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Abstract

High-k nanocomposite photoresists are highly sought-after dielectric materials for the
manufacturing and miniaturization of integrated capacitors. Herein, in-depth high voltage
dielectric characterizations of Metal Polymer Composites (MPCs) having carbon-coated nickel
nanoparticles (Ni@C) dispersed into epoxy-based photoresist (SU-8) are reported.

The MPCs were fabricated using three-step formulation (deagglomeration, surface
functionalization and dispersion in a polymeric matrix) involving simple sonochemical methods.
Finally, films of MPCs were deposited on silicon wafers by spin-coating, and Metal-Insulator-
Semiconductor (MIS) capacitors were fabricated. Formulations  with increasing
nanoparticles/polymer volume fractions were prepared in order to determine a previously
unestablished percolation threshold with (Ni@C) nanoparticles. The experimental results were
modeled using the generalized power-law equation of the percolation theory (PT) and were
compared with effective medium approximation (EMA).

An enhancement of the complex dielectric permittivity of ~116% was detected keeping a
reasonable value of losses of 0.32 at 5 kHz. However, no giant permittivity in vicinity of the
percolation threshold was detected. The high-voltage dielectric properties showed the occurrence

of two electron field emission mechanisms, but no electrical aging or dielectric breakdown below
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+0.38 MV/cm occurred. This study shows a reliable wafer-scale film fabrication process of MPCs
for the manufacturing of long-awaited miniaturization of high-voltage capacitors.

Keywords: Nano Composite, Nano particles, Core-shell nanostructures, Dielectric properties,
Polymer-matrix composites

1. Introduction

New high-k dielectric nanocomposite photoresists for the implementation of miniaturized
capacitors are highly sought-after materials by the microelectronics community (1-7). Achieving
homogeneous Metal Polymer Composites (MPCs) with metal nanofillers would represent a real
breakthrough for microelectronics applications. Despite this, obtaining homogeneous high-k MPCs
still remains a pivotal challenge in the field. Previous reports demonstrated that MPCs can exhibit
large-to-giant permittivity in the vicinity of the percolation threshold (8,9).

However, percolative nanodielectrics usually suffer by large increases of conductivity causing large
dissipation factors, incompatible with their practical applications. The main issue is represented by
the fact that metal nanoparticles are hardly ever uniformly dispersed in the polymeric host. Metal
nanoparticles usually form conductive aggregates with large ohmic loss, which dramatically rises
the dissipation factor. Hence, the most relevant challenge consists in combining high permittivity
and acceptable loss tangent for a capacitor.

Few examples of MPCs have shown so far that high permittivity and low dissipation factors are
achievable using Nickel nanoparticles. Nevertheless, the published values vary in a wide range
according to the size, shape and volume fraction of the nanocomposite employed.

For example, Dang et al. (10) reported that Ni/PVDF nanocomposites can be used as a high-k
material for energy storage applications with a dielectric constant of 400 at 100 Hz and losses of
0.18 at a nanoparticle/polymer volume fraction of 17 vol%. Even greater values were reported by
Zhang et al. (11) for Ni/P(VDF-TrFE) nanocomposites with a record value of about 1000 at 1 kHz

with losses of 0.9 for a nanoparticle/polymer volume fraction of 53 vol%. In contrast, other studies
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showed moderate values of permittivity of about 200 for Ni/PU nanocomposites, nevertheless
reaching significantly lower losses (0.005 at 1 kHz) for a nanoparticle/polymer volume fraction of
25 vol% (12).

In this view, Carbon-coated Nickel nanoparticles (Ni@C) are a promising system. Firstly, the
metallic core (i.e. conductive inclusions) is efficiently protected against oxidation by a carbon shell
having a graphene-like structure. Secondly, the graphene-like shell offers the possibility to easily
functionalize the nanoparticles surface. This may be beneficial for improving the nanoparticles
dispersion in the polymeric matrix. Achieving a homogeneous dispersion of Ni nanoparticles in a
polymeric matrix is not straightforward mainly because of their magnetism. Therefore, controlling
the homogeneity of the dispersion still represents a significant challenge (13-16). In order to
achieve this, we present a detailed study of sonodispersion protocols of nanoparticles in solution
aiming to minimize particle aggregation.

