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Abstract

The interface voltage appearing when two materials are brought into contact was measured with
a high sensitive pressure-wave-propagation measurement setup in various low density and high den-
sity polyethylene samples coated either with aluminum or gold electrodes. The samples were then
tested under high voltage (40 kV/mm) for 24 h to assess the correlation between interface voltage and
charge injection at 22 °C. Aluminum electrodes induce a positive interface voltage toward the insula-
tor favoring electron injection at the cathode while gold electrodes induce a negative interface voltage
toward the insulator favoring hole injection at the anode. After the injections due to interface voltage,
charges diffuse more easily in low density polyethylene that triggers a subsequent injection due to
heterocharges buildup.

1 Introduction

Space charge is an important factor affecting the efficiency of insulators as the electric field they produce
superimposes to the applied one, leading to bias [1], or even to breakdown [2]. Charges that accumulate
in insulating materials under high voltage originate either from the insulator itself, through dissociation
and molecular migration, or from the injection of charges through interfaces with adjacent materials,
most often the electrodes subjected to voltage [3, 4]. When two materials with different work functions
come into contact, charges of the highest energy level on one side are pushed to the other side generating
in turn a dipole at the interface and thus an interface voltage (or contact potential) is formed [5]. At
equilibrium the Fermi levels are equal in both materials [6].

In the case of semi-conductors, it is well known that interface voltages change the energy level shape
[5, 7], the bands being bent on a distance proportional to the Debye length [6, 7]. As Debye length is
inversely proportional to the square root of the mobile carrier density, it tends to infinity in the case of
perfect insulators. As a consequence, energy levels are often considered flat with a slope corresponding
only to the voltage applied to the insulator [7]. In fact, interface dipoles have been directly detected



at metal/insulator interfaces [8], some exhibiting a clear bipolar shape indicating a variation of the
potential on a much smaller scale than expected. This would result in the energy band bending and
hence in a higher barrier lowering for the Schottky injection law [4]. Therefore, the interface voltage
observed at metal/insulator interfaces may greatly impact charge injection in insulators subjected to
high voltage.

In order to investigate the correlation between intrinsic interface voltage and charge build-up in in-
sulators under high voltage, the pressure-wave-propagation (PWP) method was chosen to perform
non-destructive space charge distribution measurements [9]. The PWP method is a direct and non-
destructive charge distribution measurement method based on an elasto-electric coupling [10]. The
interface dipoles due to the contact potential can be detected [8] by using a high-sensitive set-up [11].
Compared to the thermal methods [11], PWP signals are easier to analyze as a post processing is not
mandatory. Compared to the pulsed electro-acoustic (PEA) method [12], PWP method does not induce
additional signals at the interfaces that mask the effect of interest. Indeed, the voltage pulse excitation
used in PEA method induces charges on the electrodes at the origin of a quadratic signal at the interface
which become very important when small signals are to be detected [13].

In this present study, various low density and high density polyethylene samples were tested as they are
widely used in power transmission and distribution systems [14]. The main advantage of polyethylene
lies in its electrical properties, such as high breakdown field, low dielectric loss and very low electrical
conductivity [15, 16], all this at low price. In the first section, samples, set-up, measurement protocol
and calibration procedure are presented. Results are shown and discussed in the second section before
conclusion.

2 Samples and experimental protocols

2.1 Samples

Two kinds of polyethylene samples were studied, low density polyethylene (LDPE) and high density
polyethylene (HDPE). All samples are 1-mm thick and were cut out from the same polymer sheet to
limit dispersion in the results. Samples were coated under vacuum on both sides by aluminum or by
gold. Samples prepared for interface voltage measurements are 3-cm diameter and electrodes are 2-cm
diameter whereas samples prepared for high voltage measurements are 20-cm diameter and electrodes
are 5-cm diameter. All samples were cured 1 week at 60 °C under short-circuit to remove the static
charges.

