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Abstract- The present work explores the effect of metal inclusions
(silver nanoparticles, AgNPs) on the electrical mechanisms
(charge injection, trapping and transport) responsible for
dielectric charging in thin silica layers. It is shown that the
presence of a plane of AgNPs embedded in a thin SiO2 layer
modifies the electrical conduction in the structure. When the
AgNPs-plane is embedded near the SiO:2 surface, the structure
behaviour at low electric field is non-ohmic and does not allow
calculation of the classical volume conductivity. Instabilities in the
behaviour of the structure are observed for high electric fields.
They are most likely due to sequences of breakdown/self-healing
phenomena that clearly appear for fields higher than 108 V/m.

I. INTRODUCTION

All electrical and electronic devices require knowledge and
control of the response of the dielectric materials, involved in
their structures, under electrical stress. To accomplish this, an
analysis of the electrical mechanisms (charge injection,
trapping and transport) responsible for the dielectric charging
phenomenon becomes indispensable. The dielectric charging
phenomenon, i.e. the ability of dielectric materials to trap
electrical charges, leads to modification of the local electric
field. It causes changes in the electrical behavior of the device,
and on a longer term a degradation of the dielectric properties
of the materials under electrical stress [1, 2]. Although the
electrostatic charging of thin dielectric layers lays down the
principle of operation of various technological devices, like
non-volatile memories [3] or electret based microphones [4], it
is considered to be the main cause of electrostatic sticking in
MicroElectroMechanical Systems (MEMS) [5] or for the
appearance of Electrostatic Discharges (ESD) that lead to the
damage of the electronic devices, especially in space
environment, and thus shorten their lifetime [6].

A considerable progress on the study of the dielectric response
under electrical stress and on many of the global electrical
parameters of dielectrics (permittivity, losses, low field
conductivity, space charge, etc.) was achieved since the
beginning of application of nanocomposite dielectrics, or
nanodielectrics, in the early 90s [7]. Improved performance of
the dielectric materials has been demonstrated for dielectrics
containing nanoparticles, either dispersed in the volume [8, 9]
or embedded in a layered structure [10 — 12]. However, the fine
description of the physical phenomena occurring in the
dielectrics, in the presence of nanoparticles, is still incomplete.
The latter is mainly due to the complexity conveyed to the
dielectrics by the nanoparticles.

In this work we present a study on the changes of the electrical
response of thin silica layers containing a single plane of silver
nanoparticles (AgNPs) embedded near the dielectric surface.
The aim is to complement the knowledge on charge injection,
trapping and transport phenomena in thin dielectrics. Such
approach allows us to achieve a better understanding of the
nonlinear mechanisms induced by the presence of metallic
inclusions in a dielectric layer. Working with a plane of AgNPs
embedded in the vicinity of the dielectric surface, rather than
with dispersed in the volume metallic nanoparticles, permits to
reduce the complexity of the problem by reducing its
dimensions, from 3D to 2D. Such AgNPs-nanocomposites can
be successfully applied as charge barrier layers for charge
injection in polyethylene used as insulator in High Voltage
Direct Current-HVDC lines [12], in capacitors for energy
storage [13], or to control the secondary electron emission
phenomena in space applications [14]. Generally speaking,
many electronic devices and applications are concerned by this
fundamental study because of the stratified architectures of the
dielectric layers in them. Among others, one can mention here
different heterojunction devices for non-volatile memories [3],
[15], including flexible non-volatile memory devices [16],
highly-transparent metallic nanowire based electrodes [17],
resistive switching devices [18], etc.
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Fig. 1. Scheme of AgNPs nanostructure.