The aim of this work is to establish a wafer-scale film fabrication process for Metal-Insulator-
Semiconductors (MIS) using metal polymer nanocomposites (MPC) based on commercial carbon-
coated nickel nanoparticles (Ni@C) embedded in epoxy-based photoresist SU-8 for the
miniaturization of high-voltage capacitors. The capacitive behavior of the formulated
nanocomposite films have been investigated by using broadband dielectric spectroscopy and high
voltage dielectric measurements. High voltage C-V loops showed a processable voltage window,
narrowed down when the nanoparticles loading increases, but no evidences of electrical aging or
irreversible dielectric breakdown was encountered. High-voltage dielectric properties were also
reported revealing two electron field emission mechanisms. The dielectric responses of the
formulated nanocomposites were modelled by using the percolation theory (PT) and the effective
medium approximation theory (EMA). Nevertheless, only the percolation theory well matched

with the experimental data, offering indication on the percolation threshold (close to 1 vol%).



The resulting percolation threshold is low and it is mainly due to the chain-like arrangements of
carbon-coated Nickel nanoparticles (Ni@C), which occurs during the film fabrication process of
Metal-Insulator-Semiconductor (MIS) as validated by cross section SEM images of the films.

We concluded that the perpendicular chain-like agglomerates of Ni@C in the MPC films might be
held responsible of the low percolation threshold, which strongly penalized the improvement of
dielectric properties. However, this work provides a new path to improve the dielectric properties
of nanocomposite photoresists and a wafer-scale film fabrication suitable for long-awaited
miniaturization of high voltage capacitors.

2. Experimental Part

2.1 Materials

Commercial (Ni@C) nanopowders with a nanoparticle mean diameter of 20 nm were purchased
from Nanostructured & Amorphous Materials, Inc.. Poly(styrene), Q-(1-Pyrenyl)-Terminated
(Mw/My 1.3) (PyrPS) supplied by Polymer Source was used as a surface agent to functionalize the
(Ni@C) nanoparticles. Negative epoxy photoresist SU-8 (2100) was supplied by MicroChem Corp.
The photoresist mixture is composed of epoxy resin, propylene carbonate, triaryl sulfonium
initiator and cyclopentanone as solvent in different ratio depending on its formulation. Propylene
glycol methyl ether acetate >99% (PGMEA) was used as solvent and purchased from Microposit™

EC Solvent.

2.2 Nanocomposite preparation

The objective of this preparation step is to produce a homogeneous dispersion of nanoparticles in
the photoresist in order to deposit thin films on silicon wafers by spin-coating. Direct mixing of the
nanopowders in polymeric host solution usually leads to inhomogeneous dispersions and

dewetting during spin-coating (17). In order to overcome this issue, we developed a multistep



procedure involving ultrasonication methods followed by surface functionalization of the
nanoparticles prior to film deposition. We aimed to obtain a non-covalent surface
functionalization of the carbon-coated metallic nanoparticles in order to avoid damaging the
protective graphene-like shell (18). The functionalization was performed with Pyrene-terminated
polystyrene (PyrPS) under ultrasonication, in order to obtain a thin nanometric coating of an
electrical insulator on the (Ni@C) metallic nanoparticles. This step was also used in order to
provide a better dispersibility of the nanoparticles in the polymeric host matrix. In addition, this
polymeric coating allows to avoid additional direct exposure of the carbon shell to sonication
damage during the last step of dispersion of the nanoparticles into the negative epoxy photoresist

(13). Our three-step protocol is illustrated in Figure 1.
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Figure 1 — Three-step sonodispersion protocol. Deagglomeration (step 1), surface

functionalization (step 2), and dispersion in the polymeric matrix (step 3).

Step 1- Nanopowder deagglomeration: 1 g of powder (as-received) was poured in 10 ml of
PGMEA and sonicated for 60 minutes at 100 W by using a VCX500 ultrasonic processor (Sonics).
Step 2- Surface functionalization: 100 mg of PyrPS was added to the colloidal suspension obtained
in Step 1 and for sonicated 10 further minutes at the same power. Step 3- Dispersion into
photoresist: according to the desired volume fraction of nanoparticles in the film (after solvent

evaporation), known volumes of functionalized colloidal suspension and SU-8 photoresist were



mixed and sonicated for 30 more minutes at the same power. The formulated nanocomposite

volume fractions were determined using the following equation:

