV

[ Relative permittivity 2.3 1

T Temperature 293 K

Abbreviation: XLPE, cross-linked polyethylene.

TABLE 6 Three simulations with different parameters

Number Injection equation Mobility Diffusion coefficient

I Equation (2) w(E) D)
11 Equation (19) w(E) Dyw)
111 Equation (19) 1250 kV/mm) D250 kV/mm)

5 | CONCLUSION

In this study, samples of XLLPE were prepared to investigate
the characteristics of conductivity from low electric field to
extra high electric field (above 100 kV/mm). Moreovet, space
charge experiment and simulation were developed respectively
to research the charge injection and migration processes. The
main conclusions are as follows:

0G0 SRS S — e e BB .
Py H . i .
© |
£ ® i
o ) 3
2 5.0x103 1R - B~ -- - oe ook oo e e
7] Tk
|-
b ig i
© -t
)
R B i s S T
S Experiment
c . .
) Simulaiton I
= ;04107 Simulation IT 1 -
Simulation III| ;
;

T T T T T
300 400 500 600 700 800
Time (s)

FIGURE 14 Mean charge density in experiment and simulation

i. The current density in XLPE from low electric field to
extra high electric field corresponds to the SCLC theory.
More specifically, the Schottky current is similar to exper-
iment current at the field lower than 100 kV/mm, which
may be caused by the combined effect of charge injection
and charge trapping process. However, as the electric field
becomes higher than 100 kV/mm, the Schottky emission is
no longer applicable to characterize charge injection, and
the J-E curve conforms to a modified SCLC theory

ii. Non-linear coefficient of J-E curve from 100 kV/mm to
extra high electric field is relative smaller than the theo-
retical value. And, the injection depth of space charge is
restricted as the electtic field becomes higher than 100 kV/
mm. These may be caused by the negative differential
mobility of charge under extra high electric field in XLPE.
Due to the collisions of charges with lattice of dielectric
and the charge scattering after collisions under extra high
electric field, the mean free time of charge decreases and
the charge mobility is reduced. Furthermore, the lattice
structure would be destroyed by multiple collisions,
resulting in the sample breakdown

iii. Schottky effect and Fowler-Nordheim effect are not
acceptable to denote the injection current under extra high
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electric field. By contrast, a mobility-limited charge injec-
tion equation considering the decrease of charge mobility
in dielectric bulk is proposed, which is available to char-
acterise the charge injection process under extra high
electric field in XLPE. A space charge simulation based on
the bipolar charge transport model has demonstrated the
validity of the proposed equation and the negative differ-
ential mobility, which may provide a basis for the charge
simulation under concentrated electric field
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