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An electro-optical activity has been recently reported for hybrid nanocomposite thin films where inorganic
silicon carbide nanocrystals �ncSiC� are incorporated into polymer matrices. The role of the interface SiC
polymer is suggested as the origin of the observed second order nonlinear optical susceptibility in the hybrid
materials based on poly-�methylmethacrylate� �PMMA� or poly-�N-vinylcarbazole� matrices. In this work, we
report an analysis of the electro-optical response of this hybrid system as a function of the ncSiC content and
surface state in order to precise the interface effect in the observed phenomenon. Two specific ncSiC samples
with similar morphology and different surface states are incorporated in the PMMA matrix. The effective
Pockels parameters of the corresponding hybrid nanocomposites have been estimated up to 7.59±0.74 pm/V
�1 wt. % of ncSiC in the matrix�. The interfacial region ncSiC polymer is found to play the main role in the
observed effect. Particularly, the electronic defects on the ncSiC nanocrystal surface modify the interfacial
electrical interactions between the two components. The results are interpreted and discussed on the basis of
the strong influence of these active centers in the interfacial region at the nanoscale, which are found to monitor
the local hyperpolarizabilities and the macroscopic nonlinear optical susceptibilities. This approach allows us
to complete the description and understanding of the electro-optical response in the hybrid SiC/polymer
systems.
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I. INTRODUCTION

Due to their size-dependant physical properties, semicon-
ducting nanocrystals are promising materials for a wide
range of applications. Particularly, nanocrystals exhibit quan-
tum confinement effect as well as modified electronic band
structure. Specific linear and nonlinear optical properties are
also expected and differ from those of the bulk material.1,2

Moreover, the interface reconstruction and the chemical dis-
order at the particle surface play a crucial role at the nano-
metric scale, leading to enhanced interactions with the sur-
rounding medium or between nanoparticles. In order to take
advantage of these potential effects, an appropriate strategy
is to combine semiconducting nanocrystals and organic/
inorganic matrices. Particularly, hybrid nanocomposites
based on polymer matrices and inorganic nanocrystals have
been widely studied and developed.3,4 Functional nanocom-
posites have been realized for various applications such as
charge transport,5 electro-6 and photo-luminescence,7 or pho-
tovoltaic cells.8 In the field of nonlinear optics, hybrid mate-
rials incorporating organic or inorganic active chromophores
are an alternative substitute to inorganic monocrystals, such
as lithium niobate. The main reasons lie in the easy imple-
mentation and competitive performances for light modula-
tion. Thus, second harmonic generation �SHG� and electro-

optical �EO� activity are experimentally observed for a wide
class of hybrid composites.9,10 In a preliminary stage, silicon
carbide nanocrystals �ncSiC� have been successfully associ-
ated with polymer matrices and an electro-optical modula-
tion has been experimentally demonstrated.11,12 The corre-
sponding effective Pockels coefficients are comparable with
those of bulk cubic 3C-SiC waveguides.13 This methodology
pointed out the potentialities of the hybrid systems based on
SiC nanocrystals for the electro-optical modulation.

Our preliminary investigations focused on the first experi-
mental demonstration of a local electro-optical effect associ-
ated with nonaligned ncSiC-doped poly-�N-vinylcarbazole�
�PVK� matrices.11 As a second step, the implementation of
an efficient elaboration process of noncentrosymmetric hy-
brid films and the development of an adapted electro-optical
set-up permitted to evaluate the EO response of poly-
�methylmethacrylate� �PMMA� matrices incorporating
ncSiC. The corresponding estimated linear and quadratic EO
parameters, comparable to those associated with bulk SiC,
evidenced the relevance of the hybrid system SiC/polymer as
electro-optical modulator.12 The interface SiC polymer was
suggested as a key element in the observed phenomenon.
However, significant mechanical contributions were also ob-
served, mainly due to the sample holder configuration.
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In this study, investigations of the linear EO effect in
PMMA matrices incorporating SiC nanocrystals are carried
out in order to clarify the origin of the enhanced nonlinear
second order susceptibilities of the nanocomposites. In this
aim, two specific ncSiC samples from similar morphology
and presenting different chemical compositions and surface
states have been incorporated in the reference PMMA ma-
trix. The mechanical contributions, associated with the de-
vice configuration �sample holder�, have been reduced in or-
der to provide a better understanding of the relation between
the surface properties of the nanoparticles and the EO re-
sponse of the ncSiC/polymer composites without additional
elasto-optical contributions. By varying the nanoparticle
loading in the organic matrix and by considering the disper-
sion and surface state of the particular ncSiC samples in
PMMA, this paper aims to clarify the influence of the
interface ncSiC-polymer on the linear EO response of the
hybrid system. Complementary measurements made on
alternative polymer host matrices presenting various electri-
cal activities and thermal properties compared to PMMA—
namely the poly-�bisphenol-A-carbonate� �PC� and
poly-�N-vinylcarbazole� �PVK�—will help to precise the ori-
gin of the observed effect.

