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Abstract
Dielectric nanocompositematerials are now involved in a large panel of electrical engineering
applications ranging frommicro-/nano-electronics to power devices. The performances of all these
systems are critically dependent on the evolution of the electrical properties of the dielectric parts,
especially under temperature increase. In this studywe investigate the impact of a single plane of silver
nanoparticles (AgNPs), embedded near the surface of a thin silica (SiO2) layer, on the electricfield
distribution, the charge injection and the charge dynamic processes for different AgNPs-based
nanocomposites and various temperatures in the range 25°C–110°C. The electrical charges are
injected locally by using anAtomic ForceMicroscopy (AFM) tip and the related surface potential
profile is probed byKelvin Probe ForceMicroscopy (KPFM). To get deeper in the understanding of
the physical phenomena, the electric field distribution in the AgNPs-based nanocomposites is
computed by using a Finite ElementModeling (FEM). The results show a strong electrostatic coupling
between the AFM tip and the AgNPs, as well as between theAgNPswhen theAgNPs-plane is
embedded in the vicinity of the SiO2-layer surface. At low temperature (25°C) the presence of an
AgNPs-plane close to the surface, i.e., at a distance of 7 nm, limits the amount of injected charges.
Besides, the AgNPs retain the injected charges and prevent from charge lateral spreading after
injection.When the temperature is relatively high (110°C) the amount of injected charges is increased
in the nanocomposites compared to low temperatures.Moreover, the speed of lateral charge spreading
is increased for theAgNPs-based nanocomposites. All these findings imply that the lateral charge
transport in the nanocomposite structures is favored by the closely situatedAgNPs because of the
strong electrostatic coupling between them, additionally activated by the temperature increase.

1. Introduction

Any of the future directions of development ofmicro-/nano-electronics, beyond-ComplementaryMetalOxide
Semiconductor (CMOS) systems or sensors, requires scaling down the size of developed devices, reducing their
energy consumption and refining their performances under enlarged environmental constraints (temperature
variations, humidity, exposure to intense light, etc.)As clearly indicated in a recent roadmap for European
Nanoelectronics amajor challengewould be to solve issues related to energy losses and heating, with the latter
potentially leading to a strong evolution of the electrical characteristics of the device [1]. To overcome these
problems rational engineering and characterization of newmaterials, like core–shell nanomaterials [2, 3], 2D-
materials (for exampleMoS2) [4], alternative channelmaterials for CMOS, high-k dielectrics [5, 6], multi-gates,
thin layers, heterostructures, etc., are timely due. Dielectric nanocompositematerials appear as promisingway
to improve devices properties in various applications, frommicro-/nano-electronics [7, 8] tomicrosystems [9]
or power engineering devices [10]. For example, Si nanocrystals embedded in a silicamatrix could replace the
floating gate in nonvolatileflashmemory devices, thus reducing the leakage current and increasing reliability of
the device, as the spatial localization of the stored charges is improved [11–13].Moreover,metal-containing
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nanocomposites (NCs) based on dielectricmatrices with embeddedmetal nanoparticles (NPs) have
demonstrated uniquemagnetic [14], plasmonic [15, 16] and dielectric [1, 17–22] properties, compared to the
matrix alone. These properties are strongly related to the amount of insertedmetal NPs, and consequently to the
filmmorphology. Tuning of the electrical properties in a very broad range can be achieved by controlling the
size, density, and distribution ofmetal nanoparticles:

(i) NCs with low metal volume fractions (around 5%) and randomly dispersed metal-NPs in the dielectric
matrix [17–23] express a dielectric-like behavior under applied electricfield [1, 19–22]. The charge injection
and trapping dynamics are controlled by both the ability ofmetal-NPs to store electrical charges as artificial
deep trapping centers and the properties of the surrounding dielectricmatrix, in terms of density of charge
trapping centers and their energy level distribution, in the frame of the space charge limited conduction
mechanism (SCLC) [15–22].

(ii) NCs with an amount of the metal-NPs ranging from medium to high concentrations (10%–25% of metal
volume fractions) [19–21] keep the dielectric-like behaviourwith a space charge limited conduction.
However, at high electric field they present a steep variation of the current-voltage characteristics. The
observed very strong current increase in a relatively narrow voltage range appears because the charge
injection and transport in theseNCs are favored by electron tunneling between the nanoparticles, in the
presence of a strongly increased number of free electrons provided by the trap-filled limit in the dielectric
matrix.

(iii) a percolated network of metal-NPs in the dielectric matrix. In metal-containing NCs the electrical
percolation threshold is found to appear atmetal volume fractions around 30% [19–21, 23, 24]. Due to the
metal percolated chain formed by physically connectedNPs ametallic regime of conduction is observed for
theseNCs.

