Chapter 1

Dielectric Constant of Polymer Composites
and the Routes to High-k or Low-k
Nanocomposite Materials

Jinkai Yuan, Shenghong Yao, and Philippe Poulin

1.1 Introduction

The dielectric constant, k, is a physical feature related to the electric polarizability
of a material [1]. Physically the greater the polarization developed in the materials,
the higher the k. In comparison to the k value of silicon dioxide, which is 3.9, the
dielectric materials are classified into high-k dielectrics (k > 3.9) and low-k dielec-
trics (k < 3.9). Besides polarizability, losses are also an important feature. They arise
in dielectrics from the motion of bound charges in response to an applied electrical
field. Generally the dielectric constant is treated as a complex function. It includes
the contributions of inphase polarizability and losses, respectively, through the real
€'(w) and imaginary parts €''(w) of the dielectric constant, where w is the angular
frequency. Losses are often quantified through the so-called tan(d) value which is
given for a dielectric material by the ratio of ¢''(w) to €'(w). The k value (also
sometimes referred to as relative dielectric constant) is simply given by the ratio
€' (w) of to the permittivity of vacuum. When free charges are present, they contrib-
ute to increasing the losses via a frequency independent (in the ranges of interest)
term, named DC conductivity. Low losses are important for applications and will be
discussed throughout the chapter.

Recently, there is a fast-growing interest in both kinds of dielectric materials due to
their wide range of applications in electronic and electrical industry. For instance, high-
k dielectrics can serve as effective materials for cable insulation [2], charge-storage
capacitors [3, 4], electrocaloric cooling [5, 6], and artificial muscles [7, 8]. While low-k
materials are the key insulating components for isolating signal-carrying conductors
from one another as well as reducing the signal propagation delay and dynamic power
dissipation in the high-density and high-speed microelectronic packaging [1, 9].
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Traditional dielectric materials are ceramics (e.g., mica, silicon dioxide, and
BaTi0;) with excellent dielectric properties, coupled with high stiffness and excellent
thermal stability [10-13]. However, their applicability for practical electronic devices
is largely impeded by their poor flexibility, high-density, and challenging processing
conditions [14, 15]. Considering these limitations, polymeric dielectrics have been
broadly explored as alternative dielectrics [16-20]. They can offer tunable dielectric
properties, processing advantages including mechanical flexibility, and the capability
of being molded into various configurations for electronic devices with reduced vol-
ume and weight. To satisfy distinct electronic and electrical applications, it is critical
to tune the k values, while maintaining other excellent physical properties of polymers.
In the past decade, many efforts have been devoted to tailor dielectric properties of
polymers via modifying the polymeric chain architecture [9, 21], blending polymers
with different high-k or low-k polymers [16, 20, 22, 23], and forming nanocomposites
by dispersing ceramic or conducting nanoparticles into polymer matrices [2, 4, 15].

Polymer nanocomposites consisting of nanoparticles allow for a large tunability
of the dielectric constant by varying the identity, shape, and content of nanoaddi-
tives, as well as engineering the nanoparticle—polymer interfaces. However, chal-
lenges still exist today on rationally designing optimum composite microstructures
to realize a target high-k or low-k value. The relationship between the composite
morphology and the dielectric properties is far from being fully understood.

To provide a comprehensive understanding to this topic and to clarify the emerg-
ing problems, we review the recent progress in the fundamentals, processes, and
properties of dielectric polymer composites. Particular attention is paid on the current
routes toward high-k or low-k nanocomposite materials. Some long-standing prob-
lems and topics that warrant further investigations in the near future are also addressed.

1.2 Dielectric Polarization in Polymer Composite Materials

To tune the dielectric constant of polymers, it is critical to understand the origin of
dielectric constant, i.e., various types of polarization. Generally the polarization in
polymer dielectrics includes interfacial, orientational (or dipolar), ionic (migration
of ions over a distance beyond 10 nm), and electronic polarization. Each polariza-
tion is associated to a dielectric loss (¢") peak at a specific frequency, as shown in
Fig. 1.1. Generally the more types of polarization used, the higher the molar polar-
ization and the k values. Note however that more complex frequency dependencies
can be observed depending on the structure of the material. For example, dielectric
spectra can exhibit a broad dispersion in so-called near-percolated materials which
are of great interest in the field of high-k materials and which are commented fur-
ther. In such systems the dielectric constant scales with frequency through particular
power laws. The absence of singular modes and the broadness of the response
reflect in fact the dispersity in characteristic sizes in near-percolated networks.
In the following, it is addressed how various polarization is utilized for tailoring the
dielectric constant.



1 Dielectric Constant of Polymer Composites and the Routes to High-k or Low-k... 5

Fig. 1.1 Real (¢') and N
imaginary part (¢") of the
dielectric constant as a
function of frequency in a
polymer having interfacial,
orientational, ionic, and
electronic polarization
(Reproduced with
permission from Ref. [24].
Copyright 2013 American
Chemical Society)

For polymer composites, orientational polarization refers to the reorientation
of permanent molecular dipole moments, of nanoparticles, or of dipolar moieties
appended to polymers [24]. The dipolar relaxation usually occurs between 0.1
and 107 Hz, depending on the nature of the dipoles (amorphous or crystalline),
temperature, and frequency. Actually, by finely controlling the density and struc-
ture of dipoles, one can achieve dipolar glass, ferroelectric, and relaxor ferroelec-
tric polymers which exhibit different levels of dielectric constant and dielectric
losses [25].

