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Generally, space charge formation in dielectrics subjected to DC voltage results in the
enhancement of a conduction current called space-charge-limited current (SCLC). In this study,
we find an interesting phenomenon that the conduction current for a low-density polyethylene
(LDPE) sheet does not increase with increasing applied voltage even though a large number of
space charges are accumulated in its bulk. Simultaneous measurements of the conduction current
and space charge distribution are carried out for a 150-um-thick additive-free LDPE between a
semiconduction anode and an aluminum-evaporated cathode. Under a low applied field of below
0.6 MV/cm, the current is proportional to the square of the applied field because the maximum
field strength in LDPE becomes higher than the mean applied field strength due to space charge
formation in the LDPE bulk. Both the space charge distributions and the corresponding field
distributions obtained by the simultaneous measurement roughly agree with the theoretical
distributions based on the SCLC model. By increasing the applied field, however, the steady-state
current saturates although a large number of positive space charges are accumulated in the LDPE
bulk. We confirm that the steady-state current is restricted when a large number of frozen positive
charges in front of the cathode are formed causing the strong field enhancement at a limited local
thin area. These results imply that the carrier mobility at the local thin area was reduced by the
excess field enhancement.

1. Introduction

Recently, DC power transmission technology has been introduced not only into conventional
power transmission systems, but also into smart grid systems for the most efficient use of natural
energy sources, such as offshore wind power plants and mega-solar plants. These applications
for efficient power transmission will become widely used. One of the key parts for improving the
long-term reliability of DC power systems is an insulation layer for DC cables. The breakdown
of the insulation layer subjected to very high electrical stress for a long period will cause serious
lifeline damage.

Generally, the insulation layer of the power cable is cross-linked by adding an organic peroxide
into a low-density polyethylene (LDPE) in the manufacturing process because the insulation
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strength under a high temperature of over the melting point of LDPE is strongly improved by the
cross-linking treatment. From the practical viewpoint, the insulation characteristics of the power
cable should be evaluated for a test sample made with the cross-linked polyethylene (XLPE).
However, the conduction mechanism of XLPE is more complex than that of LDPE because XLPE
has many impurities produced by the cross-linking process. It is better to use LDPE rather than
XLPE as the test sample in the first step to clarify the mechanisms of high field conduction and
space charge dynamics in simple solid dielectrics. Therefore, there are many studies on space
charge dynamics in LDPE under DC high fields. It is known that the space charge formation is
associated with insulation degradation.'™> 1In the last two decades, Auge e al.’®) and Montanari
et alD have experimentally evaluated a critical applied field strength to start the electrical
degradation by measuring not only space charge distribution, but also external current and
electroluminescence (EL) under 1 MV/cm. They confirmed that the critical applied field for
space charge injection from a Au-evaporated electrode into the LDPE bulk was in good agreement
with both the critical field for EL detection and that corresponding to the transition point of the
conduction mechanism from the Ohmic model to the space-charge-limited current (SCLC) model.

It is known that the SCLC model is used to explain the current increasing phenomena due to
space charge injection into the bulk of dielectrics. In most cases, the relationship between current
density and applied field is explained by the Ohmic model until the applied field attains a critical
level. With increasing applied field, the relationship cannot be explained by the Ohmic model
but can be explained by the SCLC model.®) With further increasing applied voltage, an abrupt
increase in current is often observed before breakdown occurs. However, the transition from the
SCLC conduction model to the subsequent model associated with breakdown is still unclear. In
particular, the relationship between the increasing current and the space charge dynamics in solid
dielectrics under a high DC field over 1 MV/em is not well understood. From this viewpoint,
simultaneous measurements of current and space charge distribution in LDPE will give us valuable
information. However, there are only several reports on the relationship between the steady-state
current and the space charge dynamics in a wide range from the Ohmic conduction state to the
final conduction state before breakdown.®'?