The abovementioned and other functionalities ofmetal-containingNCs can be obtainedwhen properly
designing thematerial. Depending on the structural parameters of theNCs the electrical transport character can
be changed from an energy activated typewith a negative temperature coefficient of resistivity (TCR) to a
metallic onewith positive TCR,with a smooth transition between the two types [20, 24]. Indeed, theDC
resistivity of silver-silicaNCs, prepared by electrodepositionmethod, was found to exhibit a transition from
metallic regime in the very low temperature range (100–180K) to a semiconductor-like when increasing the
temperature in the temperature range region (180–300K) [24]. In general, the temperature constraints appear
challenging in sustaining the electrical behaviour of dielectricmaterials for a large number of nanoelectronic
devices [1, 25]. For example, the dielectric capacitor applications require stable performance at working
temperatures of around 80°C for power factormaintaining, around 140°C forHybrid Electric Vehicle (HEV), or
in the range of−50°C–250°C for aerospace applications [25]. Given that thermally activated diffusion ofmetal
atoms and/or very smallmetal NPs can occur in the high temperature range theNCs containingmetal NPs
require probing of their electrical behaviour as a function of the temperature. According to the reported in the
literature data for the activation energy of silver (1.24 eV in the 275°C–365°C range) theAg diffusion length in
amorphous silica would increase from a few nanometers to a few hundredths of nanometers for 1h at 300°C
[26–28]. On the other side, considering this activation energy, the Ag diffusion length in silica at temperatures
below 150°Cwould be limited to less than a nanometer for the same time scale. In this work our choice was to
staywithin themedium temperature range (less than 150°C), aiming at to avoidmetal diffusion effects when
analyzing the charging kinetics in AgNPs-silicaNCs dielectrics at different temperatures.

To qualify the electrical performance and reliability ofNCs under different types of stress, their
characterization should involve studies of the processes occurring at the interfaces between different phases in
thematerial, andmore generally at the nanoscale. In the last decade, investigation at nanoscale of the electrical
properties ofNCs has been achieved by applying electricalmodes derived fromAtomic ForceMicroscopy
(AFM), since they appearwell-adapted and extremely powerful. Indeed, Electrostatic ForceMicroscopy (EFM),
Kelvin Probe ForceMicroscopy (KPFM) orConductive AFM (C-AFM)were extensively used to characterize the
dielectric behaviour of thinfilms at nanoscale level providing relevant information on the dielectric permittivity
[29, 30], charge injection, trapping [31, 32] and transport [33]. By using these tools, the influence ofmetal-NPs
on the charge trapping dynamic has been revealed. For example, Lwin et al demonstrated, via KPFM
measurements, that after local charge injection, Pt-NPs embedded in SiO2matrix improve positive charge
trapping time, when compared toAu-NPs [31].Moreover, Schaadt et al, showed through EFM that the positive
carriers exhibit longer trapping time compared to the negative ones for Co-NPs embedded in SiO2matrix [32].
However, temperature dependent behavior of theNCs at nanoscale is rarely considered in the reported in the
literature studies. To bring information on the subject andfill the gap the present paper reports on the impact of
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temperature and/or the nanoparticles position in the dielectricmatrix on the charge injection and kinetics. In
this work, silica-based AgNPs containingNCs are investigated. A single plane of AgNPs is embedded in a SiO2

matrix at a controlled distance from the surface. This stratified structure presents the advantage of simplifying
issues related to the AgNPs location in the volume and to eventual interactions between the AgNPs dispersed in
the volume. Thus, it reduces the 3-dimentional (3D-) problem to a 2D-one and provides information on the
influence of the AgNPs on the electricfield distribution. The charge injection and kinetic analyses are performed
at nanoscale by usingKPFMmode.

2.Materials andmethods

2.1. Plasma process and operating conditions for deposition of theAgNPs-basedNCs
In this workwe have investigatedNCs that contain a plane of AgNPs. TheAgNPswere embedded in a thin silica
(SiO2) layer at a depthwhich is called hereafter dc. TheNC structure thickness is noted dtot (figure 1). All
parameters characterizing the elaboratedNCs are well controlled via the parameters of the plasma deposition
process. The synthesis of theNCswas performed in a capacitively-coupled plasma, generated in the RF range
(13.56MHz). The plasma process wasmaintained at low pressure [17, 34]. A strong particularity of the applied
plasma process is its axially-asymmetric design. The RF-driven electrode is smaller in size (10 cm in diameter). It
ismade of silver to bear the sputtering process. The grounded electrode is larger (12 cm in diameter), made of
stainless steel. The distance between the two electrodes is 3.5 cm. The reactorwalls,made of stainless steel, were
grounded too. Due to the geometrical asymmetry between the powered electrode (small electrode) and the
grounded parts of the reactor (large electrode and reactorwalls), the produced plasma induces a self-bias voltage
(Vdc) on the RF-driven electrode (the silver electrode). This self-bias voltage is at the origin of the silver
sputtering. Since in the current reactor configuration the self-bias voltage is negative it accelerates the positive
ions in the plasma toward the silver electrode, performing thus the silver sputtering. The self-bias voltage is
proportional to the injected in the plasma power, so at a given pressure, the amount of silver, and thus the size of
the AgNPs, is controlled by the applied plasma power.

To create theNCs containing AgNPs-planewe have used Si-substrates covered by 150–180 nm-thick
thermal SiO2-layers. TheNC stratified structure was obtained after silver sputtering to synthesize the AgNPs and
plasma polymerization to cover the AgNPs, thus embedding them in the silicamatrix at the requested depth.
The silver sputteringwas performed for a time of 5 s in an argon plasmamaintained at a pressure of p=5.4 Pa
with a RF power of P=80W.The self-bias voltage in this case wasVdc=−1000V. The silicamatrix that
embed the AgNPswas obtained in the same plasma reactor in the plasmamaintained by injected power of
P=120W in argon, with admixture of hexamethyldisiloxane (HMDSO, Si2O(CH3)6) and oxygen (O2). The
HMDSOprecursorwas injected by pulses, whichmakes the applied plasma process extremely versatile, with a
fine tuning of the plasma parameters allowing elaboration of high quality silicamatrices. The total gas pressure
in the plasma reactor for silica depositionwas ptot=7.7 Pa. The depth, at which the AgNPswere embedded in
the SiO2matrix, was controlled through the silica deposition time. The silica sample alonewas plasma deposited
on a Si-substrate. One shall note here the very good reproducibility of the elaborated samples.More details on
the reactor, the plasma process, the deposition procedure, and the plasma input parameters are given
elsewhere [17, 34].