Ionic polarization includes physical transport of incorporated ions in polymer
materials. On the basis of this polarization, the polymeric electrolytes can be used
to enhance the capacitive performance of gate dielectrics for organic field effect
transistors [26]. The fundamental operating mechanism is forming electric double
layer at the interface between the polymer electrolyte and electrode. In spite of their
excellent energy storage performance, polymer electrolytes are not suitable for film
capacitors because of a fundamental weakness, i.e., the high dielectric loss due to
the transport of ion species over a long distance. The high dielectric losses are det-
rimental for the practical applicability of typical polymer dielectrics due to the huge
energy waste and large risk of services. Therefore the ionic polarization should be
avoided for typical polymeric dielectrics by decreasing the concentration of impu-
rity ions during the polymerization processes.

Electronic polarization is related to the delocalization of electrons in organic
polymers in response to an externally applied electric field. It should be noted that
the dielectric losses corresponding to the electronic polarization are in the infra-
red and optical frequencies, not in the lower frequencies, which is a desirable
feature for the presently discussed applications. To tailor the dielectric constant
from electronic polarization, Si, Ge, and Sn are usually proposed to replace C for
new dielectric polymers [25]. Synthesizing such inorganic polymers, however, is
very challenging.
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Maxwell-Wagner—Sillars (MWS) interfacial polarization related to reorganiza-
tion of interfacial charges (e.g., electrons and holes accumulated at interfaces) in
heterogeneous systems [27]. It exists in all multicomponent dielectric systems, such
as semicrystalline polymers (crystal-amorphous interfaces could cause MWS
effect), polymer blends, and nanocomposites consisting of high-k ceramic nanopar-
ticles or highly polarizable conducting nanofillers. According to MWS effect [28],
when a current flows across the two-material interfaces, charges can be accumulated
at the interface between two dielectric materials with different relaxation time
(r=¢lo, where ¢ is the dielectric constant and o is the conductivity). From this point
of view, the large contrast in dielectric constant (for ceramic nanoparticles) or con-
ductivity (for conducting nanoparticles) between filler and polymer matrix is highly
desirable for interfacial polarization and thus affords a high dielectric constant.
However, such large contrast will result in electric field intensification in the poly-
mer matrix near the particle surface [29]. The field intensification is associated with
the highly inhomogeneous electric fields and generally either enhances the local
probability of dielectric failure or propagation of the discharge cascade [14, 30, 31].
Therefore a big challenge to utilize interfacial polarization consists in finding com-
promises that allow for high-k, high breakdown strength, and low losses in a single
nanocomposite material.

1.3 High-k Polymer Composite Materials

The continuous miniaturization and increased functionality in modern electronic
devices have spurred the development of easily processed materials, with improved
dielectric constant, enhanced breakdown strength, and reduced dielectric losses.
Conventional high-k ceramic materials such as BaTiO; (BTO) can be fabricated into
thin films by using chemical solution deposition yielding a high dielectric constant of
about 2500 and relatively low losses [10]. However, they require a sintering process
at high temperature (900 °C), which is not compatible with most of substrate materi-
als. Though RF magnetron sputtering can be used to make high-k ceramic nanofilms
at room temperature [12], the cost is high and fabricating large area defect-free films
is still very challenging because of the poor flexibility of ceramics. On the other hand,
polymer-based dielectrics have large-scale processability, high electric breakdown
field, and light weight, but they suffer from low dielectric constant (usually k< 10).
Recently, a few strategies, including modification of polymer chain structures
[21, 32-34] and random composite approaches [15], have been developed to
increase the dielectric constant of polymers. Chu et al. [18] obtained a very high
energy density with fast discharge speed and low losses in defect modified polyvi-
nylidene fluoride (PVDF) polymers. The resultant ferroelectric terpolymer
poly(vinylidene fluoride-trifluoroethylene-chlorofluoroethylene) P(VDF-TrFE-
CFE) has a dielectric constant as high as 50, the highest in known unfilled polymers.
However, the use of toxic chemicals, needed for the synthesis of the above polymers,
is not favorable from environmental and health points of view. Thakur et al. [35], for
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the first time, successfully realized an environmentally friendly aqueous functional-
ized PVDF through a refluxing method. The dielectric constant and loss tangent for
the dopamine functionalized PVDF have been found to be of 32 (higher than 10 for
pristine PVDF) and 0.04, respectively.

Among all the approaches to increase the dielectric constant of polymers, the
composite technology is most intensively studied due to its easy processing and a
large tunability of dielectric properties by selection of the fillers with various prop-
erties (e.g., size, shape, and conductivity, etc.) as well as control of the microstruc-
tures of composites (e.g., filler dispersion and distribution, polymer matrix
morphology). Approaches include adding high-k inorganic fillers and conductive/
semiconductive fillers to polymers.