2.2 Measurement set-up

The principle of the PWP method is presented in Figure 1. Pressure pulses are generated by a piezoelec-
tric actuator [17]. During the propagation in the sample at the velocity of sound, each pressure pulse
displaces charges and thus produces a measurable current in the circuit connecting the electrodes. This
current is an image of the charge distribution where charge position can be deduced from the time of
appearance in the signal multiplied by the velocity of sound. The piezoelectric generator is made of
a 15 mm-diameter 0.2 mm-thick Pz24 piezoelectric ceramic from Meggitt stuck by epoxy resin with a
3-cm-long brass backing on one side and an aluminum wave-guide on the other side. The wave-guide



Generator ~ Wave-guide Sample Vapp

3 — -+ |__
Im
//\j ( Om
Pressure J Coupling J Counter % Z
pulse electrode

Figure 1: Principle of the pressure-wave-propagation method.

is 2-cm long for the contact potential measurement setup and 3-cm long for the high voltage measure-
ment setup. This structure has a derivative response, thus generates a pressure pulse by applying a
step voltage [17]. Pressure pulses with an amplitude greater than 1-MPa were generated every 20 ms
[18]. By using averaging, it is possible to detect electric fields as low as 1 V/mm within a 1-mm thick
polyethylene samples.

As high voltage insulators are often coated with carbon loaded polymer electrodes to smooth electric
field around metallic parts, the samples were squeezed with carbon loaded Ethylene Vinyl Acetate
(EVA) polymer electrodes on both sides between the Al wave-guide and a brass counter electrode,
which exerted about 0.5-bar static pressure. Silicone oil is used as a coupling medium between each
layers to ensure a good acoustical contact with the wave-guide. Notice that silicone oil is often used in
high voltage applications to avoid gaseous region between materials [19]. The signal was amplified by
a 66-dB HCA-10M-100K FEMTO amplifier, then acquired and averaged by a MSO44 Tektronix scope. A
picture of the high voltage setup is shown in Figure 2.
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Figure 2: Picture of the PWP setup used for high voltage measurements. It consists of a PWP set-up
connected to a high-voltage generator, an amplifier and an oscilloscope.
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2.3 Measurement protocol

The flowchart in Figure 3 illustrates the sample preparation and measurement protocol for the high
voltage samples. Similar protocol was used for the contact potential measurements [8]. The samples
were prepared and then cured at 60 °C under short-circuit for 7 days to release all the residual charges
due to sample preparation and finally placed in the PWP setup. The two first measurements were
performed under short-circuit, one with an amplifier (red dot in Figure 4) the other without. Before

applying the voltage, a simple way to ensure that no residual charge remains in the sample is to calculate



the electric field from the two first measured signals. If the electric field is zero beside interface charge
distributions, the protocol can continue; otherwise the sample must be cured for a longer time. The
voltage was switched on and the third measurement was carried out under 40 kV.
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Figure 3: Flowchart of the measurement protocol from the sample preparation to the signal calibration.

After that, space charges were measured at various times of the voltage application according to the
protocol sketched in Figure 4: after 1 h, 4 h, 8 h and 24 h. Each time, a series of measurements was
taken. A measurement was carried out under voltage, then the voltage was switched off for less than
1 min, and two measurements were performed under short-circuit, one without amplifier and one with
amplifier (red dots in Figure 4), then the voltage was switched on again and a last measurement was
carried out without amplifier. In total, 18 measurements were performed each being the average of 1000
acquisitions.
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Figure 4: Measurement protocol for the samples under high voltage. All 18 measurements were per-
formed under 40 kV or short-circuit conditions over a 24-hour period. Red dots indicate measurements
with an amplifier.