In this study, we measure simultaneously the current density and space charge distribution
in a 150-um-thick LDPE sheet subjected to stepwise increasing voltage. Experimental results
show that the relationships between the current and the applied field are strongly affected by not
only electrode materials but also an antioxidant additive in LDPE."® In addition, an interesting
phenomenon about the current-voltage characteristics is observed for an additive-free LDPE sheet
between a semiconduction (SC) anode and an aluminum (Al)-evaporated cathode. Results show
that the conduction current under a DC stepwise increasing voltage up to 30 kV is saturated even
though the space charge density in the LDPE bulk increases with increasing applied voltage. The
reason for the current saturation will be discussed in this study.

2. Materials and Methods
2.1 Samples and electrodes

Additive-free polyethylene samples were prepared from a 150-pum-thick LDPE sheet produced
by high-temperature press forming (grade G201 by Sumitomo Chemical Industries). In
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experiments dealing with the effects of additives, samples were prepared from 100 g of LDPE
kneaded with 5 g of phenol-based antioxidant (Irganox 1010, CIBA Japan).

An Al main electrode of 12 mm diameter was evaporated on the back of the LDPE sheet
as a cathode. Around the main electrode, an Al-evaporated ring (inner diameter 20 mm, outer
diameter 28 mm) was formed coaxially on the back of the sheet as a guard electrode to prevent the
undesirable detection of the surface leakage current. On the upper side of the sample, either an Al-
evaporated electrode or a SC electrode made with a carbon-black-rich rubber was used as an anode
of 9 mm diameter.

2.2 Simultaneous measurement system

Space charge distributions were measured simultaneously with external currents by the pulsed-
electroacoustic (PEA) method with a picoammeter that we made. The experimental setup is shown
in Fig. 1. A lower grounded central conductor made of aluminum was located on the central axis
of the PEA measurement system and was surrounded coaxially by a grounded outer conductor.
The central conductor acted not only as a current-sensing terminal but also as a pressure wave
transmission rod. The bottom of the central conductor was alumited (anodized). The alumina
(Al,03) layer acted as an insulator with a resistivity above 10'* Q-cm. Since the thickness of
the alumina layer was about 50 um, undesirable current flow toward a piezoelectric sensor (KF
PIEZOFILM, thickness: 9 um, Kureha Chemical Industry Co.) was completely restricted, whereas
pressure waves could propagate to the piezoelectric sensor almost without attenuation. The
pressure wave signals were amplified by an amplifier (AU-1332, MITEQ), then observed with a
digital oscilloscope (TDS520B, Tektronix). The current picked up by the central conductor was fed
to the picoammeter, which consisted of a current-to-voltage conversion circuit with an operational
amplifier (AD549JH, Analog Devices) and a subsequent operational amplifier (TLOSICP, Texas
Instruments). The conversion ratio of the picoammeter was expressed as V,,; =2 x 108 1, where
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Fig. 1. (Color online) Sectional view of simultaneous measurement system for space charge distribution and
external current.
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V,ut 18 output voltage and [, is input current. The effective measuring range of the picoammeter is
on the order of 107" t0 1078 A.

A pulse generator to produce pressure wave from space charges was operated at intervals of
10 s, and the current waveform was recorded during this interval so as to prevent the effect of the
pulsed voltage on the current measurement. That is, the space charge distribution and the external
current were measured every 10 s. A stepwise increasing DC voltage with 1.5 kV per one step rise
was applied to the sample for 1 h using a DC source (HARb-100R1.5, Matsusada Precision). To
avoid breakdown caused by a rapid increase in voltage height, the applied voltage was gradually
increased with a rise time of 10 s for each step. After the voltage increase was finished, the voltage
height was fixed for 3 min. This cycle was repeated 20 times, so that the voltage height was
finally up to 30 kV, i.e., 2.0 MV/cm in mean field strength. All experiments were carried out at a
temperature of 30 = 1 °C.