Il. SAMPLE ELABORATION AND CHARACTERIZATION
METHODS

The targeted nanocomposites (NCs) consist in a single plane
of AgNPs embedded at a fixed distance beneath the surface of
a SiO; layer deposited on metallic substrates (mirror polished
stainless still with size 3.3 cm x 3.3 ¢cm) and on intrinsic Si-
substrates (Fig. 1). The use of metallic substrates is based on
considerations related to electrical measurements. The stainless
still substrates ensure good electrical contact on the back side
of the structure for the charge current and breakdown
measurements, while the Si-substrates are used for cross-
section analyses by Transmission Electron Microscopy (TEM).
For the electrical characterization a circular top Au-electrode
(50 nmthick and 1 cm in diameter) was sputtered on the sample
surface to complete the Metal-Insulator-Metal (M1M) structure.

A. Plasma process for sample elaboration

The AgNPs nanostructured thin dielectric layers have been
elaborated in a plasma process combining in the same reactor
sputtering of an Ag target and plasma polymerization [11, 19].
The plasma was sustained in argon gas at low gas pressure
p = 5.3 Pa for the Ag-sputtering. The size and density of the
obtained AgNPs were controlled by the injected in the plasma
power and the sputtering time (t;). The presented here samples
are for injected power P =80 W and t; =5 s. Using the same
vector gas (argon), the precursors added in the plasma for the
SiO; deposition were hexamethyldisiloxane (HMDSO,
CsH18Si»0) and O,. The SiO,-base and the cover layers were
deposited in the plasma sustained by P =120 W, at total
pressure of pwt = 7.9 Pa. Details on the reactor geometry, the
plasma behaviour and the process parameters are given in
[11,19]. Table | summarizes the parameters of the tested
samples. For correspondence with the MIM structures, see Fig. 1.

TABLE I. SAMPLES FOR CONDUCTIVITY MEASUREMENTS AND *SAMPLES
FOR BREAKDOWN AND SELF-HEALING TESTS

sample ) SiO, base AgNPs diameter _Cover layer
thickness dy (nm) dagnes (NM) thickness d. (nm)
107 nm-SiO; 107 / /
NC1 1121 18 6.9
NC2 104.6 18 9.1
NC3 97.8 18 55.5
*50 nm-SiO, 50 / /
*NC4 175 18 8

B. Structural and electrical characterization methods

The different values, reported in Table I, correspond to
measurements of the nanocomposites made by spectroscopic
ellipsometry for the SiO, layers thicknesses and composition
and by TEM analyses for the size and density of the AgNPs.
Information on the surface topography of the elaborated
nanocomposites was obtained by AFM measurements, using a
Multimode 8 Bruker apparatus.

The electrical properties of the AgNPs nanocomposites have
been studied through measurements of the polarization currents
under DC voltage application in the range from 0.1 V to 100 V,

corresponding to electric fields varying from 108 V/m to
8 x 108 V/m approximatively. The study of polarization
currents was performed through a protocol of successive and
increasing voltages. Each voltage step lasted for 1000 s and was
followed by a depolarization time at 0 V during 1000 s. The
voltage was applied between the metallic substrate connected
to the electrometer and the upper Au-electrode connected to the
voltage supply.

Breakdown and self-healing phenomena were studied using
the voltage protocol described previously, except for the
polarization and depolarization times lowered to 15 s for each
step. The sample surface was observed under an optical
microscope and the analysis was performed on video
recordings, taken during the voltage application.

I1l. RESULTS AND DISCUSSION

A. AgNPs nanocomposites: quality of the dielectric layer and
control of the distance of the AgNPs plane to the surface

Direct observation by TEM in a cross-section view allows
characterization of the elaborated nanostructures: thickness of
base SiO; layer and cover SiO; layer and planarity of the sample
surface. In addition, a paired analysis with plane view TEM
images gives the size and distribution of AgNPs in the plane.
As an example, Fig. 2a presents the cross-section view of a
nanostructure with targeted layer thicknesses of dp = 190 nm
and dc =10 nm. The extracted thicknesses of the base SiO;
layer is of 182 nm and that of the SiO; cover layer is of 9.5 nm.
This result confirms the importance of fine control during the
plasma elaboration process and validates the applied methods
permitting strict control of alignment of the AgNPs at a given
nanometric distance beneath the SiO; surface. Moreover, the
obtained results are in accordance with those extracted from
spectroscopic ellipsometry and in agreement with previous
works for the same plasma parameters [11, 19].
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Fig. 2. (a) Cross-section view TEM image of the SiO,/AgNPs sample. Insert:
enlargement of the near surface part; (b) AFM topography of the SiO/AgNPs
sample with a 5 nm cover layer thickness.