Cnp * Vip
Yy = dnp (1)
CNp * VNp VResin * dResin * %dry
dy T d
Np dary

where: Cy,, is the initial concentration of Ni@C dispersion, Vy,, its volume and dy,, is the true bulk
density value of Ni@C nanopowders equal to 8.908 g/ml, while Vg,sir, is the initial volume of SU-8
resin, dgesin is its density whereas dg,, and %g;, represent the density of dry SU-8 resin and its
dry percent fraction, respectively. Note that the amount of PyrPS was considered negligible. The
nanocomposite solution was spin-casted within 30 minutes of preparation in order to avoid any

sedimentation of the functionalized nanoparticles.
2.3 Film deposition

Nanocomposite films were prepared by spin-coating on 4-inches Boron Doped p-type silicon
wafers (purchased from BT Electronics) with a resistivity of 0.001-0.003 Ohm.cm. The targeted
thickness of the films is in the range of 5-15 um. 4 mL of nanocomposite solution were poured in
the center of the wafer before spinning at 1000 rpm with an acceleration of 300 rpm/s for 30
seconds. Subsequently, the films were baked at 95 °C for 3 min in order to remove the solvent.

The films were cured by 20 s UV exposure using a MJB4 Mask Aligner (Power density: 300
mJ/cm?). A home-built mask protected two areas of the deposited nanocomposite film, in order to
obtain two large edges at the center of wafer to measure the film thickness (Figure 2). The final
post-exposure bake was performed at 95 °C for 3 min. The last baking step was used to crosslink
the negative epoxy-base photoresist SU-8 in correspondence of the UV-exposed areas. Finally, the
films were developed by immersion of the wafer in PGMEA in order to remove the non-exposed

film areas (without electrodes). Finally, 30 nm-thick circular gold top electrodes were deposited by
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Physical Vapor Deposition (PVD) at a deposition rate of 0.5 nm/sec through a shadow mask. Three

different electrode diameters (2.5, 1.5 and 0.75 mm) were used in order to increase the accuracy

of the permittivity measurements.

Film thickness was measured with a stylus profilometer (Bruker), by repeating the measurement

six times along both edges of the unexposed area of the films. The thickness showed to depend on

the ratio between the volume of the nanoparticles suspension and the volume of photoresist for a

known volume fraction in the film, as the viscosity showed to depend on the composition. The

average film thickness and electrode surface values are summarized in Table 1. These values were

used for calculating the capacitance of the devices using the plate capacitor formula. The metal

insulator semiconductor (MIS) capacitors fabrication with MPCs dielectric photoresist is illustrated

in Figure 2.
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Figure 2 — Metal-Insulator-Semiconductor (MIS) Implementation. (a) Schematic of the fabrication

procedure of the UV-cured dielectric nanocomposite thin films. (b) Control of the top surface

quality by optical microscopy and thickness measurement by stylus profilometer.



Table 1 - Thickness values of each dielectric nanocomposite film (thickness error is calculated as

standard deviation of six scan measurements on both edges of unexposed film).

Average Thickness <t> (um) Surface electrode A (mmz)

Pure Epoxy-based SU-8 10.18 £ 0.27 4.9 +0.029 1.8+0.029 0.4 £0.008
(Ni@C)PyrPS/SU-8 (0.13 vol%) 13.40 £ 0.28 4.9+0.033 1.8 +0.027 0.4 + 0.003
(Ni@C)PyrPS/SU-8 (0.23vol%) 15.54+0.13 4.9 +0.049 1.8 +£0.039 0.4+0.013
(Ni@C)PyrPS/SU-8 (0.51vol%) 10.38 £ 0.30 4.9+0.033 1.8 £0.029 0.4 + 0.009
(Ni@C)PyrPS/SU-8 (0.61 vol%) 8.26 +0.34 4.9 +0.043 1.8 +0.027 0.4 0.012
(Ni@C)PyrPS/SU-8 (0.87 vol%) 6.81+0.49 4.9+0.029 1.8 +0.030 0.4+0.014
(Ni@C)PyrPS/SU-8 (1.34 vol%) 4.8+0.21 4.9+0.031 1.8 +0.028 0.4 + 0.008

2.4 Characterization
Nanoparticle size and morphology were characterized by means of photon correlation
spectroscopy (Zetasizer Ultra, Malvern Analytical) and transmission electron microscopy (TEM - FEI
Tecnai Osiris S/TEM) operating at 200kV. The microstructure and morphology of nanocomposite
thin films were characterized by scanning electron microscopy (SEM - Zeiss Ultra-Plus) using cross-
sections over several points on a wafer (from center to mid-radius).
The low-voltage dielectric properties of the dielectric nanocomposite films were determined by
impedance measurements (Novocontrol Alpha-A Analyzer). The AC voltage was set at #3 V and the
frequency range between 10° Hz and 10° Hz. Raw impedances were post processed in order to
subtract parasitic impedance contributions coming from cables and probes. The high-voltage
dielectric properties of the films were measured at a fixed frequency (5 kHz) with an AC voltage (+
20 V) and a superimposed DC bias voltage up to + 380 V using a TF analyzer 2000E (aixACCT).
Leakage current density was measured using a Keithley model 2400 source meter.
3. Results and Discussion

3.1 Analysis of the dispersion quality of the colloidal suspension



All preparation steps of the nanocomposite photoresists were characterized by estimating the
qguality of the dispersion of the nanoparticles in the liquid by optical transmission microscopy
(Olympus BX53-P Polarizing Microscope).

