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A method to control the permittivity and tunability in composite materials formed by conductive

nanoparticles embedded in a flexible nonlinear dielectric matrix is proposed. The local field

distributions in composite structures were determined and the field-induced permittivity was

estimated for different volume fraction of conductive particles. The predicted tunability behavior

agrees well with the observed trends obtained for gold nanoparticles embedded in chitosan

matrix. The paper demonstrates the concept of engineered local fields in nanocomposites by

using metallic nanoparticles as fillers in polymer matrix for tailoring the permittivity and

tunability values. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4809673]

The nonlinear properties of dielectric materials are of

great interest nowadays, due to the potential applications in

miniaturized microwave devices and for integration in micro-

electronic circuits.1,2 Promising results were reported espe-

cially in film structures of the most studied solid solutions of

(Ba,Sr)TiO3 (BST)3 and (Pb,Sr)TiO3 (PST).4 Usually, high

tunability nðEÞ ¼ eð0Þ=eðEÞ is obtained in ferroelectric struc-

tures and is accompanied by large permittivity, which is con-

tradictory with the application requirements needing for

moderate permittivity (e below 1000), large tunability, and

low dielectric losses (below 3%).5 Therefore, a higher tuna-

bility together with a reduction of dielectric constant is

strongly desired. To increase the tunability, the approach of

dispersing homogeneous conductive particles in ferroelectric

matrix (Ag-BST6 and Ag-PST7) was developed, but the

method leads to high dielectric constant, due to the formation

of microcapacitors. In order to preserve high tunability but to

reduce permittivity keeping low losses, other methods were

proposed: (i) doping ferroelectrics with different ions (such

as La3þ, Co3þ, Mg2þ, Mn2þ, In3þ)8 to shift the ferroelectric-

paraelectric transition towards room temperature and drive

the permittivity to requested values (usually in the paraelec-

tric state) and (ii) forming composites of BaTiO3-based solid

solutions with low-permittivity non-ferroelectrics as MgO,

MgTiO3, or Al2O3.9–11 Recently, we proposed the concept of

tailoring the nonlinear properties of ferroelectric and dielec-

tric structures by local field engineering.12 It was demon-

strated that a composite material formed by linear dielectric

inclusions into a ferroelectric matrix can satisfy the high tun-

ability and low permittivity requirements, due to the local

field on the ferroelectric component which is tuned by the lin-

ear dielectric component.12 The calculations showed that, for

any nonlinear dielectric matrix, the local field can be engi-

neered by using different types of inclusions (dielectric, con-

ductive, air pores, etc.) and such composite will present a

tailored effective tunability. This paper is focused on testing

this concept for the case of composite materials formed by

conductive nanoparticles embedded in a flexible nonlinear

dielectric matrix.

The estimation of permittivity vs. field dependence in a

composite material should be computed by considering the

local field inhomogeneity. In order to solve this problem, a

virtual 2D (1 cm � 1 cm) model of planar sample was con-

sidered. The local electric potential is described by the

Poisson’s equation: r � ðeðx; yÞrVÞ ¼ 0, in which a constant

permittivity for inclusions and a field dependent local per-

mittivity for the dielectric is considered. The largely

accepted formula for the permittivity vs. field variation both

for ferroelectric or relaxors in their paraelectric state and for

polar dielectrics at high fields is given by the Johnson

approach13

eðx; yÞ ¼ erð0Þ=ð1þ b � erð0Þ3Elocal
3Þ1=3; (1)

in which erð0Þ is the permittivity at zero field, E is the exter-

nal applied field, and b is a coefficient describing the ferro-

electric nonlinearity.