The short-circuit periods lasted less than 1 min to prevent charge previously injected under voltage
from relaxation. These short-circuit periods are interesting for charge injection detection since capacitive
charges caused by high voltage no longer mix in the signal with injected charges. Indeed under high
voltage (see Figure 5a), induced charges and injected charges produce a signal of same polarity thus
difficult to discriminate since the signal is a pulse with or without injection. On the contrary, injected
charges and induced charges have opposite polarities under short-circuit (see Figure 5b), which leads
to a clear detection. Also, the protocol allows the calibration to be evaluated at any time by a simple
subtraction between the last measurement under voltage with the first following measurement under
short-circuit. This further ensure that everything was going correctly without drift.
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Figure 5: Clear injection charge detection. (a) Under voltage V;,p, injected charges and capacitive
charges are of the same polarity. The signal remains a pulse with or without injection. (b) Under short-
circuit, injected charges and capacitive charges are of opposite polarity, thus easy to distinguish. In this
sketch, charge injection amplitude has been overplayed for sake of clarity. Charge density is p, electric
field is E, d is insulator thickness, x is position, ¢ is time and v is sound velocity.

2.4 Calibration and analysis technique

The measured current iy, (t) is expressed as [20]

im(t) = —co/(1 —a/e)E(x)aSE.;;’t) dx, (1)

where Cj is the capacitance of the sample, a its electrostrictive coefficient, ¢ its permittivity, x is the
position in depth, t is the time, S(x,t) is the strain due to the pressure pulse and E(x) is the electric
field distribution. Assuming that the insulating polymer is uniform, 2 and ¢ can get out of the integral.
Moreover, since dS/dt = 0V /dx with V(x,t) the particle velocity, using Gauss-Maxwell equation to
introduce charge density p(x) and after an integration by parts, it comes

i () = %(1 —a/s)/p(x)V(x,t) dx. %)

This expression simply demonstrates that the measured current is due to all charges displaced at particle
velocity V(x,t) in the sample due to the pressure wave. The calibration consists in submitting the
insulator to a known electrical field to deduce the conversion coefficient. One way is to use the surface
charge induced on the electrodes when the sample is under voltage (see Figure 6). For a surface charge
distribution p(x) = ¢é(x) with é(x) the Dirac function, ¢ is the surface charge density defined as o =
—sVﬂpp /d where Vﬂpp is the applied voltage and d is the sample thickness. In this specific situation, the
signal can be called the calibration current i, (t), which is at the first interface

%
ical(t) = —Co(1 — a/S)%V(x =0,t). 3)
Due to the property of propagation

/V(t—x/vs)dt: —vs/V(t—x/vs)dx, 4)



where v; is the speed of sound (to be not confused with particle velocity) hence the integration over time
of i.q(t) leads to

/icaz(t)de —Co(l—a/E)VZ’p/V(t—x/vs)dt
= Co(l—a/e)%/V(t—x/vs)dx. )

The amplitude of the integral over time of i, (t) (see A in Figure 6) gives all the required information on
the measurement setup. Dividing any further measured signals (obtained in the same conditions) with

this amplitude links the charge distribution to known parameters as:

im(t) (Co/e)(1—a/e) [p(x)V(x,t)dx
A Co(T—a/e)Vapp/(vsd) [ V(x,t)dx
vsd
= Vi < p > (x = vst). (6)

Therefore, the charge density at position x is found in the signal at time t = x/vs and its average
amplitude on the extent of the pressure pulse can be obtained by

_ Vapp im(t)

<p > (x = vst) od A

)
Notice that sound speed v; can be easily determined by the ratio of the sample thickness d and the transit
time of the pressure pulse in the sample (see At in Figure 6).
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Figure 6: Schematic diagram of the measured signal iy, (¢) and its integral when charges only come from

an applied voltage. A is the amplitude of the first peak integral.

In presence of interface dipoles, the signal i, (t) exhibits a bipolar peak at the interface [8] since a dipole
contains two opposite charges. In that case, the interface voltage or contact potential v is obtained by a
double integral over time of the bipolar signal at the interface with

_ 0sVapp J] in(t)d?
Vr = — o (®)

Notice that vs/d corresponds directly to the transit time At of the pressure pulse in the sample (see
Figure 6). It is relatively simple to convert interface voltage v, to interface dipole 7 since they are
connected by v; = 7t/e.