The first part of this paper presents the elaboration pro-
cess of the ncSiC/polymer nanocomposites. The different
steps will be briefly presented, from the ncSiC synthesis by
laser pyrolysis and the elaboration of thin hybrid films, to the
final structure of the EO cell. The second part deals with the
experimental setup used to probe the linear birefringence in-
duced by Pockels effect and a definition of the linear EO
parameters investigated will be presented. The relevant
physical properties of the samples will be discussed in more
details in Sec. III, to point out the particle surface features,
which govern their dispersion in the precursor suspensions
SiC/polymer/solvent and the interface with the polymer. Fi-
nally, the electro-optical investigations on the hybrid nano-
composites will be presented and a discussion will be devel-
oped to understand the role of the interface SiC/polymer on
the nonlinear second order susceptibility revealed in the
system.

II. EXPERIMENTAL SECTION

A. Elaboration of the hybrid SiC/polymer thin films

1. SiC nanocrystals synthesis

Because a control of the nanoparticle surface is crucial for
the considered application, the ncSiC are synthesized by la-
ser pyrolysis which permits a tuning of the nanocrystal prop-
erties through the synthesis conditions and post-annealing
treatments. As previously described,14,15 ncSiC nanocrystals
are synthesized by laser pyrolysis of a gaseous mixture com-
posed by silane �SiH4� and acetylene �C2H2�. Well-
crystallized SiC nanoparticle samples are typically obtained
with an average diameter that can be tuned between 10 to
100 nm depending on the synthesis parameters. As-formed
powders are usually annealed at 1400 °C under argon for 1 h
in order to improve their crystallinity and surface quality
without a significant increase of their size.

2. Elaboration of the hybrid ncSiC/polymer nanocomposites
thin films

�a� Preparation of the initial precursor mixtures. In a first
step, the SiC nanoparticles are homogeneously dispersed in
pure chloroform �0.02 to 0.12 wt. %� by using an ultrasonic
stirring procedure. The dissolved polymer is then added to
the solution, followed by an additional stirring step. The
ncSiC content and polymer concentration, as well as the ul-
trasonic power and stirring time, are improved in order to
obtain homogeneous suspensions of isolated nanoparticles
without aggregation or sedimentation on a large time scale.
The ncSiC content in suspension corresponds to a final con-
centration of ncSiC ranging between 0.5 and 2 wt. % with
regard to the polymer �0.02 to 0.08 wt. % with regard to the
solvent�. Because the ncSiC dispersion in the polymer matrix
is a crucial step, a rigorous control is performed on the sus-
pensions SiC/polymer/chloroform by photon correlation
spectroscopy or PCS �Malvern Zetasizer 1000HS�. Consid-
ering the low particle content with regard to the solvent, this
technique can indeed provide specific information on the
populations of particles in the initial suspensions following
the stirring procedure. The autocorrelation function of the
light intensity scattered by the suspension is evaluated and
adjusted to determine the translational diffusion coefficient
Di associated with the ith size class of nanoparticles in solu-
tion �see Ref. 16 for experimental and fitting procedure de-
tails�. From this coefficient, the hydrodynamic diameters di
of particles in solution are determined by using the Stokes-
Einstein’s law

di =
kT

6��Di
,

where � is the viscosity of the polymer dissolved in chloro-
form and measured by capillary viscosimetry, k is the Bolt-
zmann’s constant, and T the temperature. Such an approach
has been previously used to characterize the dispersion be-
havior of SiC nanoparticles in water.16 Figure 1 presents the
size distribution of SiC nanoparticles �S218 and S237� dis-
persed within PMMA in chloroform �CPMMA/Chloroform