2.2. Structural characterization of theNCs
TheNCs containing a single plane of AgNPswere visualized by Transmission ElectronMicroscopy (TEM) in
cross-sectional and plane view images. Specimens transparent to electrons have been prepared according to a
standard procedure:mechanical polishing andAr+ ionmilling. TheNCs andAgNPs parameters were extracted
after image processing. The thickness of the SiO2matrix alonewasmeasured by spectroscopic ellipsometry with
a SE-2000 ellipsometer in the 250–850 nm spectral rangewith an incident angle of 75°. Forouhi-Bloomer
dispersion lawwas applied to extract the thickness and the optical properties of the silica layers.

2.3. Electrical characterization of theNCs
AFMmeasurements were performed using a BrukerMultimode 8 apparatus. A siliconAFM tipwith PtIr coating
(curvature radius Rc=25 nmand spring constant ks=2.4Nm−1)was used for the charge injection protocol
and for the surface potentialmeasurements byKPFM.After 10 min of dehydration at 110°C, the nanocomposite
samplewas placed in an environmentally controlled chamber (underN2 atmosphere) to avoid charge
dissipation due to the presence of awater layer on the sample surface. The dielectric chargingwas achieved in
contactmode (contact force set to 30 nN) by applying positive or negativeDCbias V0 from−40 to+40V (step
of 10V) to the AFM tip during 1 min. After the charging step, the same tipwas used to probe the surface
potential in AmplitudeModulationKPFM (AM-KPFM)mode using a 50 nm lift. During charge injection and
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transport analyses, the samples were heated at a constant temperature. A temperature range from25°C to 110°C
was selected for the experiments in order tomaintain the diffusion of Ag in silica negligible when investigating
the electrical charge transport [26–28]. Thus, evaluation of the electrical behaviour of the AgNPs-based
nanocomposites without thermally induced structural evolution of theNCswas enabled. The temperature was
controlled to 25°C, 50°C, 80°C and 110°C. In order to extract themean value and the standard deviation of the
probed quantities the same charge injection procedure was repeated several times at different location on the
sample surface to avoid influence of previous charging.

2.4.Modeling of the electrical behaviour of theAgNPs-basedNCs
Investigation of the influence of the embedded single plane of AgNPs on the charge injection at the AFM-tip
contact requires knowledge on the electricfield distribution in theNCs. To that end, a simple 2D-axisymmetric

Figure 1. Scheme of the stratified structure of the nanocomposite: a plane of AgNPs inserted in thin SiO2 layer at a given depth.

Figure 2.TEM images of theNCs containing a single plane of AgNPs: (a) cross-section view and (b) plane view. Themain
characteristics of the AgNPs are noted on the images.
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Finite ElementModel (FEM) of the studied structures was developed by using COMSOLMultiphysics®. The
model geometry considers the dielectric nanocomposite layer (SiO2matrix and the AgNPs-plane), the AFM tip
and a surrounding air boxwhose dimensions are large enough to avoid edge effects. TheAFM tip is represented
as a 10μm-height truncated cone (10μm-height and 14° of aperture angle) endingwith a semi-spherical apex
(curvature radius Rc=25 nm, the same as the one used in the experiment).

The nanocomposite geometrical parameters: total thickness of theNCs (dtot), size of the AgNPs considered
here as spheres of diameter (dAgNPs), distribution of AgNPs in the planewith interparticle distance of 5.0 nm and
AgNPs-plane position relative to surfacewhich is actually equal to the thickness of the silica cover layer (dc) are
shown infigures 1 and 2, and are summarized in table 1. They are extracted frommeasurements of the plasma
elaboratedNCs. To complete this set of parameters with a limit case, anAgNPs-plane embedded at only 4 nm
from the surface of a SiO2 layer with total thickness dtot=200 nm, is considered in themodeling. The relative
dielectric permittivity of the silica layer is taken 3.9 and afloating potential is considered on theAgNPs surface to
take into account theirmetallic nature. The boundary conditions are as follows: V0 is applied to theAFM tip, the
dielectric layer backside is grounded andno charge (zero potential) is applied on the free boundaries of the
simulation box.Meshingwas refined and optimized close to the contact point of the AFM tip and around the
AgNPs.

The Poisson’s equation is solved in the air and in the dielectric layer to determine the electric field

E .

· ( ) ( )
  

e e r =E , 1r0

where e0 is the vacuumdielectric permittivity, er is thematerial relative dielectric permittivity and ρ the charge
density.