The Poisson’s equation is solved by the Finite Element

Method (FEM) taking into account the Dirichlet/Neumann

boundary conditions (Figs. 1(a) and 1(c)) and considering

the dependence of the local permittivity on the local field for

different applied voltages. The effective permittivity can be

derived from the total energy Wt ¼ ðeef f � Eapp
2=2Þ � Vt

(where Eapp is the applied field and Vt is the total volume of

the virtual samples) which is computed as a sum of the local

energies Wt ¼
ÐÐÐ
ðe � rV2Þdxdydz. More details of simula-

tion procedure were given elsewhere.12,14

Different kinds of virtual microstructures with different

compositions have been numerically generated and the local

electric field was computed by FEM. The numerical values

in simulation were chosen in such way that the permittivity

of the pure nonlinear phase is 40 at zero field and almost half

at 500 kV/cm applied field. This dependence describes a

non-ferroelectric polar system whose tunability (the ratio

between the zero field permittivity and the field-induced
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permittivity) becomes significant at much higher fields than

typically reported for ferroelectric or relaxor tunable materi-

als (of �30 kV/cm).15,16 The permittivity of the conductive

inclusions was chosen to be 105, i.e., infinite by comparison

to the permittivity of the matrix. Such a high value is justi-

fied by the existence of free charges in conductors, which

redistribute in the presence of an electric field in such a way

to result an infinite polarization. By comparison, dielectrics

contain bounded charges, which create a finite polarization,

and hence they have a finite permittivity.

Figs. 1(a) and 1(c) show a simulated composite micro-

structure (similar to a 0–3 connectivity) formed by a

homogeneous dispersion of conductive nanoparticles (gray

inclusions) into a nonlinear dielectric matrix (brown). For

the generated microstructures, the local field patterns were

calculated and the results were presented in Figs. 1(b) and

1(d). As it can be observed, by increasing the number of con-

ductive particles, the fields inside the sample become more

inhomogeneous and enhanced. The high field is predomi-

nantly located in the nonlinear dielectric regions nearby the

metal-dielectric interfaces, perpendicular on the applied field

direction. The electric field inside each conductive inclusion

is null. The regions subjected to very high fields increase

with increasing the addition of conductive inclusions

FIG. 1. Simulated composite microstruc-

tures with different volume filling factors

of the conductive particles (grey color):

(a) f¼ 5% and (c) f¼ 15% in the nonlin-

ear dielectric matrix (brown); and (b), (d)

the corresponding local field maps. The

intensity of the local electric field is rep-

resented in color scale, and the field

direction is perpendicular on the isopo-

tential lines (black lines). Note that isopo-

tential lines are agglomerated in high

field regions; (e), (d) computed permittiv-

ity and tunability vs. the applied voltage

for composite with different volume fill-

ing factors of conductive nanoparticles.

222903-2 Cazacu et al. Appl. Phys. Lett. 102, 222903 (2013)



(Fig. 1(d)), which will cause an enhanced tunability of the

overall system. Therefore, the presence of metallic inclu-

sions below the percolation limit is expected to produce an

increase of both the effective permittivity and tunability, by

comparison with the pure non-linear dielectric values.

Further, the effective permittivity under the external field

eef f ðEappÞ dependences was computed for different conduc-

tive particles contents and the results are shown in Fig. 1(e).

Both the effective permittivity and tunability are larger when

the conductive particles additions are higher. The tunability

increase can be correlated with the increase of the maximum

local field inside the composite, as observed in the local field

distributions (Figs. 1(b) and 1(d)). Therefore, different levels

of tunability and increased permittivity can be tailored by en-

gineering the conductive addition in the nonlinear matrix.

To validate the proposed approach, the nonlinear dielec-

tric character of polymer-metallic nanoparticles (NPs) com-

posites was tested. The use of metallic nanofillers in

polymer-based composites has attracted interest due to possi-

ble application in low cost flexible electronics. Metal NPs as

Cu, Ni, Pd, and their alloys are basic components for circuit

interconnectors, electrodes in capacitors, resistors and

diodes, mechanical structures, and optical parts in microelec-

tromechanical systems (MEMS). An innovative potential use

of metallic NPs in organic matrices emerged from the need

to increase permittivity in polymer-based structures for high

volume capacitance in microelectronics and energy storage

applications. The dielectric non-linearity usually accompa-

nies ferroelectric/relaxor state and it has still not been

accomplished in flexible materials at reasonable fields.