FIG. 1. Size distribution of a ncSiC�S218 and S237�/PMMA/
Chloroform suspensions �CPMMA/Chloroform=60 mg/ml; CSiC/PMMA

=1 wt. %� after ultrasonic treatment. Isolated SiC nanoparticles
with a mean diameter close to the B.E.T diameter of the dried
nanopowders are evidenced.
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=60 mg/ml; CSiC/PMMA=1 wt. % �. Nanoparticles with hy-
drodynamic diameters ds close to the BET diameters of the
dry nanopowders are evidenced in the suspensions. This ob-
servation is consistent with a monodispersed population cor-
responding to a majority of isolated SiC nanograins in the
initial mixtures. It is worth noting that the PCS measurement
gives an estimation of the mean hydrodynamic diameter of
particles in solution �including the Stern and diffuse shells�,
which is then found slightly larger than the physical diameter

of the nanograins. The error bars on ds, induced by the fitting
procedure and assuming that the particles are spherical, are
evaluated at ±15%.16 Finally, hybrid thin films are deposited
by spin casting the SiC/polymer/chloroform suspensions
onto ITO-coated �100 nm� glass substrate, previously
cleaned. The spinning rate and suspension viscosities are im-
proved for each polymer host in order to achieve films of
good optical quality with a controlled thickness of 0.5 �m.
The local dispersion of the ncSiC �S237� nanoparticles in the
PMMA matrix is illustrated in Fig. 2 by a transmission elec-
tron micrograph. This latter was obtained by dispersing in
ethanol a fraction of the scratched nanocomposite and depos-
iting the preparation on a carbon grid. The particle distribu-
tion, mainly controlled by the homogeneity of the precursor
suspension ncSiC/polymer/solvent, will be discussed hereaf-
ter.

�b� Structuration of the hybrid thin films and poling pro-
cedure. For the EO investigations, the samples are sand-
wiched by using a dielectric buffer layer �Teflon®, Goodfel-
low, France� and an ITO-coated glass as the top electrode
�inset of Fig. 3�. The buffer layer �10 �m thick� prevents
short-circuits and parasitic conductivity through the hybrid
active layer SiC/polymer during the poling process and the
EO investigations. The final cell is 10 to 12 �m thick, with
an investigated active area of 0.3 cm2. All devices are an-
nealed under primary vacuum �10−3 Torr� for 16 h in order
to remove the solvent traces and to improve the film rough-
ness and homogeneity. The annealing temperature is chosen
near the glass transition temperature �Tg� of the polymer host
matrix �Tg

PMMA=105 °C; Tg
PC=150 °C; Tg

PVK=190 °C�. An
additional electrical poling procedure is required to achieve
the noncentrosymmetry, by aligning the microscopic dipolar

FIG. 2. Transmission electron micrograph showing the local dis-
persion of the ncSiC particles �S237� in the PMMA matrix
�1 wt. % ncSiC loading�.

FIG. 3. Experimental setup used to probe the electro-optical birefringence in the SiC/polymer nanocomposite films. A modulated voltage
is applied on the SiC/polymer thin films and the effective Pockels coefficient is estimated from the modulated transmitted intensities. The
inset presents the SiC/polymer nanocomposite films sandwiched between ITO coated glass substrates separated by a dielectric buffer layer.
This latter prevent shortcuts and parasitic currents during the application of poling �dc� and probing �ac� voltages.

LINEAR ELECTRO-OPTICAL BEHAVIOR OF HYBRID… PHYSICAL REVIEW B 74, 205417 �2006�

205417-3



centers in the isotropic polymer matrix. The standard proce-
dure by electrodes was used by applying a static dc voltage
�from 5 to 30 V/�m�for 30 min between the ITO electrodes
of the devices after heating near Tg of the host matrix. The
samples are then cooled at room temperature under applied
electric field. The residual leak current was measured to be
less than 10 �A during all the procedure.