Thismodel is used in two configurations. Configuration 1 computes the spatial distribution of the electric
field, during the charge injection step. In this case, the AFM-tip is in contact with the sample surface and the
dielectric layer/NCs is considered free of charge (i.e., ρ=0). The axial Ez and the radial Er components of the
electric field as function of the position of the AgNPs-plane in the SiO2matrix are extracted from the computed
electric field using equation (1). Configuration 2 is applied to investigate the influence of a charge cloud, trapped
in the dielectric layer, on the surface potential profile. In this case, the AFM-tip is positioned at 50 nmabove the
surface and a charge cloudwith density distribution ρ is considered in the dielectric layer. This tip-surface
distancewas fixed by the experimental lift condition applied for theKPFMmeasurements. Aiming at a
description of the injected charge density we have involved in the analysis here a 3D-distribution of the injected
charges with a full-Gaussian shape in lateral direction and a half-Gaussian shape in-depth in the dielectric, in
accordancewith our previous studywhere homogeneous SiO2 layers were investigated [35]. Thus, the charge
density distribution is given by the following expression:
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whereQ is the injected charge quantity,σr is a parameter corresponding to the lateral dimensions of the charge
distribution (related to the lateral FullWidth atHalf-Maximum (FWHM) of the charge density profile,
Wr=2.35σr) andσz is a parameter describing the in-depth distribution of injected charges (considered here by
the in-depth FWHMWzof theGaussian curve-shapewithWz=2.35σz).

The electric field

E is computed using equation (1) and the electrostatic force Fe induced on the tip, by the

charge cloud, was deduced from the electric field by using the following equation:
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where

E is the electric field, εr=1 is the air relative dielectric permittivity,


n the unit vector and


dS is an

elementary surface. At each point, the electrostatic force Fe is computed as function of the applied bias V0. Thus,
a parabolic curve is obtained and the potential value corresponding to the electrostatic forceminimum is

Table 1.Parameters of the AgNPs-basedNCs. For correspondence, please
see figures 1 and 2.

dtot (nm) dAgNPs (nm) dc (nm)

SiO2matrix alone 150.6±1.8 n/a n/a

NCswith embedded

AgNPs-plane

203.0±9.6 19.6±7.8 7.0±1.8

193.0±8.4 19.6±7.8 21.0±2.0
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extracted. The so-obtained potential represents the surface potential and is further considered in the
study [35, 36].

3. Results and interpretation

3.1. Plasma elaboratedAgNPs-basedNCs
Themorphological analysis of the studied AgNPs-basedNCs has been performed byTEM.One of the
investigated structures is detailed here. From the TEMcross-section view image infigure 2(a), one can clearly
notice that theAgNPs form a planar single layer. TheAgNPs-plane is consisted of well alignedNPs, embedded at
a nanometric distance (dc=21 nm) from the surface of the SiO2matrix. One can clearly see that the silica
matrix envelops theAgNPs and spreads in between them. The total thickness of the structure is dtot=193 nm
(table 1). The size of the AgNPswas determined from the plane-view image (figure 2(b)). TheAgNPs are ofmean
size of 19.6±7.8 nm and density of 1.7×1011NPs cm−2, covering an area of 42.6%. The average interparticle
distance is of 5.0 nm,which is small enough to facilitate charge transport in-between the AgNPs. A combined
analysis from the cross-view and plane-view (figures 2(a) and (b)) brings additional information on the AgNPs
morphology aspects. The shape of the AgNPs is rather spherical with a tendency of evolution towards a prolate
spheroid, having higher eccentricity of 0.4 for the largest AgNPs.However, the eccentricity level of the AgNPs
remains small which allows considering the AgNPs as spherical ones in themodel. TheAgNPs are randomly
distributed in the plane. All the obtained data on thefinal structures, and on the AgNPs in particular, are in
perfect accordance with previously elaborated structures of the typewith the same plasma reactor [17, 34].

3.2. Influence of theAgNPs-plane position on charge injection at 25°C
Before going to the analysis of experimental results, we present here the simulation results that emphasize
modifications in the electric field distribution in the system induced by the presence of anAgNPs-plane
embedded in the SiO2matrix at different in-depth positions. The electric field distribution, computed using
Configuration 1 of themodel (part 2.4) is depicted infigure 3. The actual tip-to-plane geometrical configuration
of the system, i.e. AFM-tip in contact with the dielectric layer, imposes a strong inhomogeneity in the electric
field distribution. Themaximumof the electric field is under the AFM-tip and rapidly decreases in both lateral
and in-depth directions. For a homogeneous SiO2 layer, without AgNPs, the Ez-component ismaximumat the
contact point and decreases in the volume of the dielectric layer. It ismuch larger, by three orders ofmagnitude,
than the Er-component at the contact point. However, in the vicinity of the AFM-tip contact point, because of
the interface between the two dielectricmedia (air and SiO2 layer), one observes strengthening of the electric
field that leads to amaximumof the Er-component. The Er-maximum is shifted from the axis in lateral direction
(at r=5 nm). Thus, the Er-component increases strongly close to the injection point and then decreases in
lateral direction, although keeping the electric field high even for distances away from the contact point.