3 Results

3.1 Interface voltage

Measurements with LDPE samples under low voltages have been combined following the procedure
described in [8] in order to obtain calibrated interface dipoles. The scale is in coulomb per cubic meter,
which is convenient for charge density, and in volt per square microsecond, which is convenient for a
direct interface voltage estimation from the double integration of the signal over time following (8), the

correction coefficient v;Vypp /d A being 1.71 x 10° (us) 2.
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Figure 7: Calibrated combined signals of interface dipole at the interface of LDPE samples. Samples
were coated with gold or aluminum electrodes, and coupled with 1 mm-thick carbon-loaded Ethylene
Vinyl Acetate polymer (EVA) through silicone oil and tested in the PWP setup at room temperature. The
polarity of the contact potential at the first interface is indicated by an arrow.

Figure 7 shows the influence of the coating. A first bipolar signal appears at 3.72 s which corresponds
to the time the pressure takes to cross the aluminum wave-guide and the carbon-loaded electrode. This
bipolar signal is the image of the interface dipole at the first interface of the insulator (front electrode).
The interface voltages estimated from the double integration over time according to (8) are —0.72 V
and +2.09 V for gold and aluminum electrodes respectively. An approximate interface voltage can be
directly calculated from the displayed curves with

v~ —Aim (T + 1), )

where A is the algebraic amplitude of the first dipole peak in V/(us)?* and 7y and T are respectively
the duration at mid amplitude of the two dipole peaks in ys. One finds —0.63 V for gold and +2.3 V for
aluminum with this approximation. The pressure pulse then propagates through the 1 mm-thick sample
and generates a second bipolar signal at about 4.16 us in LDPE when it arrives at the second interface
of the insulator (back electrode). As partial reflections could make interpretation more tricky at the
back electrode, only the front electrode signal is analyzed in this study. Notice however that dipoles are
oriented to the same direction with respect to the insulator for both interfaces, which is logical since the

structure is quasi symmetrical.

The Al-coated sample presents a positive interface voltage at the first interface which means that the
positive charge is inside the insulator whereas the negative charge is held by the electrode. Therefore
it can be said that the potential inside the insulator is positive compared to the one in the electrode,
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Figure 8: Energy level bending at the cathode of the insulator due to the interface voltage. Dotted lines
correspond to infinite Debye length insulators whereas solid lines correspond to actual situation. (a)
Case of a dipole directed from the electrode to the insulator (case of aluminum). The interface electric

field is increased thus Schottky barrier ¢p — ﬁ\/f is reduced as well as barrier thickness (see inset). (b)
Case of a dipole directed from the insulator to the electrode (case of gold). The overall barrier ¢ is
increased.

and thus the energy levels are bent downward for the insulator. This is illustrated in Figure 8a. As a
consequence of the conduction band bending, the interface electric field E is larger than the one applied
which reduces the Schottky barrier ¢ — B+v/E [4] as well as the barrier thickness. This promotes in turn
electron injection. On the contrary, the bending takes the insulator valence band away from the Fermi
level, reducing in turn electron extraction (hole injection). As to gold coating, the interface voltage is
negative. The potential inside the insulator is hence lower than the one in the electrode, thus bending
the energy band of the insulator upward as sketched in Figure 8b. In this case, electron injection should
be impaired since the conduction band gets farther from the Fermi level whereas hole injection is pro-
moted since the Schottky barrier is reduced. Notice that the observed interface dipole is the result of the
overall interface voltage which takes into account EVA electrode, silicone oil, deposited electrode and

PE. Spatial resolution is not sufficient to distinguish between each contribution.
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Figure 9: Calibrated combined signals of interface dipole at the interface of HDPE samples. Samples
are coated with gold or aluminum electrodes, and coupled with 1 mm-thick carbon-loaded Ethylene
Vinyl Acetate polymer (EVA) through silicone oil and tested in the PWP setup at room temperature.
The polarity of the contact potential at the first interface is indicated by an arrow.