A drop of the colloidal suspensions was deposited between two glass slides. Figure 3 shows how

successive steps of sonodispersion allow the deagglomeration of the (Ni@C) nanopowders.

|

Figure 3 — Optical transmission microscopy of (Ni@C) colloidal suspension. (a) (Ni@C) 0.1 g/ml in

PGMEA before sonication, (b) after 30 min of sonication, (c) after 40 min of sonication, (d) after 60
min of sonication, (e) (Ni@C) 0.1 g/ml+ PyrPS 0.01 g/ml in PGMEA after 70 min of sonication, (f)
(Ni@C) 0.05 g/ml + PyrPS 0.005 g/ml in SU-8 after 120 min of sonication by addition of SU-8 in 1:1
ratio.

Step 1: At the beginning, it was possible to observe the aggregation state in large clusters with an
average diameter of 5 um (Figure 3.a). These agglomerates dislocated and formed long chains
after 30 minutes of ultra-sonication (Figure 3.b). With increasing ultra-sonication time, the long
chains tended to break and dispersion was observed (Figure 3.c), but with still residual observable
chain-like agglomerates. Finally, after 60 min of sonication, the dispersion of (Ni@C) nanoparticles
in the liquid appeared to be homogeneous (Figure 3.d). Longer sonication time were not studied in
order to avoid damaging the graphene-like shell of nanoparticles. The latter is key to prevent the

oxidation of the metallic core of the nanoparticles (13). Step 2: The functionalizing polymer agent



PyrPS was attached to the surface of (Ni@C) with 10 more minutes of ultra-sonication improving
the degree of nanoparticles dispersion avoiding their further aggregation (Figure 3.e).

Step 3: The final step consisted in the dispersion of a known volume of (Ni@C)PyrPS nanoparticles
in a known volume of epoxy-based photoresist SU-8. For example, the 1:1 mixture ratio
corresponded to a volume fraction of 2.0 vol% of (Ni@C)PyrPS in SU-8 in the film (after solvent
removal).

TEM images of (Ni@C) nanoparticles after sonication in step 1 are shown in Figure 4.a. The images
revealed polydisperse nanoparticles with diameters ranging from 10 to 35 nm. Furthermore, it was
visible that even at low concentrations (below 0.1 mg/ml) these nanoparticles tended to form
chain-like agglomerates with dimensions of the order of 500 nm in length probably due to
magnetostatic interactions. The carbon layers surrounding the nanoparticles were visible, with a
thickness of a few layers (3-5 nm). Nevertheless, this protecting carbon shell was less visible on the
smallest nanoparticles.

The DLS results (shown in Figure 4.b) indicated the hydrodynamic radius (nm) of the colloidal
suspension. The Intensity distribution (black curve) revealed a main peak a 108 nm that is not
symmetric, which may be attributed to the residual chain-like (Ni@C) agglomerates after 60
minutes of ultra-sonication. The Number distribution (blue curve) revealed a peak at 23 nm
relative to the separated nanoparticles. Finally, the Volume distribution (red curve) exhibited

multiple peaks indicating the extra contribution of each population of aggregates.
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Figure 4 — Nanoparticles size investigation. (a) Transmission Electron Microscopy images (bright
field, 200 kV) of (Ni@C) colloidal dispersion and high magnification of (Ni@C) aggregates (inset:
graphene-like shell). (b) Size distribution curves obtained from DLS data: Intensity distribution
(black curve), Number distribution (blue curve), Volume distribution (red curve).
3.2 Morphology of the nanocomposite films deposited by spin-coating

SEM cross-sectional films images of the (Ni@C)PyrPS/SU-8 films obtained at 0.87 vol%
nanoparticle/polymer ratio are shown in Figure 5.a. The film exhibited a low surface roughness
and a local thickness of 7.2 um in agreement with profilometry measurements. Moreover,

nanoparticles were present throughout the whole thickness of the film.