Presence of anAgNPs-plane in the silica dielectric layer drastically changes the electric field distribution.
Figures 3(a) and (b) show 2D-distributions of the axial Ez and radial Er components of the electric field in
presence of anAgNPs-plane located at only 4 nm from the surface. They reveal that the Ez-component is highest
at the contact point and remains very strong in the area between the AgNPs-plane and the SiO2 surface. Then a
field screening effect is observed due to the AgNPs. In the dielectric area below theAgNPs the electricfield is
strongly decreased, although startingwith a value higher than the one corresponding at the same in-depth
position in the SiO2-layer alone (figure 3(c)). The Er-component, like in the case without AgNPs, ismaximumat
fewnanometers away from the axis.Moreover, due to electrostatic coupling between the AgNPs, the
Er-component of thefield is clearly enhanced in the plane in-between the AgNPs. Themagnitude of this
enhancement of the Er-component, induced by theAgNPs-coupling, decreases whenmoving away from the
AFM tip.

In presence of anAgNPs-plane in the SiO2matrix themodifications of the electric field also depend on the
distance, from the dielectric layer surface, at which the AgNPs are embedded. Figure 3(c) compares the profiles
of the axial electric field Ez through the dielectric layer for different in-depth positions of the AgNPs-plane.
When the AgNPs are embedded away from the dielectric layer surface, at a distance of 21 nm, the axialfield
distribution near the surface is not significantly changed compared to the SiO2matrix alone, although an
increase due to themetal nanoparticles is observed at the contact point. The Ez-maximumbecomes 3.9×
109Vm−1 in presence of AgNPs compared to 3.1×109Vm-1 for the bare SiO2 layer. If the AgNPs-plane is
closer to the surface (at 7 nm from the surface), a strong electric field enhancement is observed at the contact
point (Ez=5.3×109Vm−1) and in the area between the AgNPs-plane and the SiO2 surface and themaximum
of the Ez-component increases. For AgNPs embedded very close to the SiO2 surface (at only 4 nm) the electric
field at the AFM tip contact point is doubled (Ez=6.3×109Vm−1). Such strong increase of the electric field at
the contact point will favor the dielectric charging in the sameway, like if the applied bias is doubled for the bare
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SiO2 layer. A similar effect of electric field strengthening is observed for the radial electric field Er (figure 3(d)).
When the AgNPs-plane gets closer to the surface (in the range from21nm to 7 nm) the Ermaximum increases
and its lateral extension becomes smaller under the zone of the AFM tip.When theAgNPs are very close to the
surface (i.e., at a distance of only 4 nm), the radial electric field distribution shows different behaviour. The
maximumof the field, although higher than the one for bare SiO2 layer, decreases slightly in comparisonwith its
value for AgNPs-plane positioned at 7 nm from the surface. The reason for such behaviour is the capacitive
coupling between the AFM tip and the AgNPs. Although not included in themodel, to be confirmed and put
forward, one can suggest here a change in the chargingmechanismof theAgNPs according to their in-depth

Figure 3. Spatial distribution of computed (a) axial Ez and (b) radial Er electricfield components for V0=40V applied to theAFM tip
(Rc=25 nm) during charging of a 200 nm-thick dielectric layer andAgNPs-plane located at 4 nm from the surface. Related (c)Ez
distribution along the symmetry axis and (d)Er distribution at the dielectric/air interface for a 200 nm-thick dielectric layer with
AgNPs-plane located at several in-depth positions from the surface.

Figure 4. (a)Experimental surface potential profiles after charge injection at−20Vduring 1 min, (b)Evolution of the surface
potentialmaximumVmax as function of the electric field at the contact point for T=25°C. Insert: Evolution of the FWHMof the
surface potential profiles as function of themaximumof the radial component of the electric field Er_max.
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position: direct tunneling for 4 nm,while for 7 nm some of the charges will be trapped in the dielectric and their
transport to the AgNPswill be by trap assisted tunneling. A shoulder appears close to themaximum since the
coupling of the AFM tipwith the second closest AgNP is straighten because of the higher electric field in the air.
Oscillations of the Er-component are observedwithminima of the field localized above the AgNPs andmaxima
in-between them. Indeed, these effects are related to the AgNPs electrostatic coupling that leads to laterally well-
defined nodes of the electricfieldwith intensity higher than the one corresponding to the SiO2matrix alone.
AgNPs, closely situated to the surface, act as internal electrodes towards the AFM tip and concentrate the local
electric field.When the distance is larger (more than 21 nm), the capacitive coupling is tooweak and the electric
field nodes vanish. This capacitive couplingwas previously observedwhile investigating the nanoscale dielectric
permittivity of the sameAgNPs-based nanocomposites by EFM [30].Moreover, this coupling effect remains
well pronounced even for distances of 100 nmaway from the charging point. Itmeans that the conditions for
charge spreading in lateral direction are favored by the AgNPs-plane.One should recall here that the
interparticle distance is of 5.0 nm,whichwould allow charge transport by tunneling in-between the AgNPs. In
the following, the so-obtained simulation results and the analysis are used for the interpretation of the
experimental results.