3. Results and Discussion
3.1 Effects of additional antioxidant and electrode material

Temporal changes in the current during the stepwise increasing voltage were measured for the
LDPE sheets with or without the antioxidant additive under SC(+)/Al(-) or Al(+)/Al(-) electrode

systems. Typical current waveforms recorded for 1 h are shown in Fig. 2(a) for additive-free LDPE
with Al(+)/Al(-), in Fig. 2(b) for additive-containing LDPE with SC(+)/Al(-), and in Fig. 2(c) for
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Fig. 2. (Color online) Temporal changes in external currents under stepwise increasing voltage for (a) additive-
free LDPE with Al(+)/Al(-), (b) additive-containing LDPE with SC(+)/Al(-), and (c) additive-free LDPE with
SC(+)/Al(-).
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additive-free LDPE with SC(+)/Al(—). The current of additive-free LDPE with SC(+)/Al(-) in Fig.
2(c) is much higher than those of the other conditions. Conduction currents in solid dielectrics
are limited not only by the trapping site in the bulk but also by a potential barrier at a dielectric-
electrode contact.!¥ The reason why the conduction current for additive-free LDPE with
SC(+)/Al(-) is higher than the others is that many positive space charges from the SC anode can
be drifted deeply into the bulk of LDPE without deep trapping sites. The barrier height at the SC-
LDPE contact must be much smaller than that of the AlI-LDPE contact because there are many
impurity levels between the valence band and the conduction band of the SC rubber, so that many
positive charges can be injected from the SC electrode into the LDPE bulk. Therefore, the type of
the conduction of LDPE with SC(+)/Al(-) is classified as bulk-limited type. However, it is clearly
observed that the conduction current of additive-containing LDPE in Fig. 2(b) is much lower than
that of additive-free LDPE in Fig. 2(c), although these LDPE sheets are in contact with the SC
electrode. This is because the phenolic antioxidant agent in LDPE acts as deep trapping sites for
space charges. The injected space charges from the SC anode into additive-containing LDPE are
trapped by the antioxidants and then they are frozen in the vicinity of the anode. In such a case,
the current-voltage characteristic obeys the SCLC model as shown later. On the other hand, the
current-voltage characteristic for the additive-free LDPE with the Al(+)/Al(-) electrode under a
low applied field cannot be explained by the SCLC model. This is because the charge injection is
strongly restricted by a high potential barrier at the AI-LDPE contact, so called electrode-limited
type. Owing to the high potential barrier at the contact, the current-voltage characteristic under
the low applied field obeys the Ohmic model. When the applied field exceeds a critical level,
the charges are eventually injected from the Al anode because the height in the potential barrier
is reduced by the Schottky effect. In this situation, the conduction current is not limited by the
electrode but limited by the LDPE bulk. Therefore, the conduction model is shifted from the
Ohmic model to the SCLC model as the applied voltage increases.

We calculated the mean current density in each step from current data. As shown in
Figs. 2(a)—2(c), repetitive large current pulses were observed at the interval of 3 min. These large
pulses were not due to the conduction current component produced by the very fast space charges
moving in the LDPE bulk but due to the charging current (displacement current) component
produced by the stepwise increase in the applied voltage. To eliminate the charging current
components from the mean current, only current data measured in the last 1 min for each 3-min
measurement was used for the calculation of the mean current. Relationships between the mean
current density J and the applied field £ = V/d, where V is applied voltage and d is sheet thickness,
are shown in Fig. 3 as double logarithmic plots. The slope of the dotted straight line in the double
logarithmic plot means that the current density is proportional to £, whereas the slope of solid
straight lines means that the current density is proportional to £2. As shown in Fig. 3, the current
density for additive-free LDPE with Al(+)/Al(—) subjected to the applied field below 0.6 MV/cm
is roughly proportional to £. This fact indicates that the J—FE characteristic obeys Ohm’s law
because space charges are scarcely injected from the Al electrodes under the low applied field
so that the electric field distribution in the LDPE bulk must be uniform. The reason why the J—
E characteristic for additive-free LDPE with Al(+)/Al(-) has a flexion point at 0.6 MV/cm is that
a Schottky injection from the Al electrode into the LDPE bulk is caused by the higher applied
field of over 0.6 MV/cm as shown later. The electric field distribution is distorted by these space
charges accumulated in the LDPE bulk, so that the maximum field strength in the LDPE bulk
becomes higher than £. The important point is that the drift velocity of carriers must be enhanced
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Fig. 3. (Color online) J-F characteristics of the LDPE samples subjected to stepwise increasing voltage.

by the field concentration due to the injection of positive charges and subsequent accumulation.