Figure 9 illustrates the calibrated interface dipoles for HDPE samples. The same protocol as the one
of LDPE was applied. Though the first interface is detected at the same time, the second interface is
detected slightly before than in LDPE since sound speed is slightly larger in HDPE than in LDPE. The
double integration over time gives the interface voltages of —0.81 V and +4.22 V for gold and aluminum
electrodes respectively.

For aluminum coating, the interface voltage is positive. This configuration causes the insulator conduc-
tion band to get closer to the electrode Fermi level, resulting in an easier electron injection at the cathode
(see Figure 8a). For gold coating, the interface voltage is negative thus increasing the insulator valence
band closer to the electrode Fermi level, which promotes hole injection at the anode (see Figure 8b).

In both kinds of material, aluminum coating should promote electron injection due to a positive intrinsic
interface voltage toward the insulator whereas gold coating should promote hole injection due to a
negative intrinsic interface voltage toward the insulator.

3.2 LDPE samples under high voltage

LDPE samples were tested at 22 °C under 40 kV for 24 h in agreement with the procedure described in
Figure 4. The high voltage was thus momentarily deactivated to carry out measurements under short-
circuit in order to better detect charge injection as already discussed in Section 2.3. As the aluminum
wave-guide is 30-mm thick for high voltage setup, the pressure pulse takes 4.71 us to propagate through
it and additional 0.52 ys are required to cross the carbon-loaded electrode and reach the front interface of
the insulator. The back electrode interface is reached 0.45 ys latter. These two interfaces are materialized
by dotted lines. Under voltage, the front electrode was the cathode and the back electrode was the
anode.
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Figure 10: Signals of charge injection in LDPE samples measured under short-circuit for various dura-
tions under 40 kV at 22 °C. Samples are coated with aluminum electrodes and coupled with 1 mm-thick
carbon-loaded polymer (EVA) through silicone oil and tested in the PWP setup. Dotted lines indicate
when the pressure pulse began to cross an interface, the direction of movement of electrons and holes is
illustrated by the pink arrow.

With aluminum electrodes, Figure 10 shows on top the charge distribution after 1 h. Positive charges
are present at the front and back electrodes whereas negative charges spread almost evenly across the
insulator. The positive peaks on the electrodes correspond to charges induced by the negative charges
in the bulk of the insulator. It can be said that negative charges have been injected at the cathode and



diffused rapidly (within 1 h) through the whole sample structure. This is in accordance with the interface
voltage orientation resulting in the lowering of the insulator conduction band. On a larger time scale,
the increase of the electric field at the anode due to charge migration triggered an injection of holes that
slowly diffused, and gradually penetrated deeper into the sample with time. At the end, two regions
are clearly identified with negative charges close to the cathode and positive charges close to the anode,
though positive charges dominate the sample at the end of the procedure (Figure 10, bottom).

With gold electrodes (Figure 11, top), there was little charge injection at the cathode that can be detected
in the bulk. The quasi absence of the positive induced charges on the front electrode shows that positive
charges injected from the anode induced a similar quantity of charges on the front electrode but of
opposite polarity. This indicates that positive charges dominate till the beginning which is compatible
with a hole injection expected due to the interface voltage that increased the insulator valence band.
This hole injection at the anode continued and positive charges dominate the sample at the end of the
procedure (Figure 11, bottom).
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Figure 11: Signals of charge injection in LDPE samples measured under short-circuit for various du-
rations under 40 kV at 22 °C. Samples are coated with gold electrodes, and coupled with 1 mm-thick
carbon-loaded polymer (EVA) through silicone oil and tested in the PWP setup. Dotted lines indicate
when the pressure pulse began to cross an interface, the direction of movement of electrons and holes is
illustrated by the pink arrow.

In all cases, the interface voltage triggered the injection, electron injection at the cathode with aluminum
coating and hole injection at the anode with gold coating. These injected charges rapidly diffused inside
the sample increasing the electric field at the other electrode. As a consequence, this triggered a subse-
quent charge injection, not due to interface voltage in that case but to heterocharges. Finally, two step
injection can be assumed, the first step depending on interface voltage, and the second step depend-
ing on the build up of heterocharges. These high voltage measurement results are similar to the ones
obtained by G. Chen et al. [21], the interface voltage measured here explain the dynamics.