Asmentioned earlier, themeasured quantity byKPFM is the surface potential. Figure 4(a) compares the
experimentally obtained surface potential profiles, after charge injection at applied bias of−20Vduring 1 min
for the AgNPs-basedNCs and the bare SiO2 layer. As shown in it, regardless the sample nature, a classical
Gaussian shape is obtained for all surface potential profiles. Fromgeneral considerations, one can state that the
area of the surface potential profiles reflects the quantity of injected charges when the charges remain trapped in
the dielectric, close to the injection point [17]. However, the latter stands for homogeneous amorphous
dielectric layers.When dealingwithNCs, as the case here, this assumption shall be revised. Second consideration
is that themaximumof the surface potential Vmax and the FWHMof the obtained potential profiles are related
to the lateral spreading of the injected charges in the dielectric. In this study, theVmax and the FWHMare
extracted from the experimental surface potential profiles (figure 4(b)). As emphasized by results reported in the
literature for bare SiO2 thin layers [37], the charge generation is controlled by the electricfield at the contact
point,mainly by the Ez-component. But the presence of anAgNPs-plane in the SiO2matrix, in proximity to its
surface, enhances the electric field at the contact point, according to themodeling results obtained here
(figure 3). This electric field enhancement is well revealed by the experimental surface potential profiles, shown
infigure 4(a).When the AgNPs are located close to the SiO2 surface (at 7 nm) the surface potential profile has a
larger area and a highermaximumVmax. Considering also the coupling in-between the AgNPs the FWHMof the
surface potential profile is larger in this case.When the AgNPs are deeply embedded in the SiO2matrix (at 21 nm
in-depth) the recorded surface potential profile repeats almost identically the one for the bare SiO2 layer. The
maximumVmax is slightly higher due to a slightly increased electricfield at the contact point,mainly the
Ez-component (figure 3(c)). Suchfield-dependent behaviour invalidates any analysis of the charge injection
mechanisms in nanocomposite dielectrics based only on comparison of experimentally obtained surface
potential profiles as function of the applied bias on the AFM-tip at the charging point, as typically performed for
homogeneous dielectric layers [30, 37–39]. The heterogeneity of the structure of the studied AgNPs-basedNCs
induces a coupling between the AgNPs and the AFM tip that results in an enhancement of the electric field, so the
analysis of charge injectionmechanisms requires knowledge of the electric field at the contact point in this case.
Accordingly, the experimental results are discussed hereafter by considering an effective applied electric field as
computed from themodel (figure 3).

Figure 4(b) compares the evolution of the experimental surface potentialmaximumVmax as function of the
simulated electricfield at the contact point for the bare SiO2 layer and the AgNPs-basedNCs. At 25°C, the
surface potentialmaximumVmax increases with the electricfield at the contact point for all structures. For
negative injected charges, the same behavior is observed for the bare SiO2 and for the nanocomposite with
AgNPs located at 21 nm from the surface. However, when looking for afixed electricfield, the presence of
AgNPs close to surface (i.e., AgNPs-plane located at 7 nm) leads to a decrease of Vmax compared to bare SiO2

layer. For positive injected charges, a slightly different behavior is observed. Indeed, the same evolution is
observed for bothNCs, whose surface potentialmaxima remain lower than the one for bare SiO2 layer at a fixed
electric field. No clear dependence can be found for the FWHM in presence or not of AgNPs-plane. Since the
radial component of the electricfield drives the charge spreading, the FWHM increases with the radial electric
fieldmaximumEr_max, but remains insensitive to AgNPs-plane position in the SiO2 layer (insert in figure 4(b)).

Again, due to the electric field enhancement in presence of anAgNPs-plane close to the dielectric layer
surface and the dependence of the level of enhancement on the in-depth position of theAgNPs-plane, the
charging kinetics requires analysis with regard to the same electric field, and not to the same applied bias.
Therefore, one observes inversion of the trends, i.e., for afixed electric field, the presence of anAgNPs-plane
close to the surface (i.e., AgNPs-plane located at 7 nm) leads to a lowerVmax than the one corresponding to the
bare SiO2 layer. This is preserved regardless the charge polarity. Two hypotheses can be risen, in order to explain
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this surface potential decrease when the AgNPs-plane gets closer to the dielectric surface: (i) lower injected
charge density compared to the one in the bare SiO2 layer and/or (ii) electrostatic screening effect induced by the
AgNPs-plane.

Aiming at an identification of the relative contribution of the injected charge density and the screening effect
exerted by the AgNPs, the surface potential is computed in presence of a charge cloud. To that end,
Configuration 2 of the developedmodel was employed to consider the 3D in-depth distribution of the injected

Figure 5.Evolution of the charge quantityQ (Wz=10 nmandWr=1μm) as function of the computed surface potentialmaximum
Vmax.

Table 2.Experimental surface potentialmaximumVmax and the related
computed charge quantity Q for both positive and negative electric field E at
the contact point (Wz=10 nmandWr=1μm).

E=−2.5×109Vm−1 E=2.5×109Vm−1

Vmax (V) Q (10–16 C) Vmax (V) Q (10–16 C)