According to the SCLC model, the current density J is expressed as (!>10)

9 V2 9 E?
J=—-esu— = —su—, 1
sH s T8y M

where ¢ is permittivity and u is mobility. As expressed in Eq. (1), J is proportional to E>.
Therefore, the J—F characteristic for additive-free LDPE with the Al(+)/Al(—) electrode indicates
that the Ohmic conduction model at the initial stage of the stepwise voltage application is followed
by the SCLC conduction model. On the other hand, the J—F characteristics for the LDPE samples
with SC(+)/Al(-) electrodes do not obey Ohm’s law even if the applied field is very low. This is
because positive space charges can be easily injected from the SC anode as mentioned earlier. The
J-E characteristic for additive-containing LDPE with SC(+)/Al(-) is proportional to £2. The plots
of J measured at low E of below 1 MV/cm are well fitted on the solid line. However, the plots are
gradually away from the solid line with increasing £. The reason for the difference between the
plots and the solid line at the higher field will be discussed later.

In the results of the J—F characteristics shown in Fig. 3, the most remarkable point is the fact
that the current density for additive-free LDPE with SC(+)/Al(-) tends to saturate as £ increases.
In the range of £ < 0.6 MV/cm, J is proportional to E2. However, in the range of £ > 0.6 MV/cm, J
is kept constant. It appears that the conductivity of LDPE decreases with increasing E.

Space charge distributions measured simultaneously with the currents and corresponding
field distributions calculated by Poisson’s equation are shown in Figs. 4(a) and 4(b), respectively,
for additive-free LDPE with Al(+)/Al(-). Space charges injected into the LDPE bulk are scarcely
observed for additive-free LDPE with Al(+)/Al(-) under low applied fields of below 0.6 MV/cm,
whereas they are observed at the applied fields higher than 0.6 MV/cm. Therefore, field distortion
due to space charge injection is also scarcely observed at the lower fields. The critical field
strength for space charge injection agrees with that for the transition from the Ohmic model to the
SCLC model.
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Fig. 4. (Color online) (a) Space charge distributions and (b) corresponding electric field distributions under
various applied fields for additive-free LDPE with Al(+)/Al(-).

Space charge distributions and corresponding field distributions are shown in Figs. 5(a) and
5(b), respectively, for additive-containing LDPE with SC(+)/Al(-). In this case, space charges
injected from the SC anode into the LDPE bulk are clearly observed at the initial stage in the
stepwisely increasing voltage application. These positive space charges are accumulated in the
LDPE bulk near the anode side, so that the field strength near the anode side becomes lower than
that near the cathode side, as shown in Fig. 5(b). According to the SCLC model, the density of
positive space charges injected from the anode into the LDPE bulk in the steady state can be
expressed as

p(x) = Z(K)(d_x)_é, @

where x refers to a location in the LDPE bulk; x = 0 corresponds to the position of the Al cathode
surface, whereas x = 150 corresponds to the position of the SC anode surface. Equation (2)
indicates that the charge density p(x) as a function of x is inversely proportional to the square
root of d — x, which corresponds to the penetration depth of the charges from the anode surface.
Figure 6 shows a theoretical distribution of the positive charge density p(x) calculated with Eq.
(2). The calculated profile of the injected positive charges indicates that the most injected positive
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Fig. 5. (Color online) (a) Space charge distributions and (b) corresponding electric field distributions under
various applied fields for additive-containing LDPE with SC(+)/Al(-).
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Fig. 6. A theoretical distribution of injected space charges from anode based on SCLC model.