1.3.1 High-k Ceramic Nanoparticle—Polymer Composites

The introduction of ceramic nanoparticles into polymer matrices to form so-called
0-3 dielectric nanocomposites represents one of most promising and exciting ave-
nues in this field [36, 37]. The created nanocomposites combine the advantages of
ceramics and polymers and represent a novel type of material that is flexible, easy
to process, and of relatively high dielectric permittivity and high breakdown
strength. A vast amount of research has in past years succeeded in improving dielec-
tric constant of polymers using ferroelectric metal oxides as filler, such as TiO, [38,
39], ZrO, [40], BTO [41], and CaCu;Ti,0,, (CCTO) [42-45]. It was found in the
simulation and experimental work that the dielectric constant of composite largely
increases only as approaching the percolation threshold of inorganic nanoparticles
[46, 47]. For spherical fillers, the percolation threshold is as high as ~30-35 vol%
[46, 47]. That’s why a very high filler loading is in general necessary to realize a
high enough k value. For instance, Dang et al. [42] developed advanced high-k
CCTO/polyimide (PI) functional hybrid films using an in situ polymerization pro-
cess. A high dielectric constant [48] is obtained at 100 Hz at a concentration of
spherical CCTO filler as high as 40 vol%, as shown in Fig. 1.2a. Such high loading
of ceramic powders significantly deteriorates the mechanical performance of final
composites. Furthermore, it is very difficult to process such composite dielectrics
into defect-free and a few micrometers thick films. The porosity caused by high
loading even dramatically decreases the dielectric properties of the composites.

To circumvent this problem, it is desirable to use rodlike nanoparticles as alterna-
tive fillers, such as BTO nanofibers [48—-50], Pb(Zr,Ti)O; (PZT) nanowires [51], and
Bay ¢S, Ti0; (BST) nanotubes [52]. As predicted by a finite element analysis [46],
the percolation threshold in a polymer matrix can decrease to 18 vol% as the aspect
ratio of particles increases to 3. Recently, electrospun BTO nanofibers with a large
aspect ratio were used as dielectric fillers in poly(vinylidene fluoride-
trifluoroethylene) (PVDF-TrFE)-based nanocomposites [48]. Because of the
reduced percolation threshold, the nanocomposites show a dielectric constant of 30
at a much smaller filler loading (10.8 vol%), as shown in Fig. 1.2b.
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Fig. 1.2 (a) Variation of dielectric constant, k, and loss tangent, tand, of the CCTO/PI hybrid films
as a function of the volume fraction of CCTO filler at 100 Hz and room temperature (The data
plotted are taken from Ref. [42]). Inset of (a) shows the SEM image of the fractured cross-surface
of the CCTO/PI hybrid film with 40 vol% spherical CCTO fillers (Reproduced with permission
from Ref. [42] Copyright 2009 Wiley-VCH). (b) Dependence of &, and tand, on the volume frac-
tion of BaTiO; nanofibers in epoxy-based composites, measured at 1 kHz. Data are taken from the
work by Song et al. [48]. Inset of (b) is SEM image of the BaTiO; nanofibers (Reproduced with
permission from Ref. [48]. Copyright 2012 Royal Society of Chemistry). (¢) The &, and tané of
BST nanotube/PVDF composite film loaded with various concentrations of nanotube fillers, mea-
sured at 100 Hz (The data plotted are taken from Ref. [52]) Inset of (c) is the TEM image of BST
nanotube (Reproduced with permission from Ref. [52]. Copyright 2014 Royal Society of
Chemistry)

Being similar with the nanorods that have 1D morphology, tubular nanostructures
also have large aspect ratio yet much smaller density in mass. Such unique features
render 1D perovskite BST nanotubes more efficient in enhancing the dielectric con-
stants of composites [52]. It has been demonstrated that the surface hydroxylated
BST nanotubes/PVDF nanocomposite flexible films exhibit a high dielectric con-
stant of 58 at 100 Hz at content as low as 10 vol% fillers (see Fig. 1.2¢). The key to
achieve such high-k nanocomposites is realizing a compact and uniform morphology
of the tubular nanostructures by optimizing electrospinning conditions. In addition,
if not impossible, exploring 2D high-k nanoplatelets is also very promising for
enhancing the dielectric constant of polymers. But to our knowledge, the high-k 2D
ceramic platelets/polymer nanocomposites are still in blank up to now.
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Although a high dielectric constant can be achieved in polymer composites by
loading various high-k ceramic particles, there are still many technological and sci-
entific challenges in realizing high-performance nanocomposites. Typical chal-
lenges involve achieving uniform dispersion of inorganic nanoparticles and finely
controlling the filler—matrix interfacial morphologies to achieve desirable interfa-
cial polarization. A straightforward way is to use small modifiers (e.g., coupling
agents [53] and surfactants [54]) to tailor surface properties of nanoparticle in order
to improve their compatibility with host polymers and consequently the apparent
dielectric performance of the nanocomposites. The modifiers indeed afford an
enhancement in the dispersion of inorganic nanoparticles, but they themselves may
not contribute to the enhancement of dielectric properties. In some cases, the modi-
fiers even adversely affect the bulk dielectric properties by inducing discontinuous
variations in the local electric field and thereby resulting in a significantly reduced
dielectric strength [14, 55].