7.2 um chain-like
.agglomerates

Figure 5 — Scanning electron microscopy images of percolative nanodielectric film. SEM images of
the (Ni@C)PyrPS/SU-8 nanocomposite obtained at a 0.87 vol% nanoparticle/polymer ratio. (a)
Cross-sectional view of a 7.2 um thick film, (b) nanostructured chain-like agglomerates. (c) High

magnification of nanostructured agglomerates (d) PyrPS functionalized nanoparticle.

No cracks, intended as longitudinal rifts along the entire thickness of the film or the lack of
adhesion with the substrate were observed. In detail, high magnification images (Figure 5.b)
revealed the presence of long chain-like agglomerates at 0.87 vol% nanoparticle/polymer ratio
(highlighted with yellow dots in Figure 5.b). Chain-like agglomerates were present in various size,

ranging from 500 nm to few-microns. These arrangements are particularly unwelcome, as they
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may constitute a perpendicular percolative pathway network between the electrodes through the
dielectric.

Figure 5.d shows the presence of a thin layer of PyrPS adsorbed on a (Ni@C) nanoparticle surface
intended to increase particle electrical insulation. With this additional insulating layer surrounding
the nanoparticles, ohmic conduction along the chain-like agglomerates might be reduced or
cancelled. Further studies with involves higher Mw/Mn functionalizing agent polymer ratio are
underway in order to test higher filling fractions to obtain a closely spaced disordered
(Ni@C)PyrPS/SU-8 nanocomposite.

3.3 Dielectric spectroscopy

The dielectric properties of the (Ni@C)PyrPS/SU-8 nanocomposite films were characterized
between 100 Hz and 1 MHz at room temperature without applying a DC bias. The influence of the
(Ni@C) loading on the dielectric properties of nanocomposites is shown in Figure 6. The results
have been averaged over 72 capacitors of different size. Sampling over large areas of the film
allowed to verify the nanoparticles distribution. No significant variation of the dielectric properties
was detected, thus confirming an equal distribution of the nanoparticles within the
nanocomposites. Moreover, the dielectric properties were determined considering the

uncertainty of the nanofabrication processes of capacitors, as follows.

Ae, AC, At AA 2)
t A

& G,

ACy . - . . A . .
Where C—p is the limit of detection of impedancemeter, ?t represent the uncertainty on the films
p

thickness and AXA the uncertainty on the top surface electrodes.

As shown in (Figure 6.a), the permittivity of epoxy-based photoresist SU-8 increased with the
addition of (Ni@C) nanoparticles. For instance, the permittivity at 5 kHz increased from 4.04 for
pure epoxy-based photoresist SU-8 up to 8.72 at 0.87 vol% nanoparticles/polymer ratio. Note that
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the dielectric properties of a formulated SU-8 film with addition of only PyrPS exhibited equal
trends of the epoxy-based polymer matrix. This enhancement in the permittivity could be
explained by interfacial polarization in accordance with the Maxwell-Wagner-Sillars theory (19-
25). In detail, the effect of an external electric field leads to an accumulation of electric charges at
the interface between metallic (Ni@C) nanoparticles and the dielectric matrix. As epoxy-based
photoresist SU-8 is an excellent dielectric, the accumulated charges should not circulate and
evacuate towards the electrodes, leading to an increase of the capacitance and thus of the

permittivity of the nanocomposite.
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Figure 6 — Dielectric spectroscopy of (Ni@C)PyrPS/SU-8 nanocomposites. The frequency
dependence of relative permittivity, (a), loss tangent, (b), AC conductivity, (c) phase angle (d) of
(Ni@C)PyrPS/SU-8 nanocomposites with different filling fractions with a solicitation AC voltage of

+3 V at room temperature.

This enhanced capacitive effect could be also understood through the image of a network of local