SiO2 −1.8 −0.9 1.8 0.9

AgNPs@

7nm

−1.0 −0.4 1.5 0.55

AgNPs@

21 nm

−1.4 −0.59 1.5 0.62

Figure 6. (a)Comparison of surface potential profiles after a charge injection at−30 V during 1 min for various temperatures in bare
SiO2 sample, (b)Temperature influence on the evolution of the FWHMas function of the applied biasV0. At low temperatures (25°C–
50°C), the error bars are small enough not to exceed the size of the symbols.
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charge cloud ( )r r z, in the dielectric layer (equation (2)). Figure 5 represents the evolution of the injected charge
quantityQ forWz=10 nmandWr=1μmas function of the computed surface potentialmaximum. By
applying these values describing theGaussian distribution of injected charges to the SiO2 and to the twoAgNPs-
basedNCs one obtains FWHMfor the potential profile of around 2μmfor both types of samples which is
comparable to the experimentally obtained FWHM, reported in the insert offigure 4(b). As expected, the
computed surface potentialmaximum increases when the injected charge quantityQ is larger. For afixedQ, the
computedVmax increases with decreasing of the distance between the AgNPs-plane and the surface. Considering
the hypothesis of identical in-depth spreading of the charge cloud for all samples (i.e.,Wz=10 nm), the charge
quantitiesQ corresponding to the experimental surface potentialmaximum for both positive and negative
electric field at the contact point are determined and summarized in table 2. According to these results, it is
worth noticing that a smaller charge quantity is injectedwhen the AgNPs-plane gets closer to the dielectric
surface. Consequently, at 25°C the presence of the AgNPs limits the amount of stored charge in the dielectric
layer, and this limitation is reinforcedwhen the distance between the AgNPs-plane and the dielectric surface
decreases. This finding also explains the lower experimentally obtainedVmax for afixed electricfield at the
contact point for AgNPs closely located to the dielectric surface (figure 4(b)).

3.3. Charge injection inAgNPs-basedNCs at higher temperature (50°C–110°C)
To identify the impact of theAgNPs-plane embedded in SiO2 on charge injectionwhen the temperature is
increased, our analysis starts with the bare SiO2 layer. Figure 6(a) compares the experimentally obtained surface
potential profiles, at different temperatures, after charge injection at applied bias of−30Vduring 1 min in the
bare SiO2 sample. Regardless the temperature value, a classical Gaussian shape is obtained for all surface
potential profiles. Figure 6(a) emphasizes that the peakmaximumand the profile width increase with the
temperature. Itmeans that a larger quantity of charges is injected in the bare SiO2 layer for higher temperatures.
To go further in the interpretation, the FWHMof the obtained potential profiles is depicted as function of the
applied bias V0 (figure 6(b)). The standard deviation on FWHM is strongly impacted by the temperature and is
equal to 6% at 25°C, to 8% at 50°C, to 14%at 80°Cand to 18%at 110°C.This increase of the standard deviation
can be related to instabilities of the AFM tip induced by the heating. The FWHMincreases linearly with the
applied bias at low temperatures (25°C–50°C). This increasing is similar for positive and negative bias, which
implies that the same injection dynamic drives both types of charges, electrons and holes. Similar behaviourwas
already observed, at 25°C, for charge injection, using Pt-coated AFM tip in a 40 nm-thick SiOxNy layers,
containing a very small amount ofN (only 4 at.%) and exhibiting structural and optical properties very close to a
SiO2 layer. These dielectric layers were processed by a pulsed PECVD.More details on this study can be found
elsewhere [35]. At higher temperatures (80°C–110°C) and for a given bias, the FWHMof the obtained surface
potential profiles is larger than the one at 25°C.However, according to the high standard deviation, the FWHM
seemswithout clear dependence on the applied bias V0 for higher temperatures. The surface potential profile
amplitude andwidth result in a steady state between two adversely contributingmechanismswhich are charge
injection and transport. In the temperature (25°C–110°C) and electric field (up to few 109Vm−1) ranges, the
charge injection by anAFM tip is sustained by themutual action of thermionic and field electron emission
mechanisms [37]. In this case, the charge injection is described in the frame of the Fowler-Nordheim theory.
While the field dependence occurs in the shape of the potential barrier at themetal/dielectric interface, the
temperature dependence arises in the assumed Fermi distribution function for a free electron gas in themetal.

Figure 7.Evolution of the surface potentialmaximumVmax as function of electricfield at the contact point for (a)T=80°Cand (b)
T=110°C. In (c) FHWMatT=25°C (blue), T=80°C (orange) andT=110°C (red) attained for the corresponding Er_max.
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Although themaximumof the distribution function holds to the Fermi level, when increasing the temperature
electrons at energies above the Fermi level become available, and the charge injection in the dielectric is
increased.Moreover, the FWHMis increased only twicewhen passing from25°C to 110°C implying that the
lateral charge transport remains limited. This is further confirmed by low peak broadening speed, reported later
on.Obviously here, themaximumof the surface potential increases with the temperature,meaning that the
injected charge is substantially increasedwhile the charge transport is limited.

The picture changes in presence of anAgNPs-plane embedded closely to the dielectric surface. Figure 7
compares the evolution of the surface potentialmaximumVmax as function of the electric field at the contact
point and the corresponding FWHMas function of the radial electric fieldmaximum for various temperatures.
The standard deviation of the surface potentialmaximum is strongly impacted by the temperature increase,
corresponding to 16%and 20%at 80°Cand 110°C, respectively. Regardless of the temperature variation, the
surface potentialmaximum increases with the electric field at the contact point. Increasing the temperature up
to 80 °Cdoes not imply changes in the behaviour of the injected charges. It remains the same as observed at 25°C
(figure 4(b) versus figure 7(a)). Indeed, for a given electric field, due to the presence of AgNPs-plane close to
surface (i.e., AgNPs-plane located at 7 nm) theVmax decreases, if compared to the bare SiO2 layer or to the
AgNPs-plane embedded at 21 nmaway from the surface. This behavior is observed for both positive and
negative charges. It can be related to a lower amount of injected charges in the nanocomposite than in the bare
SiO2 like for low temperatures.Moreover, the FWHM is slightly larger for the AgNPs-basedNCs compared to
the bare SiO2 layer (figure 7(c)). Itmeans that at 80 °C the presence of AgNPs limits slightly the amount of stored
charges in the dielectric layer only when theAgNPs-plane is closely situated to surface (i.e., at 7 nm). At 110°C,
the evolution of the surface potentialmaximumVmaxwith the electric field at the contact point is similar for all
structures. Besides, at this high temperature, the FWHM is substantially higher for theAgNPs-basedNCs
compared to the SiO2 (figure 7(c)). This implies that due to theAgNPs a higher charge quantity is injected at
110°C in theNCs than in the bare SiO2.