An alternative strategy consists in designing and synthesizing core—shell
nanoparticles. The basic idea is introducing one or multi-insulating shells onto
individual raw nanoparticles to prevent them from aggregating and forming infinite
percolating pathways as well. Consequently core—shell nanoparticles largely
enhance the dielectric constant of composites meanwhile well preserving the
intrinsic high dielectric strength of polymers by mitigating the propagation of
breakdown paths of particles. Recently, Huang et al. [2] reviewed the general meth-
ods (Fig. 1.3) developed in the past years for preparing high-k nanocomposites
based on the core—shell strategy. The core—shell nanoparticles can be prepared by
grafting polymer brushes via “grafting from” or “grafting to” routes as well as by
coating inorganic shells.
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Fig. 1.3 Approaches used to prepare core—shell nanoparticles for high-k polymer nanocomposites
(Reproduced with permission [2]. Copyright 2015 Wiley-VCH)



10 J. Yuan et al.

The “grafting from” strategy relies on the in situ polymerization of monomers on
the initiator-functionalized nanoparticles surfaces. This technology enables the
direct formation of high-k nanocomposites by using the shell layer as matrix with-
out mixing any additional polymers. This allows for the preparation of very thin and
defect-free nanocomposites bearing high filler loadings. For instance, Xie et al. [56]
successfully prepared core—shell BTO/poly(methyl methacrylate) (PMMA) nano-
composites via in situ atom transfer radical polymerization (ATRP) of methyl meth-
acrylate (MMA) from the surface of BTO nanoparticles by using silane monolayers
as initiators. The BTO core affords a high-k (~15 at 1 kHz), while the flexible
PMMA shell endows the material with good dispersibility and inherent low loss of
the host polymer (~0.037 at 1 kHz) by retarding charge carriers movement in com-
posites. Such core—shell structure can lead to suppressed losses compared to the
conventional ceramic particle/polymer nanocomposites [36, 53]. Very recently,
Paniagua et al. [57] used a phosphonic acid (PA) as surface initiator for the growth
of polystyrene (PS) and PMMA from BTO nanoparticles through ATRP with acti-
vators regenerated by electron transfer. The process is schematically illustrated in
Fig. 1.4a. By covalently attaching the polymer matrix to the nanoparticles, one can
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Fig. 1.4 (a) Schematic illustration for creating core—shell nanoparticles by “grafting from” route.
A capacitor dielectric can be prepared without mixing any additional polymer, and without the
need for ball milling or ultrasonication. (b) The dielectric constant, k, at 1 kHz as a function of
volume fraction of BTO nanoparticles. The nanocomposite films have a similar thickness~3 pm.
(c) Frequency dependence of loss tangent, tand for the nanocomposites with various BTO loadings
(Reproduced with permission from Ref. [57]. Copyright 2014 American Chemical Society)
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create a one-component system with three constituents. The dielectric constant can
reach 11.4 at 1 kHz (Fig. 1.4b) for 22 vol% BTO particle, while the loss tangent
remains at the same low level (Fig. 1.4c) as polymer matrix.

The “grafting to” strategy deals with grafting polymer chains onto the nanopar-
ticle surfaces via a reaction between the functional groups of polymers and nanopar-
ticles. This approach is more commonly found in the literature given its simplicity
and large tunability of the grafted polymer chains according to the desired proper-
ties of nanocomposites.

Tchoul et al. [59] used click chemistry to attach PS to TiO, nanorods and reported a
dielectric constant of 6.4 at 1 kHz, while the loss tangent was as low as 0.625 %.
State-of-the-art results for polymers attached to ceramic nanoparticles were reported by
Jung et al. [58]. They investigated the dielectric properties in a PS nanocomposite com-
prising core—shell BaTiO; particles with diblock copolymer shielding layers. The adop-
tion of diblock copolymer resulted in a well-defined layered polymer shell through
two-step processes, as illustrated in Fig. 1.5a. A weakly adsorbed layer was first
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Fig. 1.5 (a) Scheme for preparing core—shell nanoparticles by “grafting to” method. A diblock
copolymer PS-b-PSVBC was covalently attached on the surfaces of BTO particles. (b) The dielec-
tric constant, k, as a function of volume fraction of BTO nanoparticles. (¢) The leakage current
density as a function of applied electric fields for BTO@PS-5-PSVBC/PS nanocomposites
(Reproduced with permission from Ref. [58]. Copyright 2010 American Chemical Society)
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formed by reacting the chloromethyl group of polystyrene-block-poly(styrene-co-
vinylbenzylchloride) (PS-b-PSVBC) with the oxy anion on the BaTiO; surface. The
nonpolar chloromethyl functional blocks were subsequently transformed to the polar
ammonium blocks and formed a dense layer that interacted strongly with the BaTiO,
particle surfaces. This unique feature not only benefits to good dispersibility in a nonpo-
lar medium but also affords a high dielectric strength at high applied electric field. As
shown in Fig. 1.5b, c, the diblock copolymer coated BaTiO; nanocomposite afforded a
high dielectric permittivity (~44 at 10 kHz) and a significantly low leakage current den-
sity of 0.76 nA/cm?, even with a fraction of BaTiO; particle as large as 75 wt%.