nanocapacitors (26-31). The frequency dependence of dielectric losses expressed as tand is
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shown in Figure (6.b). At 5 kHz, tan § dramatically increased from 8.90x10 for pure epoxy based
photoresist SU-8 up to 3.22x10™ for the nanoparticle/polymer volume fraction of 0.87 vol%. Above
a volume fraction of 0.51 vol%, tan § decreased as the frequency increased. This is unusual for a
dielectric: more frequently, dielectric trends are observed below this value with an increase of
tan § when the frequency increases. This change revealed a transition between dielectric and
conductive regimes, which is mainly visible at low frequencies. The further increase of the volume
fraction to 1.34 vol% revealed a decrease in the capacitive behavior of the film exhibiting
conductivity, losses and phase values clearly indicating the crossing of the percolation threshold of
the system. This suggested that the percolation threshold of the system is low and between 0.87
vol% and 1.34 vol%. According to the SEM images, we can assume that the long perpendicular
chain-like agglomerates of (Ni@C) nanoparticles could provide percolative paths inside the epoxy-
based photoresist SU-8 through which charges can circulate between top and bottom electrodes.
The trend of the phase shift of the capacitors is shown in Figure (6.d). At high frequency, phase
shifts were close to the theoretical value of -90° of an ideal capacitor including high volume
fractions. At low frequency, the phase shift deviated from -90° above 0.51 vol%. to reach a value
close to zero at 1.2 vol%. A phase shift of zero, is usually found with a conductor. This change was
also in agreement with a transition between dielectric to conductive regimes above a volume
fraction threshold comprised between 0.51 and 0.61 vol%. The dielectric conductivity is shown in
addition in Figure (5.c). Consistently with the phase shift, the dielectric conductivity increased
from 1.02x10™° S/cm for pure SU-8 up to 6.30x10° S/cm at 0.87 vol%.

Finally, we report near-ideal capacitors below a threshold comprised between 0.51 and 0.61 vol%
with (Ni@C)PyrPS dispersed in SU-8 and leaky capacitors above the threshold. The leaky capacitors

could be modelled with an ohmic resistor in parallel to the nanodielectric capacitor, the ohmic
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resistor being a representation of the conductive (Ni@C) chain-like agglomerates observed
through the SU-8 matrix. The dielectric properties measured at 5 kHz are summarized in Table 2.
The experimental data suggest that at high frequency, space charges were mainly stored at the
particle/polymer interface and they did not have sufficient time to move. This means that the
nanocomposite behaved as an almost perfect dielectric material. In contrast, at low frequency the
resistive behavior became dominant.

Table 2 - The values of each dielectric nanocomposite film measured at 5 kHz.

@ 5kHz £ tan & o(S/cm) Wohase (°Deg)

Pure Epoxy-based SU-8 4.04 8.90x10° 1.02x107° -89.62
(Ni@C)PyrPS/SU-8 (0.13 vol%) 4.56 1.03x107 1.04x10™%° -89.53
(Ni@C)PyrPS/SU-8 (0.23 vol%) 5.04 1.59x107 1.70x10™"° -89.38
(Ni@C)PyrPS/SU-8 (0.51 vol%) 5.79 2.58x107 6.80x10™° -88.80
(Ni@C)PyrPS/SU-8( 0.61 vol%) 6.52 1.11x10" 2.07x10° -83.82
(Ni@C)PyrPS/SU-8 (0.87 vol%)) 8.72 3.22x10" 6.30x10° -72.15
(Ni@C)PyrPS/SU-8 (1.34 vol% 5.81 1.62x10" 4.12x10°® -3.520

In this case, the nanocomposite was comparable to a leaky dielectric polymer characterized by a
dielectric permittivity and a dielectric conduction. When the conduction became too large, the
capacitor could be short-circuited and became a high-value resistor. The circulation of charges
from or towards the electrodes may be increased by the presence of long chain-like agglomerates

of nanoparticles that are mainly perpendicular to the electrodes.
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Figure 7 — Schematic electrical circuit equivalent — Synthetic representations of the

(Ni@C)PyrPS/SU-8 nanocomposite at low frequency (a) and high frequency (b), respectively with

perpendicular long chain-like agglomerates in vicinity of percolation threshold.
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This type of perpendicular percolation pathway could be responsible of additional charge injection
or charge draining from or to the electrodes during the polarization of the films. Figure 7 shows
two schematic equivalent electrical circuits of the nanocomposite at low and high frequencies,
respectively. The permittivity and the conductivity dependence on the nanoparticles volume
fraction were analyzed using the percolation theory (PT). The percolation threshold can be
predicted, but it may strongly depend on the shape and the size of the nanofillers (32-34).
Generally, spherical shaped nanoparticles lead to higher values of critical concentration when
compared to fillers with a high aspect-ratio (35). However, in this case the nanostructured
arrangement of the nanofillers (i.e. the chain-like agglomerates) in the matrix could play a crucial
role in the value of the percolation threshold. The random establishment of conductive
nanostructures due to the nanofillers arrangement generated a non-detectable local electric field,
rendering the prediction of the dielectric response of a nanocomposite complex (36,9).