AFM surface topography of an AgNPs-based NC with only a
5 nm thick cover layer is presented Fig. 2b. It emphasizes the
irregularity of the surface imposed by the conformity of the
SiO; cover layer. Since the plasma deposited thin layers are
conformal to the surface one can notice the waviness of the
dielectric surface due to the AgNPs-shape fitting by the SiO,
cover layer. The point is that for large AgNPs and very thin
SiO; cover layers the formed dips might be of up to 10 nm in
size in between the AgNPs and may give rise to quite sharp
metallic “tips” when the top Au-electrode is sputtered. The so-
created metallic tips would lead to a strong enhancement of the
electric field at that points, called hereafter “hot points”, and to
a preferential local injection of electrical charges, which shall
be accounted for in the analysis of the electrical response of the
NCs. However, when increasing the SiO; cover layer thickness,
the surface waviness is rapidly smoothed, as can be seen in the
insert of Fig. 2a, for which the SiO; cover layer is of 9.5 nm.
The created irregularities are then reduced to only 2 — 3 nm.

B. Conductivity of the AgNPs containing MIM structures

Fig. 3. represents the current density (J) versus the applied
electric field (E) for all samples, reported in Tablel. The
electric field values reported in the x-axis are calculated here
considering a plane to plane classical configuration. Local field
enhancement, due to the presence of AgNPs-plane into the
dielectric layer [20] or to metallic tips at the interface between
the Au-top electrode and the SiO, cover layer, is not taken into
account for the J(E) plots. Open symbols represent instabilities
in the measured current observed in the case of AgNPs plane
positioned near the surface (6.9 and 9.1 nm).

1. Conductivity at low electric field

Fig. 3 shows that the current density for the nanocomposites is
higher compared to the SiO reference sample, and that it
strongly depends on the distance of AgNPs plane from the
surface. The recorded current density in the low field region
(< 107 V/m) is at least 4 orders of magnitude higher when the
AgNPs plane is near the surface (6.9 and 9.1 nm for samples
NC1 and NC2, respectively). However, in this field region, the
J(E) characteristics show a non-ohmic behavior (slope higher
than unity in a log-log plot) and do not allow calculation of the
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Fig 3. Current density vs. electric field of thin SiO; layer (black circles) and
the SiO./AgNPs nanostructures. The open symbols represent instabilities in
the current density measurements.

classical volume conductivity. When the AgNPs plane is
embedded far from the surface (dc=55.5nm), an ohmic
behaviour is observed and the conductivity of the
nanocomposite decreases to get closer to the conductivity of the
SiO; reference sample estimated to 1.2 x 10716 S/m.

2. Nonlinear phenomena observed at high electric field

In the high electric field region, the conductivity is not
constant with the field. It starts increasing with the electric field,
for strengths higher than 2 x 10% and 3 x 107 V/m, for the
107 nm-SiO, and NC3 samples, respectively. For sample NC1
and NC2 no threshold field is observed. Moreover, non-linear
phenomena occur. Current instabilities are observed for NC1
and NC2 samples, for which the AgNPs-plane is closely
situated to the surface, and are probably linked to breakdown
followed by self-healing phenomena, as discussed in section C.

The shape of the J(E) plot for NC3 sample (AgNPs-plane
embedded deeper in the SiOz, at 55 nm from the surface)
consists in successive linear regions with slopes very similar to
those described in the limits of the Space Charge Limited
Conduction (SCLC) theory. This behaviour is identical with the
case of nanocomposites, with low volume fractions of randomly
dispersed in a dielectric matrix metallic NPs, for which the
conduction is controlled by both the ability of NPs to act as deep
trapping centers and the dielectric properties of the dielectric
matrix itself in terms of traps density and their energy level
distribution, in the frame of the SCLC mechanism [21].
However, complementary work, including space charge
measurements at local scale, is needed to confirm this point.