Therefore, the predictions of the present FEM analysis which

showed the possibility of increasing tunability of a polar

dielectric by adding metallic fillers were checked in thick

films of gold (Au) NPs embedded in chitosan (Chi) matrix.

Chitosan is a cheap naturally derived polymer with unique

chemical properties. This polymer has the ability to integrate

in its structure assembly of biomolecules, cells, and inor-

ganic nanoparticles. Its potential use in integrated devices

and biological functionalization MEMS was recently

reported.17 The electrical properties of noble metal NPs-Chi

nanocomposites became interesting for potential applications

as biosensors and electrolytes for fuel cells;18 however, high-

field electrical characteristics and their nonlinear dielectric

character were never tested or exploited.

Au NPs in different concentrations dispersed in Chi

films were prepared by dry phase inversion from an aqueous

solution of Chi obtained by mixing 1% Chi (practical grade

type, 263,836 g/mol average molecular weight) previously

dissolved in a 1% (v/v) acetic acid solution with different

quantities of 1 mM HAuCl4. All the materials used were pur-

chased from Sigma Aldrich. The solutions were cast into

Teflon molds and left to dry in a thermostat chamber at

50 �C for 24 h (according to the dry phase inversion method

of thin film preparation).19 The samples are denoted in the

following as 0 Chi (40 ml Chi); 2 Chi (38 ml Chiþ 2 ml

HAuCl4, and f¼ 0.4%), 6 Chi (34 ml Chiþ 6 ml HAuCl4,

and f¼ 1.5%), 8 Chi (32 ml Chiþ 8 ml HAuCl4, and f¼ 2%),

and 10 Chi (30 ml Chiþ 10 ml HAuCl4, and f¼ 2.5%), tak-

ing into account the volume fraction of the employed

HAuCl4.

The samples morphology and AuNP dispersion into the

Chi films were determined by scattering scanning near-field

optical microscopy (s-SNOM), which employs a commercial

scattering near-field microscope (NeaSNOM, Neaspec.com)

equipped with a standard metalized tip. For electric measure-

ments, silver electrodes were applied by RF sputtering on

Chi films. The dielectric constant and dissipation factor were

measured at room temperature in the frequency range

(1–106) Hz by using an Impedance/Gain-Phase analyzer

SOLARTRON 1260A. The tunability e(E) characteristics

were determined using a circuit fed by a high dc voltage

from a function dc-generator coupled with a TREK 30/20A-

H-CE amplifier20 superimposed on a small ac testing voltage

(1 V) with a frequency of 3� 104 Hz.

The topography and near-field optical images of Chi

film as well as Au-Chi films were recorded (Fig. 2). With an

average size of about 15 nm, the Au NPs can be easily distin-

guished from larger local impurities, especially due to their

low optical contrast surrounded by a bright ring. The metal-

ized tip of s-SNOM, under external infrared illumination,

acts as a light-concentrating antenna such that the sample is

probed with a nanofocused light field. Detection of the back-

scattered light reveals local optical information with maxi-

mum resolution imposed by the AFM tip size (around

20 nm) and independent of the laser wavelength.21,22 The

observable contrasts can be derived from the complex dielec-

tric function of the sample material23 and include both the

absolute efficiency and the phase of the scattering.

It is known that the near-field optical nanoparticle con-

trast depends on both the electrical properties of the particles

and their size.24 Quite interesting, in the optical images, the

Au NPs exhibit bright rings, as the backscattered signal of the

Chi is enhanced in their close vicinity (20–40 nm). As recently

reported,24 this observation can be associated with a locally

increased concentration of the collective free-electron

FIG. 2. S-SNOM images (1.5� 1.5 lm2) of pure Chi and Au-Chi films. In

the left side is presented the topography, and in the right side the backscat-

tered IR amplitude recorded at 3rd order demodulation frequency.
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oscillations (plasmons) and therefore a higher conductivity of

the Chi matrix close to the Au NPs, which clearly is related to

the strong increase of the local field at the metallic NPs-Chi

interface, as predicted by the FEM calculations.