B. Electro-optical setup

1. Effective Pockels coefficient

The poled hybrid thin films present the axial symmetry
C�v with their optical axis �Oz�� perpendicular to the sub-
strate �x�Oy� plane�. Their optical properties are represented
by the ordinary and extraordinary refractive indices n� and
n�. When an external electric field Ei is applied on the de-
vices, the optical indicatrix is perturbed by Pockels effect,
represented by the effective Pockels coefficients rijk. The
perturbed refractive indices can be expressed as

n�� = n� −
n�

3r11k

2
Ek

n�� = n� −
n�

3 r33k

2
Ek.

In this study, the EO effect is probed by applying a modu-
lated voltage V�=Vmsin��t� between the two ITO electrodes
of the devices, so that the only nonzero component of the
corresponding electric field E3���=E��� is oriented along
the Oz� axis.

2. Experimental set-up

The electro-optical coefficients are measured by using an
adapted Sénarmont-based setup.12,17,18 The sample, located
between polarizer, phase retarder and analyzer, is tilted at
45° with regard to the probing laser beam ��=633 nm, P
=10 mW� directed along the Oz axis of the laboratory frame
�Fig. 3�. With regard to the sample optical indicatrix and the
incident polarization tilt ��=� /4�, the two optical modes in
the sample propagate with different refractive indices nx and
ny, function of the normal indices n� and n�. When the re-
tarder is oriented with an angle �=� /4 with regard to the Ox
axis, and under the modulated voltage V�, the transmitted
intensity can be expressed as a function of the analyser ori-
entation �	� and the phase shift 
�V�� introduced by Pockels
effect in the sample

I�	,
� =
I0T0

2
�1 − sin�
 − 2	�� . �1�

I0 is the incident light intensity and T0 the intrinsic trans-
mission coefficient of the optical components including
Fresnel losses. The angle 	 is fixed at the half-transmission
point to ensure a linear regime under low modulated ampli-
tude Vm, while compensating the natural birefringence �n0

=nx−ny in the sample. The phase difference 
�V�� is then
expressed as


�V�� =
2�L�n�

�

with

�n� = nx� − ny� = �n0 +
1

2
n//

3re
V�

�da + df�
.

L is the optical path length in the active nanocomposite
film of thickness df, da being the buffer layer thickness. The
effective Pockels coefficient re is given by

re = r113 −
nx

3

2n//
3 �r113 + r333� . �2�

By using the Bessel expansion of expression �1�, the
transmitted modulated intensity I��Vm� detected by the
lock-in amplifier is then limited in first approximation to the
following expression:

I��Vm� �
I0T0

2

�Ln//
3re

��da + df�
Vm. �3�

The experimental curves I��Vm� are linearly adjusted to
determine the corresponding parameter re with accuracy less
than �10%. It is worth noting that the effective coefficient re
defined in expression �2� includes the pure electro-optical
effect, as well as the elasto-optical contributions �piezo-
optics�

rijk
e = rijk

EO + rijk
PZ

with

rijk
PZ = −

aijpq
�1� dkpq

nip
2 nqj

2 ,

where aijkl
�1� is the first order elasto-optic tensor and dijk the

piezoelectric tensor. Moreover, large second order mechani-
cal contributions �electrostriction and electrode attraction�
were previously observed by measuring the quadratic
electro-optic coefficient in the SiC/polymer
nanocomposites.12 However, these contributions were found
sensitive to the sample configuration and the device holder
geometry. A specific attention was paid to the constraints
induced by the holder on the multilayer film glass-ITO/
SiC-polymer/buffer/ITO glass. In this experimental ap-
proach, the sample geometry and holder configurations have
been improved to reduce these mechanical contributions.