In the case of very thin cover layer (5 nm or less), local field
enhancement due to the topography of interface between the
SiO; cover layer and the Au-electrode is likely. The measured
current is then higher than expected. As extracted from Fig. 2b,
the most pronounced dip in the surface topography creates a
metallic tip with curvature radius 10 nm after deposition of the
top Au-electrode. Thus, the electric field at such hot point is
locally enhanced by a factor of 6.5 when compared to the
electric field in plane-to-plane configuration. Accordingly, a
stronger charge injection occurs locally at the hot points and the
measured integral current of the MIM structure is higher.

10°{ e 50nm-SiO, N
A

A Ansesccce
1 4 NC4 A A 4

Current density (A/m?) @15s
[ ]
..

Field (V/m)

Fig. 4. Current density recorded after 15 s of voltage application for a SiO,
reference sample and the AgNPs-based nanocomposite NC4.



C. Breakdown and self-healing phenomena under DC voltage

The term of self-healing or clearing phenomena is used for a
MIM structure to qualify its ability to self-repair and recover its
capacitor behavior after a breakdown [22]. A consequence of
the self-healing phenomena is a decrease of the effective area
of the metallic electrode and then a decrease of the capacitance.
In order to study these phenomena for the developed
nanostructures, a reference sample (50 nm thick SiO) and a
nanocomposite sample (NC4) were submitted to the DC voltage
protocol already described in section I1.B.

Fig. 4 represents the current density recorded 15 seconds after
the voltage application as a function of the applied electric field
for the 50 nm-SiO, reference sample and the nanocomposite
NC4. In the presence of AgNPs plane and for very low field
(lower than 5 x 108 VV/m) the recorded current is lower compared
to the bare SiO, sample. In the field range 107 - 108 V/m the
current recorded for NC4 is several decades higher compared to
the bare SiO, sample, in good correlation with the results
obtained for long time measurements (Fig. 3). For electric field
around 108 V/m and higher, the current is maximum and limited
by the voltage supply; breakdowns followed by self-healing
phenomena are clearly visible on the surface of the top-electrode.
Most likely, the breakdowns/self-healing phenomena occur even
for lower fields, in the 107 - 108 VV/m range, but remain difficult
to observe due to the limited resolution of the optical system.

Fig. 5 shows successive pictures extracted from a video
recording of the sample surface. At time To no visible
breakdown can be identified on the entire Au-top electrode. At
time Ty a light emitting breakdown (within the red circle) at a
specific point of the surface appears. It can be due to defect of
the dielectric layer or to a field enhancement at a specific “hot
point”. This first breakdown is situated at several mm from the
edge of the Au-electrode. At time T, the thin Au-electrode has
been evaporated around the first breakdown point; the
corresponding conducting channel (breakdown channel) is
disconnected from the electrode and the insulation is recovered
and new breakdowns can appear. At time T3 the same behavior
that consists in a succession of breakdown/self-healing/new
breakdown events is observed. These phenomena are observed
for both samples. However, in presence of the AgNPs plane
they appear at lower electric field.

Fig. 5. Illustration of self-healing phenomena on the surface of NC4 sample:
applied DC voltage 100 V. Top view pictures (4.0 x 3.4 mm?) extracted from
recorded video of the surface. T, before voltage application. T, = 33 ms,
T, =66 ms and T; = 100 ms after voltage application.

IV. CONCLUSION
This work is a demonstration of the capability of AgNPs to
locally modify the electrical properties of dielectric materials
under electric stress. The addition of AgNPs in a thin silica layer
allows for efficient modification of the conduction of the MIM
structure, depending on the distance of the AgNPs-plane to the
dielectric surface.
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