In addition to the polymer shells, a very thin ceramic layer has been also realized
on the metal oxide nanoparticles, which provides a route toward decreased permit-
tivity contrast between filler and matrix, and thus addresses the problem of electric
field intensification that occurred in conventional ceramic/polymer composites. It
was speculated that this ceramic layer formed between the ceramic nanoparticles
and polymer phases served as effective electron scatters and trapping centers to
reduce the breakdown probability [60]. As illustrated in Fig. 1.6a, Lanagan et al.
[61] employed a layer-by-layer methylaluminoxane (MAO) coating process to pre-
pare Al,O; encapsulated metal oxide core—shell nanoparticles. The Al,O; shell
thickness can be varied depending on the cycles of MAO coating. These core—shell
nanoparticles subsequently served as metallocene catalyst support for the following
in situ propylene (PP) polymerization. The thickness of the Al,O; coating actually
had little effect on the dielectric constant, only showing a marginal increase upon
increasing the shell thickness (Fig. 1.6b). Still, the presence of Al,O; shell
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Fig. 1.6 (a) A route to aluminum oxide encapsulated high-k metal oxide core—shell nanoparticles
and catalytically synthesized nanocomposites via in situ supported metallocene olefin polymeriza-
tion process. (b) Dielectric constant versus the volume fraction of the BaTiO;-Al,O; core—shell
nanoparticles with various shell thicknesses. (¢) Frequency dependence of the dielectric loss of
BaTiO;-ALO,/PP nanocomposites (Reproduced with permission [61]. Copyright 2010, American
Chemical Society)
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dramatically suppressed the leakage current and high-field dielectric loss in nano-
composites (Fig. 1.6¢).

Most of core—shell nanoparticles currently studied are based on the spherical high-
k ceramics. The high aspect ratio 1D or 2D core—shell nanoparticles may have supe-
rior dielectric properties at low filler loading because of their large dipole moments
and low percolation threshold and therefore deserve more attention in the future.

1.3.2 High-k Conducting Nanoparticle—Polymer Composites

Conducting materials, like metal particles, have a negative dielectric constant (in the
frequency range of interest which is below the so-called plasma frequency). Owing
to the particular response of the particles, conducting particle/polymer nanocom-
posites are expected to possess much higher dielectric constant than their ceramic
counterparts. In fact, exceptionally high dielectric constant has been achieved as the
particle loading is very close to but does not exceed the percolation threshold [62].
This divergent behavior can be explained by employing the microcapacitor model
based on the near-percolated networks (Fig. 1.7) [63].

Up to now, very high-k values have been reported in various systems made by
randomly mixing polymers with conducting particles, such as metal spheres [64],
carbon nanofiber [65], carbon nanotubes (CNTs) [62, 66], and graphene [67, 68].
For instance, Dang et al' [64] first reported a percolative Ni/PVDF composite bear-
ing a k value as high as 400 as approaching the percolation threshold of 17 vol%
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Fig. 1.7 Microstructure evolution with increasing particle concentration in a polymer matrix.
Particles in a composite near percolation can form numerous microcapacitors that would contrib-
ute to an abnormally large capacitance of the composite, consequently give rise to a large increase
of the dielectric constant



14 J. Yuan et al.

from below. As compared to the spherical conductive particle, one-dimensional car-
bon materials with large aspect ratios can lead to a much lower percolation level.
Yuan et al. [62] employed CNTs as nanofiber to pursue high-k polymer nanocom-
posites. The nanocomposites were prepared by melt mixing multi-walled carbon
nanotubes (MWNT) within PVDF host polymer. A remarkable interaction at
molecular level is achieved by establishing donor—acceptor complexes between the
delocalized “n-electron” clouds of MWNTSs and strongly electrophilic F groups of
PVDF chains (inset of Fig. 1.8d). This strong interfacial interaction is confirmed by
the formation of thin PVDF layers on the MWNT surface (Fig. 1.8a). It creates an
advanced material with individual nanotube dispersion (Fig. 1.8b). As approaching
a critical concentration, the established near-percolated network allows for the for-
mation of microcapacitors with neighboring nanotubes as electrodes and polymer in
between as dielectric (Fig. 1.8c). This network morphology has two significant ben-
efits. First it fully takes the advantage of the high specific surface area of nanotubes
and results in a huge interfacial area which is considered as the site for additional
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Fig. 1.8 (a) TEM image of MWNT with a 20 nm thick PVDF layer. (b) SEM image of fractured
surface of MWNT/PVDF nanocomposite with fywnr=10 vol%. (¢) Schematic illustration of a near-
percolated network based on individual CNTs. (d) Dependence of the dielectric constant of nano-
composites on the MWNT volume fraction at different frequencies (Reproduced with permission
[62]. Copyright 2011 American Chemical Society)
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polarizability. Second, the interfacial polarization, within the microcapacitors, can
be significantly reinforced because of the formation of the donor—acceptor
complexes. The delocalized “n-electron” clouds of MWNTSs provide large domains
for nomadic electrons, and the electrophilic F groups strongly attract these elec-
trons. These unique features of individual CNT networks consequently give rise to
a very high dielectric constant of 3800 at 1 Hz (Fig. 1.8d). Another promising can-
didate for creating high-k percolative composites is two-dimensional conductive
filler with a disk or plate shape. He et al. [69] employed such design and demon-
strated a graphite nanoplatelet/PVDF nanocomposite. A large dielectric constant of
2700 was observed near percolation threshold as low as 1.0 vol%.

As discussed above, the large k values in conducting particle/polymer compos-
ites are afforded by interfacial polarization, also known as the MWS effect [62, 70].
However, the charges stored inside the composite would be possibly delocalized
either by tunneling or by ohmic conduction. Both lead to a quite high loss dissipa-
tion factor, which is not desirable for the practical applications of high-k materials
[15, 70, 71]. Thus, besides largely increasing the dielectric constant, the dielectric
losses should be kept as low as possible.