3.3 HDPE samples under high voltage

Similarly, HDPE samples were tested at 22 °C under 40 kV for 24 h. The pressure pulse arrived at the
front interface at the same time as LDPE sample (5.23 us) and reached the back interface 0.41 yus latter
due to a slightly larger sound speed in HDPE than in LDPE. These two interfaces are materialized by
dotted lines. Under voltage, the front electrode was the cathode and the back electrode was the anode.

10



When coated with aluminum electrodes, as shown in Figure 12, a strong bipolar peak is observed at front
electrode, due to charge injection at the cathode and reached rapidly their position inside the sample
without deeply diffusing. Indeed, though the amplitude of the signal increases progressively with time
meaning more charges are injected, the shape of the distribution only little evolves. At the back interface,
the signal exhibits an unipolar peak corresponding to the induced charges on the electrode due to the
negative charges in the bulk. No charge was injected at the anode. Such a situation suggests that the
Fermi level of the electrode is closer to the insulator conduction band than to the insulator valence band
as anticipated by interface voltage measurements.
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Figure 12: Signals of charge injection in HDPE samples measured under short-circuit for various dura-
tions under 40 kV at 22 °C. Samples are coated with aluminum electrodes, and coupled with 1 mm-thick
carbon-loaded polymer (EVA) through silicone oil and tested in the PWP setup. Dotted lines indicate
when the pressure pulse begains to cross an interface, the direction of movement of electrons and holes
is illustrated by the pink arrow.
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Figure 13: Signals of charge injection in HDPE samples measured under short-circuit for various du-
rations under 40 kV at 22 °C. Samples are coated with gold electrodes, and coupled with 1 mm-thick
carbon-loaded polymer (EVA) through silicone oil and tested in the PWP setup. Dotted lines indicate
when the pressure pulse begains to cross an interface, the direction of movement of electrons and holes
is illustrated by the pink arrow.

When coated with gold electrodes, as shown in Figure 13, charges were clearly injected at both inter-
faces of the sample and trapped close to the interface without significant diffusion inside the sample.
Compared with aluminum coating, gold electrode favors charge injection at the anode and limits charge
injection at the cathode. This is totally consistent with the observed interface voltage since the electrode
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Fermi level gets farther from the insulator conduction band and closer to the insulator valence band.

As in the case of LDPE, aluminum electrode favored electron injection while gold electrode favored
hole injection. However contrarily to LDPE, charges diffused much more less in HDPE than in LDPE as
already known [22], the subsequent injection due to heterocharge build-up is thus not observed.

4 Conclusions

HDPE and LDPE samples coated with different types of electrodes were measured under low voltage to
determine the interface dipoles leading to interface voltage, and under high voltage to analyze whether
these interface voltages have an effect on the charge injection process. A comparison of interface voltage
and charge injection under voltage shows that, when coated with aluminum electrodes, the energy levels
of HDPE and LDPE are bent downwards, favoring electron injection at the cathode and reducing charge
injection at the anode. On the contrary, gold electrodes bend upwards the energy levels of HDPE and
LDPE, promoting hole injection at the anode and reducing electron injection at the cathode. The charge
buildup under voltage confirms the assumption for both kinds of electrode. Once charges injected in
the material, they diffuse more easily in LDPE than in HDPE due to the material conductivity, creating
in turn heterocharges that triggered another injection only in LDPE. In conclusion, interface dipoles
well explain how charge are injected at first in LDPE and in HDPE. It can be assumed that energy
band bending close to the interfaces further reduces the Schottky barrier at that interface compared to
the applied electric field solely. The measurement of the interface dipoles to estimate interface voltage
could then help to chose materials in contact with insulator subjected to high voltage and to check if two
contact conditions could be equivalent or not for tests.
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