3.4. Charge dynamic in theAgNPs-basedNCs
The charge dynamic after injectionwas studied by following two parameters: the normalizedmaximum
potential Vmnwith respect to its initial values (figure 8(a)) and the peak broadening speedwhich corresponds to
the slope of the characteristic FWHMas function of time. This slopewas computed for each injection bias V0.
Themean value of the peak broadening speed alongsidewith its standard deviation is depicted onfigure 8(b).
First of all, one shall say that the same behavior is observed for both positive and negative charges. For simplicity
only the negative charge dynamic is presented on the figure. At 25°C, the normalized surface potential
maximumdecreases with the same dynamic for the bare SiO2 and the nanocomposite with AgNPs-plane located
at 21 nm from the surface. Concerning the nanocomposite with AgNPs-plane embedded at 7 nm from the
surface, one observes that theVmn remains almost constant during 38 min after the end of charge injection. It
means that the AgNPs retain the trapped charges for a long time, i.e. the trapped charge stability is strong. At
25°C, the peak broadening speed is equal to 13±5 nmmin−1 for the bare SiO2, and to 6±3 nmmin−1, and
9±3 nmmin−1 for the nanocomposites withAgNPs-plane located at 7 nm and 21 nm, respectively
(figure 8(b)). This implies that the lateral charge spreading is lower for the AgNPs-basedNCs compared to the

Figure 8. (a)Evolution of the normalized potentialmaximumVmn as function of time after injection (1 min at−40V) at T=25°C
(blue), T=80°C (orange) andT=110°C (red). Bare SiO2, AgNPs-plane at 7 nm and 21 nmare represented by squares, stars and
circles, respectively. (b)Evolution of the peak broadening speed as function of temperature.
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bare SiO2 layer. The reported here values are in the same order ofmagnitude as the ones obtained by Lwin [31]
for AuNPs and PtNPs embedded in SiO2matrix. Indeed, a peak broadening speed of 5.4 nmmin−1 and
1.5 nmmin−1 was reported for Au- and Pt- nanoparticles, respectively. The same behavior is observed at
50°C. For temperatures higher than 80°C the decrease of Vmn is faster and faster, for both the bare SiO2 layer and
theNCs. The peak broadening speed appears rather independent from the temperature increase for the bare
SiO2 layer whereas it strongly increases for the AgNPs-basedNCs, especially for temperatures higher than 50°C.

4. Conclusion

In this studywe addressed the impact of a single plane of AgNPs embedded in a SiO2 layer close to its surface on
the electricfield distribution, the charge injection and the charge dynamic processes for different AgNPs-based
NCs and various temperatures in the range 25°C–110°C.TheAgNPs-plane is embedded in the SiO2matrix at
different depths from the surface. TheAgNPs are randomly distributed in the planewith interparticle distances
allowing charge transport in-between theNPs. TheNCs are elaborated by plasma deposition and are withwell-
controlled characteristics. These stratified structures are actuallymodel structures that allow reducing the 3D
problemof nanoparticles dispersed in the dielectricmatrix to a 2D-one forwhich the AgNPs are aligned in a
plane and located at well-controlled distance from the surface. Electrostaticmodelling by FEMof these
heterogeneous structures andmeasurements byKPFMof the surface potential after charge injection are
combined to reveal the impact of the AgNPs on the electric field distribution and consequently, on the processes
of charge injection. It is found that a strong coupling between the AFM tip and the AgNPs exists when the
AgNPs-plane is located close to theAFM tip (i.e., less than 7 nm) and leads to a strong enhancement of the
electric field in that region of the dielectric. The FEMmodeling allows quantification of the electric field
enhancement close to the contact point of theAFM tip. Depending on the applied bias, this enhancementmight
bemore than a factor of two.Moreover, this phenomenon is favoredwhen theAgNPs-plane gets closer to the
dielectric surface. As far as the charge injection dynamic is concerned, the presence of anAgNPs-plane close to
the surface (i.e., distance of 7 nm), limits the amount of injected charges for temperatures up to 80°C,when
compared to the SiO2 alone. At 110°C the amount of injected charge is increased in the AgNPs-basedNCs, and
all structures present similar behavior, even though the lateral spreading is limited for SiO2. The charge stability
after charge injection at 25°C is improved for theAgNPs-basedNCs compared to the bare SiO2 layer because of
the strong capability of AgNPs to store electrical charges, revealed by the very low speed for the charge lateral
spreading. At high temperatures, the peak broadening speed increases for theNCswhich implies that the lateral
charge transport is favored due to the electric field coupling between the closely situated AgNPs in the plane. The
introduction of AgNPs therefore induces an enhanced sensitivity of the charge storage to temperature variations
compared to SiO2, thereby openingways to temperature-sensible device applications.
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