During past years, many efforts have been devoted to address this issue. One
potential strategy is to introduce inter-particle barrier layer into percolative polymer
composites. As such, the tunneling current between neighboring conductive
nanoparticles can be suppressed and hence affords much lower dielectric losses
[72-76]. For instance, Liu et al. [76] made an organic polysulfone (PSF) dielectric
shell on MWNTs by employing a simple electrospinning method (Fig. 1.9a). The
PSF shell served not only as a barrier to prevent MWNTs from direct contact but
also as a polymer matrix after fusion by hot pressing. The resultant MWNT/PSF
composites showed a high dielectric constant (ca. 58) when the nanotube content
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Fig. 1.9 (a) Schematic image for the formation of MWNT/PSF composites. The inset is the SEM

image of cross section of the composites perpendicular to the fiber direction, MWNTs are indi-

cated by arrows. (b) Dependence of the dielectric constant and loss tangent of the composites on

the MWNT loading, measured at 1 MHz. The photograph in the inset of (b) shows that the com-
posite can be largely deformed (Reproduced with permission [76]. Copyright 2011 Wiley-VCH)
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reached 25 vol%, while there was only a slight change in loss tangent from 0.02 to
0.05 (Fig. 1.9b).

Realizing heterogeneous spatial distribution of conducting particles can be
another promising strategy [65, 77, 78]. Recently, Gu et al. [78] have developed
MWNT/cyanate ester (CE) composite with a gradient dielectric constant via the
gradient distribution of MWNT along the direction of the thickness. The CE-rich
region can break the conducting path along the direction of electric field (thickness
direction), which leads to a far lower loss as compared with randomly dispersed
MWNT/CE composites. Yuan et al. [79] reported a more general strategy for dielec-
tric constant enhancement by employing vertically aligned CNT arrays as filler.
These CNT arrays naturally form effective microcapacitors in series to store charges
if polymer matrix can be completely penetrated into them. More importantly, they
can avoid the relaxation of charges stored if the hybrids are well isolated to each
other. The key to this strategy is uniformly dispersing CNT arrays into polymer
matrix without disturbing the given CNT parallel structures. The integrity of the
CNT arrays was retained during composite fabrication in the means of attaching
them onto a rigid microplatelet. By varying CVD conditions, two different SiC-CNT
hybrids were realized [80]: (i) CNT arrays were grown uniformly along a single
direction (denoted as “single-direction” hybrid, Fig. 1.10a) and (ii) the growth of
CNT arrays was along two opposite directions perpendicular to the flat surfaces of
SiC particles (denoted as “two-direction” hybrid, Fig. 1.10b). After blending with
PVDF matrix, the unique architecture of hybrids can be retained. A much more
effective microcapacitor network with parallel CNTs as electrode can then be formed

‘singlesdirectionits
SIC-CNT hybrid

‘two-direction” %
SiC-CNT hybrid®

Fig. 1.10 (a) SEM images of “single-direction” hybrid and the dielectric properties of their PVDF
composites at various CNT contents and frequencies. (b) SEM pictures of “two-direction” hybrid
and the dielectric spectra of their PVDF composites (Reproduced with permission [79]. Copyright
2014 American Chemical Society)
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near percolation, which has a strong effect on the dielectric constant improvement.
The produced CNT arrays afford a dielectric constant as high as 1627 at 1 Hz while
keeping the loss tangent as low as 0.43 in PVDF composites. More importantly,
these improvements were achieved at a very low loading, showing a much higher
figure of merit (which describes the relative dielectric constant enhancement with
respect to the conducting particle content) than the state-of-the-art nonpercolated
polymer composites [79].

In spite of great improvement in enhancing the dielectric constant and lowering
the losses, challenges still exist today on finely controlling the network morphology
of conducting particles near percolation. In particular, the manufacturing of nano-
composites is often dictated by intuitive expectations or empirical approaches fol-
lowing trials and errors. It is clear that modeling should be further developed to
guide more rationally the design of optimal structures. This need becomes even
timelier when we consider that formulation and microfabrication technologies are
progressing fast. Implementing new technologies such as ink-jet printing and 3D
printing, for example, could help in achieving highly controlled structures with
enhanced properties. In addition, how to improve the high-field dielectric properties
of percolative polymer composites is still not clear. This open question deserves
more attention in the future.

1.4 Low-k Polymer Nanocomposite Materials

The rapid development of electronics and electric technologies is associated to a
growing need of high-density, high-speed, and high-frequency microelectronic
packing [9]. Developing desirable microelectronic packing materials have received
much scientific and technological interest. In the past, silica films with a dielectric
constant of 3.9 were used. However, continuous miniaturization of electronic device
requires the film with lower dielectric constant to reduce both signal propagation
delay and dynamic power consumption [81]. The dielectric constant, k, is a key fac-
tor that influences the operational speed of integrated circuit (IC). The propagation
delay time 7, of IC signal is described as follows:

T,=(k)’1/C

where [ and C are the signal transmission distance and the speed of the light,
respectively. Therefore, the lower the dielectric constant of the transmission
medium is, the smaller the signal propagation delay time is. The international
technology roadmap for semiconductors (ITRS) indicates that future electronics
will require an effective k of 2.1-2.5 [82]. Actually realizing such low-k dielectric
films is very challenging, in particular combining with other manufacturing
requirements, such as high thermal conductivity, low losses, strong mechanical
strength, and easy processing. Since water has a high dielectric constant (k~80),
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minimizing the moisture content or alternatively improving hydrophobicity of
materials is also critical.