Our experimental data were also fitted using two different effective media approximation models
(EMA). Their use implies a uniform dispersion of the nanofillers into the polymeric host with no
local field fluctuation and neglecting the particles long-range electrostatic interaction (37-40).
Such approximations were thus not suitable for the (Ni@C)PyrPS/SU-8 nanocomposites as it is
observed on figure 8.a where Maxwell-Garnet (MG) (41) and Bruggeman (BS) (42) curves did not
follow the trend in the permittivity increase with the filler volume fraction.

As a matter of fact, such approximations involve substantial variations in the prediction of the
dielectric constant of a nanocomposite. Nevertheless, according to several studies (43-45), it is
possible to estimate the value of the percolation threshold and thus predict the highest value of

complex dielectric permittivity and complex conductivity by using a simple power laws as follow:

— —-S
£ =g (<,0c (p) for o < @, (3)
Pc
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o* = o, ("’C(p: "’)_t (4)

Where €*is the effective complex dielectric permittivity of the nanocomposite, €, thedielectric
permittivity of the polymeric host, ¢ the filling fraction, ¢, is the critical value of the percolation
threshold and s > 0 a parameter which takes into account the fractal size of the particles and
their packing order. As consequence c¢*is the effective complex AC conductivity of the
nanocomposite, g, the AC conductivity of the polymeric host and t < 2 is the critical exponent. As
stated by the previously mentioned works, critical values of the percolation threshold can vary
within 0.3 <s< 1.8 and 0.6 <t <2 respectively according to the specific conductive
microstructures.

Figure 8 shows the compositional dependence of the dielectric parameters of (Ni@C)PyrPS/SU-8

nanocomposites obtained at 5 kHz.
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Figure 8 — Compositional dependence of the complex dielectric permittivity. Experimental values
obtained at 5 kHz: (a) permittivity, (b) loss tangent, (c) AC conductivity, (d) phase angle of

(Ni@C)PyrPS/SU-8 nanocomposites.
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As shown in Figure 8.a, equations 3 and 4 fits the experimental data providing a percolation
threshold value of ¢, = 1.2 with the critical exponent s = 0.6 and t = 1.8 in agreement with the
literature (46,47).
The obtained percolation threshold (at 1.2 vol%) was much lower than the theoretically predicted
threshold (16-20 vol%) according the EMA models, nevertheless it was in agreement with the
percolation theory for high aspect-ratio nanofillers (48-50). This result can be easily attributed to
the high aspect ratios of the chain-like agglomerates of (Ni@C) nanoparticles. Moreover, we
highlight the fact that the value of percolation threshold obtained from 1.2 vol% through equation
3 and 4 is in agreement with the experimental data.

3.4 High-voltage characterization
The results of high-voltage dielectric characterization of the devices are shown in Figure 9.
Permittivity and loss tangent were measured with a bias up to 380 Vpc with a modulation of 20 Vac
at a fixed frequency of 5 kHz (the sum of AC and DC voltage is limited to +400V). Note that the
maximum electric field may vary between 0.27 and 0.38 MV/cm depending on the film thickness
in the different devices.
In detail, Figure 9 shows superimposed data set with maximum DC bias voltages of 100 V, 200 V,
300 V and 380 V, respectively. No significant impact of the bias voltage used up to 380 V was
visible on the permittivity and the loss tangent below a volume fraction of 0.51 vol%.
In contrast, at 0.51 vol%, the dependence of the permittivity with the electric field was not
perfectly flat at the ends, and a “butterfly”-like loop could be clearly observed on the loss tangent.
This abrupt change was an indication of a rising of additional dissipation loss that is field-
dependent when the volume fraction became large.
This dissipation phenomenon had a hysteresis and remained reversible up to 300 Vpc. At 380 Vpc,

the capacitors were permanently damaged, evidence that could be assimilated with the dielectric
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breakdown. The high-voltage dielectric characterization was completed with current density
measurements. Consistently with the abrupt change of loss tangent at 0.51 vol%
nanoparticle/polymer, we observed a drastic change of the field-dependent current density with a
4 orders of magnitude increase. The non-linear dependence of the leakage current density could
be expressed as the Napierian logarithm as a function of the inverse of the applied electric field

according to works (51-54).
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Figure 9 — High-voltage dielectric characterization. Permittivity and loss tangent vs DC bias field
(maximum DC voltage + 380 V) at 5 kHz: (a,b) pure SU-8 with a film thickness of 10.18 um, (c,d)
(Ni@C)PyrPS/SU-8 (0.23 vol%) with a film thickness of 15.54 um, (e,f) (Ni@C)PyrPS/SU-8 (0.51

vol%) with a film thickness of 10.38 um.
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This allowed to qualitatively separate two conduction mechanisms at 0.51 vol% with a critical field
(Etrans) of the order of 0.11 MV/cm. The first mechanism was the direct electron tunneling (DT) and
the second mechanism taking over at higher voltage was the Fowler-Nordheim tunneling (FNT).
We may therefore assume that the enlarged dissipation loss at 0.51 vol% were mainly caused by

direct electron tunneling between nanoparticles.

n(l) -

where Er,.q4ns could be derived from the position of the inflection point as shown in Figure 10.b.