Figures 3(a) and 3(b) show the frequency dependence of

the dielectric constant and losses for Au-Chi films with dif-

ferent Au NPs content. Interface phenomena and electrode

effects cause an increase of the low-frequency permittivity

and losses and only at high frequencies above 10 kHz, the

composite thick films have a predominant dielectric charac-

ter. In high frequency range, the dielectric loss tan d is about

10%–23% and the permittivity monotonously increases with

Au addition between 8 and 28 (Fig. 3(a)), due to the fact that

metallic NPs act as internal conductive electrodes inside the

sample. When the content of Au NPs is higher, the number

of such microcapacitors and the distance between them (ca-

pacitor thickness) increase and the effective dielectric con-

stant increases, as predicted by the FEM calculations.25 For

all the compositions, the permittivity decreases with fre-

quency increasing and a complex dispersion behavior char-

acterized by distinct relaxation phenomena (multiple

maxima of losses) in the range of 1–100 Hz and in kHz

range, respectively, is noticed. The peak around 103 Hz (Fig.

3(b)) is originated from the a-relaxation of chitosan mem-

branes26 and shifts towards low frequency with Au NPs addi-

tion. A detailed analysis of the dielectric relaxation

phenomena is beyond the scope of the present paper, but it is

worth to notice that such a trend is typically reported in

nanocomposite films7 and is explained by considering multi-

ple polarization mechanisms which contribute to the dielec-

tric behavior.27 The interfaces between dissimilar phases,

particularly in nanostructured materials, are sites for local

uncompensated charges, which move under alternative fields

and give rise to dipolar contributions (space charge effects)

to the total polarization. The space charge polarization acts

as extrinsic phenomena usually at low frequency and is re-

sponsible for relative high values of low frequency dielectric

losses. Therefore, the high field properties were checked at a

testing frequency of 3�104 Hz.

The permittivity vs. field e(E) dependence (dc-tunability)

determined at room temperature at increasing/decreasing

dc-field cycle are shown in Fig. 4(a). A permittivity nonlinear-

ity is observed for all the compositions and in particular for

high Au NPs additions, with a tendency towards saturation

(but not yet obtained, even at high fields of �900 kV/cm) and

with a small hysteresis. After the first increasing/decreasing

voltage cycles, the non-linear field-dependence e(E) tends to

stabilize to a non-hysteretic behavior and the tunability prop-

erties are well reproducible.

For all the applied dc fields, the tunability n(E) increases

with Au NPs addition and reaches the value of �2.3 for the

maximum addition (sample 10 Chi) by comparison with val-

ues of �2 in pure Chi films (at the maximum applied field).

Qualitatively, the field dependence of tunability in Fig. 4(b)

is similar to the one predicted by FEM calculations in Fig.

1(f)). If for the pure Chi films the nonlinear dielectric

response e(E) is caused by the polar region reorientations

under the high fields, the increase of tunability with Au NPs

addition increasing is induced by the local field distributions.

More specific, the polar character of chitosan responsible for

its high-field non-linear dielectric response is enhanced by

increasing the local fields produced by the presence of

FIG. 4. (a) Dielectric constant vs.

applied dc field; (b) field dependent tuna-

bility for Au-Chi nanocomposite films

with different Au NPs additions.

FIG. 3. Frequency dependence of the

dielectric constant (a) and tangent loss

(b) for Au-Chi nanocomposites with dif-

ferent compositions.
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metallic nanoparticles in Au NPs-Chi composites. As FEM

calculations predicted, the local field inhomogeneity created

by the addition of metallic nanoparticles helps in increasing

both permittivity and tunability values.

To summarize, the present paper shows a proof of con-

cept for modifying the permittivity and tunability values in

nanocomposites by local field engineering, using metallic

NPs as fillers in polymer matrix. Even though the tunability

increase is still low and needs high field values, it is impor-

tant to conclude that local fields can be engineered to some

extent in well-defined microstructures and this effect can be

exploited to tailor a new class of flexible tunable materials.
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