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Abstract—Injection mitigation in low density polyethylene
(LDPE) films by plasma processed silver nanoparticles (AgNPs)
containing plasma polymer composites was recently reported
through space charge measurements. The barrier effect to
charge injection has been assigned to the creation of permanent
deep traps by introducing silver nanoparticles near the
polyethylene surface. For completeness, current measurements
realized on LDPE films with and without AgNPs have been
carried out. Presence of the composite layers reduces the
current density by one order of magnitude. These results
strengthen the interpretation of the barrier effect based on
space charge stabilized by deep traps formed by the AgNPs.

I. INTRODUCTION

Main challenge in the development of HVDC polymeric
insulation is to avoid the accumulation of space charge under
electrical and/or thermal stresses which can significantly
reduce the component reliability [1, 2] owing to excursions in
the internal electric fields beyond the design field, triggering
electrical damages [3, 4]. One promising strategy to decrease
the amount of space charge is to limit the source of electronic
carriers provided by injection at the electrodes. Actually, only
few studies focus on the polymer/electrodes interface
properties to tune the charge injection effect. The most
common studies consist in modification of the polymer
sample interface by fluorination with a F,/N, mixture [5].
Charge injection mitigation was suggested to be due to the
presence of deep traps into the fluorinated layer that can
block or shield further charge injection [6].

By following a strategy to introduce deep permanent traps
near the surface in controlled way, we have recently reported
[7, 8] on a very efficient method for charge injection
mitigation when a thin nanocomposite layer (50 nm thick)
containing silver nanoparticles (AgNPs) embedded in
organosilicon matrix is deposited on the surface of a
polyethylene sample. This was achieved by investigating
space charge patterns. Whereas positive charges dominate the
patterns obtained on bare LDPE, no space charge build-up
was detected within the bulk of the insulation with tailored
interfaces, for applied fields up to 50kV/mm. The proposed
mechanism for such behavior is the ability of AgNPs to store
charges, thus playing the role of permanent deep traps for the
injected charges. In the following, we complete the study
considering conductivity measurements achieved on the
LDPE with tailored interfaces.
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Il. RESULTS AND DISCUSSION

A. Material processing

The nanocomposite layer used for tailoring LDPE
interfaces consists of AgNPs/SiO,C,:H stack. The deposition
was performed in two-step process: silver sputtering to obtain
the single layer of AgNPs followed by plasma polymerization
to create the dielectric cover matrix [9]. For both steps, we
have wused an axially-asymmetric RF (13.56 MHz)
capacitively-coupled discharge maintained at low gas
pressure [10].

The results given in this work are for sputtering time of
5s for a plasma maintained in pure argon at pressure of
p = 8.0 Pa with RF power of P =40 W which induces a self-
bias voltage of Vg = -725 V on the powered (smaller)
electrode to perform the sputtering. The processed dielectric
layer to cover the AgNPs is a plasma organosilicon deposit
(SiOC,:H) obtained in the same reactor with argon-
hexamethyldisiloxane (HMDSO, [CH;]¢Si,O) mixture at total
gas pressure of py = 6.6 Pa and input power of P = 80 W
(Vge = -900 V). These plasma conditions result in deposition
of large and isolated AgNPs, of 15 nm of average size and
surface density of 6.1x10™ cm? (see Fig. 1) embedded in
organosilicon matrix with insulating properties of 50.0 nm
total thickness to form the nanocomposite layer. Details on
the  structural  characterization of the  obtained

Fig. 1 : SEM images in plan-view of the AgNPs layer deposited on LDPE
substrate

For current measurement purposes, additive-free LDPE
films, 300 um in thickness and 70 mm in diameter, processed
by press-molding at 155°C, were used [8]. The two faces of
the LDPE sample were tailored with identical nanocomposite
layers. Current-voltage measurements on bare LDPE and on
tailored LDPE samples are compared. In both cases, SC
electrodes (polyethylene doped with carbon black) of 30 mm
diameter (and 350 pum thickness) were in contact with the
sample.



B. Impact of tailored interface on the apparent conductivity
of LDPE

Fig. 2 shows the current-voltage plots obtained at room
temperature for bare LDPE and for two-face tailored LDPE.
In both cases, the electrode in contact with the sample is a
semiconducting material, i.e. the same configuration as for
the space charge measurements [8]. As can be observed,
there is a substantial difference in the behaviour of the two
samples. First, a quantitative difference, with a drop of the
apparent conductivity by about one decade in the sample with
tailored interfaces, in the high field range. Second, there is a
qualitative difference through a change in the slope of the
current-voltage characteristic from to 2 to almost 1, i.e. from
what seems relevant from a space charge limited current to a
behaviour featuring ohmic conductivity.

From these conductivity results, the injection mitigation
effect by the tailored interfaces can be confirmed and
substantiated. @~ The  SC/LDPE interface  (without
nanocomposite layer) provides very efficient injection,
particularly for positive carriers, and also for negative carriers
if compared to Aluminum electrode for example [8, 11]. In
such situation, positive space charge builds up adjacent to the
positively biased electrode, and an equilibrium situation is
reached between the flux of injected carriers and their
transport in the insulation. The injection flux is modulated by
a decrease of the electrode field, a process in line with the
square dependence of the conduction with field. The
conduction behaviour changes drastically when the interface
is tailored with the AgNPs/SiO«Cy:H stack. With injection
mitigation by forming artificial traps, the amount of carriers,
whether they escape from the traps or cross the barrier due to
traps saturation is substantially reduced and space charge
limitation is no more at play. A field reduction at the
electrode of up to 50 kV/mm can be produced with the
achieved high density of AgNPs, and supposing that every
nanoparticle is able to accommodate at least one elementary
charge. The insulating organosilicon matrix that embeds the
AgNPs ensures the storage effect by blocking the charges not
to escape the AgNPs. Current results are in line with charge
transport models relevant to LDPE [12] on the fact that holes
appear as the dominant electronic carriers in PE. Moreover,
the efficiency of the tailored interfaces was demonstrated in
case of negative carriers as well [8].
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Fig. 2.  Current-field plot obtained for reference LDPE and LDPE with
tailored interfaces using SC electrodes. Data are relevant to charging
current after 16min of polarization.

I11. CONCLUSION

Charge injection mitigation in low density polyethylene
films by plasma processed AgNPs containing organosilicon
plasma polymer, recently reported through space charge
measurements was reconsidered in the light of charging
current measurements. With two-face tailored LDPE layers,
a strong decrease of the apparent conductivity is observed
and a change in the conduction regime from space-charge
limited to ohmic conduction is revealed. These results
strengthen the interpretation of the barrier effect based on
space charge stabilized by deep traps formed by the AgNPs
embedded in insulating plasma polymer matrix.
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