charges are located in the vicinity of the anode. The charge density p(x) decreases markedly with
increasing distance from the anode surface. In comparison with the space charge distributions in
Fig. 5(a), we can recognize that the experimental profiles of the positive charge distribution under
the low applied field of below 0.8 MV/cm are fitted with the theoretical profile shown in Fig. 6.
However, the experimental profiles under the higher applied field of over 1 MV/cm are less similar
to the theoretical profiles in Fig. 6. The difference between the experimental profiles and the
theoretical profile for additive-containing LDPE with SC(+)/Al(—) must be closely related to the fact
that the current density measured under the high applied field of over 1 MV/cm is not well fitted on
the theoretical line based on the SCLC model, as shown in Fig. 3.
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Figures 7(a) and 7(b) show space charge distributions and corresponding field distributions
for additive-free LDPE with SC(+)/Al(—), respectively. Remarkable differences in the penetration
depth of positive space charge are observed between Figs. 5(a) and 6(a). In the case of additive-
free LDPE, the injected positive charges from the SC anode penetrate deeply into the LDPE bulk
because there are no deep trapping sites produced by additives. Finally, the dense positive space
charges are frozen in front of the Al cathode in the steady state although the field strength in the
LDPE bulk near the cathode surface is strongly enhanced.!”!® When a constant field of over 1
MV/em was applied to the sample as a step function, the transport of the traveling positive charge
packet from the SC anode into the LDPE bulk was clearly observed as reported by Matsui et
al"7® 1In the present study, however, the transport of the dense charge packet across the sample
was not clearly observed. This was because the applied voltage was slowly increased step-by-step
with the small step of 0.1 MV/cm. As a result of the deep penetration of a large number of positive
charges caused by the long time application of the stepwise increasing voltage, the maximum field
strength £, in LDPE becomes much higher than £. We define the field enhancement factor as
FEF = E,./E. The results indicate that FEF increases with increasing applied field. For example,
FEF isup to 1.3 for E=0.8 MV/cm, 1.4 for £E=1.0 MV/cm, 1.7 for £ = 1.2 MV/cm, 1.8 for E= 14
MV/em, and 1.9 for £ = 1.6 MV/cm. Owing to the positive charge accumulation in the LDPE bulk,
the field strength increases with increasing distance from the anode surface. According to the
SCLC model, E(x) can be expressed as
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Fig. 7. (Color online) (a) Space charge distributions and (b) corresponding electric field distributions under
various applied fields for additive-free LDPE with SC(+)/Al(-).
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E(x) = %(g)(d;x)%. )

This equation indicates that E(x) is proportional to the square root of d — x. Note that the
experimental profiles of E(x) for additive-free LDPE with SC(+)/Al(—) are entirely different from
the theoretical profiles of E(x) expressed by Eq. (3). Therefore, another conduction model is
required to explain this experimental condition as the substitute of the SCLC model.

After the applied voltage is fixed for a few minutes in each step, the conduction current density
J is independent of the position x because the space charge dynamics was scarcely observed at the
latter stage in each step. Therefore, the relationship between the conductivity o(x) and the field
strength £(x) can be expressed as