Among novel materials, polymer-based low-k materials are arousing more and
more attention due to their excellent mechanical and physicochemical properties.
Typical low-k polymers include fluoropolymers, heteroaromatic polymers, poly(aryl
ether)s, polyimides, and hydrocarbon polymers without any polar group [9].

There are two possible ways to lower the dielectric constant of polymers, i.e.,
decreasing dipole strength or the number of dipoles (Fig. 1.11). In more details,
decreasing the molecular polarizability can be realized by designing low polariz-
ability chemical structure of polymers. For example, introducing fluorinated sub-
stituent into polymer chains could effectively decrease the k values due to the small
dipole and the low polarizability of the C-F bond. Tao et al. [83] synthesized a fluo-
rinated epoxy resin that can bear a dielectric constant lower than 3.3 without affect-
ing the mechanical properties and chemical stability of plain epoxy resin. However,
the fluorination process is technologically complicated, time- and energy consum-
ing, and usually of high cost. These features are not desirable for the large-scale
production of low-k films.

An alternative approach to prepare low-k polymers is to decrease the dipole den-
sity. The density of a material can be decreased by increasing the free volume
through rearranging the material structure (constitutive porosity) or removing part
of the material (subtractive porosity) [84]. By taking the advantage of the low
dielectric constant of air (k=1, so-called air gaps) in the pores, a mesoporous
organic polymer can exhibit an ultralow dielectric constant. The nano/mesopores
are generally produced by methods including reprecipitation, sol-gel, thermolysis,
supercritical foaming, and electrochemical etching [85]. The pore size and size dis-
tribution are critical to the mechanical and dielectric properties of bulk materials
and thus need to be finely controlled during pore processing. Jiang et al. [86] pre-
pared a low-k nanoporous PI films by first preparing silica/PI nanocomposites via
sol-gel process and subsequently treating the nanocomposites with hydrofluoric
acid to remove the dispersed silica particles, leaving pores with diameters between

Decreased
—_— |
polarizability Less polar bonds
Reduction of k
Constitutive porosity
Decreased
density

Subtractive porosity

Fig. 1.11 Possibilities for reducing the k value of polymer dielectrics
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20 and 120 nm. The dielectric constant decreased from 3.4 to 1.8 as the pore content
reached up to 20 %, the film kept a tensile strength about 95 MPa.

Despite the achievement of very low dielectric constant (k~2) in porous poly-
mers, the aforementioned approaches commonly result in a broad pore size distribu-
tion and open pore structures, which detrimentally affect the mechanical properties
of polymers and thus limit their use. Furthermore, polymer sole actually cannot
meet the multirequirements expected for low-k materials in advanced microelec-
tronic packing because of their low thermal conductivity (0.2 Wm~'K-!). The manu-
facturable solutions may rely on the nanocomposite approaches consisting of
dispersing hollow particles or high thermal conductivity core—shell nanoparticles
into polymer matrix to find compromises of dielectric, mechanical, and thermal
properties.

1.4.1 Low-k Hollow Particle/Polymer Nanocomposite
Materials

Comparing with introducing subtractive porosity, dispersing ordered mesoporous
particles allows for much easier control over the size and distribution of pores in
polymers. Decreased dielectric constant and improved mechanical properties can be
simultaneously achieved in nanocomposites filled with mesoporous silica materials
such as MCM-41 [87, 88] and SBA-15 [89, 90]. This new family of mesoporous
materials has attracted considerable interests due to their highly ordered and uni-
form mesoporosity (Fig. 1.12a, b). The typical pore size ranges from 2 to 10 nm and
the surface areas are as high as ~1000 m? g~!. These unique features can largely
decrease the dipole density of polymers as they are used as fillers in nanocompos-
ites. Dang’s group [87] reported a low dielectric constant (k=2.6) in nanohybrid PI
films filled with 3.0 wt% MCM-41. Similarly, Min et al. synthesized a series of PI
composite thin films composed of SBA-15 modified with functional groups of
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Fig. 1.12 Schematic diagram of (a) MCM-41, (b) SBA-15 with micropores in walls and mesopo-
rous channels, and (¢) molecular structure of POSS. R may be a hydrogen atom or an organic
functional group, e.g., alkyl, alkylene, acrylate, hydroxyl, or epoxide unit (Reproduced with per-
mission [91]. Copyright 2014 Royal Society of Chemistry)
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P of the poly

Fig. 1.13 Schematic illustration of preparation of POSS-capped mesoporous silica particles.
Epoxy polymer cannot enter into the inner channels due to the steric hindrance of isobutyl groups
(Reproduced with permission [88]. Copyright 2011 Elsevier)

octyltrimethoxysilane (OTMS) or 3-aminopropyl trimethoxy silane (ATS). They
systematically investigated the modification effect on the mechanical and dielectric
properties as well as the thermal stability of thin films. It was found that the tensile
strength and elongation of the composite films containing SBA-15 modified with
ATS were much higher than those of composite without modification while the
dielectric constant was significantly reduced to 2.7.