1 . .

In (_) for E < Epg, Direct tunneling
E (5)

1

_ (E) for E > Errans Fowler — Nordheim tunneling

It is interesting to note that this inflection point was not present in the formulated
nanocomposites with lower filling fractions. This could be attributed to the greater average
distance between the nanoparticles, which prevented this tunneling mechanism even at high
electric field. Further focused ion beam SEM (FIB-SEM) tomography studies, will be needed to
evaluate these mean distances between nanoparticles to confirm the above. Finally, even with this
sudden increase in conduction, at large nanoparticles/polymer volume fraction there was no
evidence of electrical aging or dielectric breakdown up to +0.38 MV/cm. High-voltage results

properties are summarized in Table 3.
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Figure 10 — Conduction mechanisms of the formulated nanocomposites — (a) Leakage current
density as a function of the applied electric field for pure SU-8 (10 um), (Ni@C)PyrPS/SU-8

dielectric nanocomposite film of 0.23 vol% (thickness: 15 um) and (Ni@C)PyrPS/SU-8 dielectric
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nanocomposite film of 0.51 vol% (thickness: 10 um). (b) Fowler-Nordheim field emission
mechanism and direct tunneling mechanism for the formulated nanocomposites as a function of
the applied electric field.

Table 3 — High voltage dielectric properties at 5 KHz with DC bias voltage

Permittivity, &, Energy Losses, tan
20VactVoc 100V 200V 300V 380V 100 Vv 200V 300V 380V
DC DC DC DC DC DC DC DC
Reference 4.04 4.04 4.04 4.04 1.11x10° 1.11x10° 1.11x10° 1.11x10°
0.23vol% 5.10 5.10 5.10 5.10 1.80x107 1.80x107 1.80x107 1.80x107
4.0x10° (min) 5.8x102 (min) 7.9x10 (min) Dielectric
0.51vol% , . .
5.92 5.92 5.92 5.92 7.5x10(max) 2.1x10" (max) 5.9x10°(max)  Breakdown

4 Conclusion
In this study we proposed a reliable wafer-scale film fabrication process for plate capacitors on
silicon using sonodispersion and spin-coating techniques. The obtained results through dielectric
spectroscopy were modeled using the generalized power-law equation of the percolation theory.

The theoretical percolation threshold (¢.) was determinated to be close to 1.2 vol%.

Three dielectric regimes were distinguished. In the first regime (< %(pc), the dielectric properties
remained close to those of SU-8 with an increase in permittivity of about 25%. In the second
regime (between %(pcand %goc), the increase of permittivity was more significant, reaching 81% at
a nanoparticles/polymer volume fraction of 0.61 vol%. Moreover, the loss tangent values did not
exceed 102 In the third regime (between é(pc and ¢.), the conductivity suddenly increased and

the capacitor phase shifted towards zero.

However, no giant permittivity was reported in the vicinity of the percolation threshold although
an enhancement of 116% was detected. High-voltage dielectric properties were also reported for
the second regime revealing two electron field emission mechanisms. First, the direct tunneling

(DT) equation correctly predicted an increase current density due to field emission below 0.11
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MV/cm. Second, Fowler-Nordheim (FN) model prevailed above 0.11 MV/cm in agreement with a
steeper increase of the current density. This translated to the loss tangent with a “butterfly”
pattern. No significant electrical aging or dielectric breakdown have occurred below +0.38 MV/cm.
Finally, SEM observations revealing typical chain-like agglomerates being perpendicular to the
electrodes support the assumption that they might be held responsible of the low percolation
threshold with (Ni@C). This strongly hindered the dielectric improvement of the MPC using
(Ni@C). Furthermore, the role of the surface functionalization of (Ni@C) with PyrPS as an electrical
insulation barrier between particles remains questionable with regard to the exact nature of the
carbon coating with (Ni@C).

In addition, as observed in the TEM images, the graphene-like coating shell does not appear on the
smaller particles. However, these results provide a new path to improve the dielectric properties
of nanocomposite photoresists suitable for the fabrication of miniaturized capacitors.
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