o (x) =J/E(x). @

Now, we focus simply on the conductivity at the local thin area (0 <x <25 um) for the additive-
free LDPE with SC(+)/Al(-). In this area, E(x) is strongly enhanced by the high FEF, whereas
J does not increase with increasing E. From the experimental results, the conductivities at the
local thin area corresponding to the field-concentrated area under the various applied fields can
be calculated as 15 x 107* S/m for £ = 0.6 MV/em, 11 x 107* S/m for £ = 0.8 MV/em, 8.3 x 107
S/m for E = 1.0 MV/em, 6.6 x 107'* S/m for E = 1.2 MV/em, 5.0 x 107 S/m for £ = 1.4 MV/em,
and 4.1 x 107 S/m for E = 1.6 MV/ecm. These calculation results indicate that the conductivity
at the field-concentrated area decreases with increasing applied field. The physical reason for the
decrease in the conductivity in the field-concentrated area is unclear at present. As far as we know,
such complete current restriction under the very high field has not been observed in insulation
materials. In the semiconductor research field, however, there are many reports on the restriction
of the current through a very thin insulation layer used for small semiconductor devices.!!*2
Several experimental formulas for the drift velocity and mobility of electrons and holes have been
proposed. According to the experimental formulas proposed by Gummel®? and Thornber,®?
the mobility under a very high field area tends to be reduced by the impurity scattering of
electrons. The saturation of drift velocity due to the hot electron effect can be observed in very
thin dielectrics whose thickness is comparable to the mean free path of electrons. Hot electrons are
defined as electrons with kinetic energies substantially above thermal energies of a crystal lattice.
Under a low applied field, the kinetic energies of electrons are much smaller than the thermal
energies of the lattice. In such case, the mean free time of electrons, which corresponds to the time
from a collision with the lattice to the subsequent collision, is independent of the field strength but
depends on the thermal energies of the lattice. Since the electron mobility is proportional to the
mean free time, it is also independent of the field strength as long as the applied field is low. Under
a higher applied field, however, the mean free time of hot electrons decreases with increasing field
strength because the hot electrons have a sufficient energy to produce scattering losses. Therefore,
the electron mobility also decreases with increasing field strength.?

It should be remarked again that the current increases with the square of £ below 0.6 MV/cm
but it saturates when the electrical stress is concentrated to the thin local area in front of the
cathode. This phenomenon appears as if the anode comes close to the cathode to downscale the
gap length. The drift velocity of carriers at the thin area subjected to the very high field of over a
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few MV/cm may be restricted owing to the hot electron effect so that the measured current cannot
be fitted onto the straight line corresponding to the SCLC model.

To further understand the current saturation phenomenon, it is important to observe the space
charge distribution at the thin local area using a space charge measurement system with a much
higher positional resolution. Unfortunately, the simultaneous measurement system that we made
has a resolution of about 20 pum, which is too poor for observing the space charge dynamics in
the very thin local area. Recently, a high-resolution space charge measurement system has been
developed by Kumaoka et al.?® They reported that the positional resolution of this PEA system
was enhanced up to a few pm by using a very thin piezoelectric sensor and by reducing the width
of a voltage pulse to produce a very short acoustic wave from space charges. Such a high sensing
technique will allow us to observe the space charge dynamics in the very thin area. We will also
try to enhance the resolution of our PEA system and will measure the high field conduction and
space charge dynamics for LDPE with various thicknesses on the order of 10> m as a future work.

4. Conclusions

Steady-state currents and space charge distributions were simultaneously measured for
150-um-thick LDPE sheets subjected to stepwise increasing voltage. Three kinds of experimental
conditions were arranged not only by adding the antioxidant agent but also by changing the
electrode materials. Results are summarized as follows.

(1) Additive-free LDPE with Al(+)/Al(-) electrodes
J—E characteristics under a low applied field of below 0.6 MV/cm obeyed Ohm’s law. By
increasing the applied field stepwisely, both the space charge distribution and the electric field
distribution were roughly in agreement with those based on the SCLC model, so that the steady-
state current was proportional to E2.

(2) Additive-containing LDPE with SC(+)/Al(-) electrodes
The injection of positive charges from the SC electrode into the LDPE bulk was observed at a
very low applied field. By increasing the applied field stepwisely, dense positive charges were
injected in the LDPE bulk but they did not penetrate deeply into the bulk. This was because the
antioxidant additive acted as deep trapping sites, so that the steady-state current was roughly
proportional to EZ.

(3) Additive-free LDPE with SC(+)/Al(-) electrodes
Under the low applied field of below 0.6 MV/cm, both the J-E characteristics and the space
charge distributions were roughly in agreement with those based on the SCLC model. By
increasing the applied field, however, the steady-state current saturated although a large number
of positive space charges were accumulated in the LDPE bulk. We confirmed that the steady-
state current was restricted when a large number of positive charges penetrated deeply into the
bulk and finally they were frozen in front of the cathode, so that the field strength at the limited
local area in front of the cathode surface was highly enhanced. These results indicated that the
carrier mobility at the local thin area was reduced by the strong field concentration.
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