Although mesoporous silica has been successfully used to lower k values, two
tricky problems still exist to restrict their application in fabricating advanced low-k
polymeric hybrids [89]. First, the size of the inner channels of mesoporous silica is
generally so large that the resin molecule can enter into the channels and decrease
the porosity density. Second, the existence of rich polar and hydrophilic silanol
groups in the inner channels renders mesoporous silica capable of adsorbing mois-
ture. As water has a high k~80, mesoporous silica particles usually show a high
dielectric constant. Therefore further lowering the dielectric constant of the resul-
tant hybrid nanocomposites is limited. Using smart molecular caps to block the
entrance of channels in mesoporous silica particles is a promising method to address
this issue. Suzuki et al. [88] first modified the entrance of the mesopores by polyhe-
dral oligomeric silsesquioxane (POSS) molecules. Trimethylsilyl (TMS) agents are
grafted onto silanol groups at the inner mesopores to reduce the polarity. The pro-
cess is schematically illustrated in Fig. 1.13. Subsequently they added the capped
particles into epoxy resin and found that the dielectric constant of the hybrid with
20 wt% particles is as low as 2.5.
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Being similar with mesoporous silica, POSS is also referred to as a silica
nanoparticle consisting of a silica cage core, as well as organic functional groups
attached to the corners of the cage (Fig. 1.12¢) [92]. Nanoporous POSS has
received extensive research attention as a filler to reduce the dielectric constant of
hybrid nanocomposites [93-96] because its unique nanometersized cage provides
POSS composites with a very low dielectric constant. In addition, owing to the
variable reactive external groups, the POSS moieties can be chemically bond to
the organic matrix and uniformly distributed within the polymeric system at
molecular level and thus enhance the thermal and mechanical properties of the
resultant hybrid materials. Therefore, formation of polymer/POSS nanocompos-
ites could simultaneously lower the dielectric constants and enhance the mechani-
cal properties of polymers [92, 97]. For example, Yang et al. prepared
three-dimensional organic—inorganic network hybrids via hydrosilylative addition
reaction of octahydridosilsesquioxanes with dienes to form chemical bonds
between two monomers. As such, POSS molecules were uniformly dispersed into
the polymeric system at the nanoscale. The resultant hybrid films exhibited
enhanced mechanical properties (elastic modulus of 8.9 GPa) and a reduced
dielectric constant (k ~2.43). This strategy offers the advantage of tunability of
dielectric and mechanical properties by adjusting the length and the structure of
the linking chain between POSS cages.

1.4.2 Low-k Hybrid Particle/Polymer Nanocomposite Materials

As discussed above, in addition to the high mechanical strengths and extremely low
dielectric constant, the advanced microelectronic packing materials should also
have high thermal conductivity to dissipate the generated heat. Recent studies have
shown that ceramic nanoparticles with high thermal conductivity (e.g., boron nitride
nanosheets [98] and aluminum oxide spheres [99]) can afford an efficient thermal
conduction in polymer composites. However, most of the ceramic particles with
high thermal conductivity usually lead to a high dielectric constant of polymer com-
posites because of the lack of porosity. Therefore it is urgent to seek solutions to
simultaneously improve thermal conductivity and decrease the dielectric constant
of polymers.

Designing and synthesizing novel hybrid nanoparticles can meet this end by
combining high thermal conductivity particles with low-k particles. Recently,
Huang and Zhi [100] achieved an ideal dielectric thermally conductive epoxy nano-
composite using POSS-functionalized boron nitride nanotubes as fillers (Fig. 1.14a).
The unique hybrid structure afforded a decreased dielectric constant (Fig. 1.14b)
due to the intrinsic low-k in boron nitride nanotubes and POSS molecules, while the
thermal conductivity was dramatically improved by 1360 % as compared with the
pristine epoxy resin (Fig. 1.14c). However, to further lower the dielectric constant
of such composites, the key relies on well preserving the porosity of boron nitride
nanotubes.
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Fig. 1.14 (a) Schematic diagram of preparation of POSS-functionalized boron nitride nanotubes.
(b) Frequency dependence of the dielectric constant of the epoxy composites filled with POSS-
functionalized boron nitride nanotubes. (¢) The composites’ thermal conductivity varies as a func-
tion of the filler loading (Reproduced with permission [100]. Copyright 2013 Wiley-VCH)

1.5 Conclusions

Polymer nanocomposites allow for a large tunability of dielectric constant by prop-
erly selecting the identity, size, shape, property of filler and by controlling the mor-
phology of polymer matrices, and engineering the interfaces between filler and
matrix. To make high-k nanocomposites, ceramic or conducting particles with high
dielectric constant are usually used as filler to improve the dielectric constant of
composites, but attention should be paid in avoiding the formation of conducting
path of particles so as to suppress the high loss tangent and preserve the intrinsic
high dielectric strength of polymers. On the other hand, decrease of the dielectric
constant of polymer to fabricate low-k nanocomposite materials relies on introduc-
ing uniformly sized pores. Simultaneously achieving a low dielectric constant,
improved mechanical strength, and high thermal conductivity is the big challenge in
the field. Potential solution to this problem is designing and synthesizing novel and
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multifunctional hybrid fillers. From a more general point of view, it can be noted
that manufacturing of nanocomposites is often guided by intuitive expectations and
empirical approaches. Advanced modeling should be further developed in order to
provide a more rational guidance of experimental efforts. In addition, it is expected
that the development of new formulation and microfabrication technologies will
help in the optimization and control of nanocomposite structures to achieve
enhanced properties in the years to come.
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