III. RESULTS AND DISCUSSION

A. Physical properties of the ncSiC samples

1. Morphology and chemical composition

In order to investigate the influence of the interface
ncSiC-polymer in the observed EO phenomenon, two repre-
sentative samples referred as S218 and S237 will be investi-
gated hereafter. Both as-formed nanopowders have been an-
nealed at 1400 °C under argon and specific area
measurements by the B.E.T. method �Brunauer, Emmet, and
Teller, on a Micromeritics Flowsorb II� lead to an estimation
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of the mean grain diameter of 40 nm for both annealed
samples. Figure 4 presents the transmission electron micros-
copy pictures of S218 �Fig. 4�a�� and S237 �Fig. 4�b�� after
annealing at 1400 °C. Sample S218 exhibits well-defined
SiC nanocrystals ��30 nm diameter�. The SiC crystalline
core is found surrounded by a disordered or amorphous layer
�a few nanometers thick�, whose nature will be discussed
hereafter. The sample S237 exhibits mainly spherical nano-
particles with a mean diameter in accordance with the B.E.T.
estimation. A slight grain growth is visible on some particles
and evidences of crystallisation are visible on this low mag-
nification micrograph.

Samples S218 and S237 differ mainly by the chemical
composition of the precursor mixture used during their syn-
thesis. The atomic C/Si ratios, determined from elemental
chemical analyzes, are evaluated to C/Si=0.87 for sample
S218 and 1.02 for sample S237. It was shown that a devia-
tion from the stochiometry leads to the presence of silicon-
rich or carbon-rich disorderedlike phases at the particle
surface.19,20 This specificity can be revealed by Raman
diffusion20 or infrared absorption spectroscopy �Perkin-
Elmer FTIR model 2000�, here performed on cold pressed
pellets of SiC particles mixed to KBr �Fig. 5�. Beside the
Si-C contribution being observed in both samples
�700–970 cm−1�, S218 exhibits an additional absorption
band in the range 1000–1250 cm−1, attributed to Si-O bonds.
The presence of Si-O-Si siloxane surface groups is evi-
denced by the contributions at 1100–1200 cm−1, witness of a
particle oxidation21 in agreement with a silicon-rich phase in

excess at the S218 nanoparticle surface. This observation is
in agreement with the amorphous shell surrounding the crys-
talline SiC core evidenced by TEM, which could be assigned
to the formation of an external silica layer upon oxidation.
These contributions are not observed for sample S237.

2. Active electronic centers

Further information on the sample surface states can be
acquired by paramagnetic electronic resonance, which pro-
vide information on the electronic centers or defects required
for thermodynamic stabilization of the particle size and
structure.22 Both samples are characterized by the presence
of different electronic active centers probed by electron para-
magnetic resonance �EPR�. They are hereafter referred as DI
and DIV when involved in the sample S218, while DII and
DIII coexist in the sample S237.17 The sites DI and DII,
which present anisotropic g tensors and isotropic hyperfine
interactions, are associated with unpaired electrons interact-
ing with four equivalent Si atoms in the SiC structure, in
agreement with charged carbon vacancies �VC�. The site DIII
�S237� is only observed for carbon-rich samples, and is as-
sociated with dangling bonds �DB� in isolated carbon phases,
located at the outermost particle surface.16 This assignment is
in agreement with amorphous graphitic surface layers, as ob-
served in disordered carbon arrangements.23 Regarding the
stability of the nanopowders, the external carbon-rich shells
induce a relative inertia of sample S237 with respect to am-
bient conditions �oxidation�. Unlike the site DIII, the site
DIV �S218� is observed only in Si-rich samples and is spe-
cific to nanocrystalline silicon-rich phases, which are mainly
located at the external surface of the SiC nanoparticles of
sample S218, as seen by infrared absorption spectroscopy.
This site DIV, which exhibits a high sensitivity to
oxidation,17 is responsible of a relative reactivity of the nano-
particle surfaces for sample S218 when exposed to partial

FIG. 4. Transmission electron microscopy picture �TEM� of the
sample S218 �a� and S237 �b� annealed at 1400 °C �Ar�. Well-
defined SiC nanocrystals ��30 nm diameter� are found covered
with an amorphous-like disordered layer for sample S218.

FIG. 5. IR absorption spectra of samples S218 and S237. Beside
the Si-C bond contributions, the S218 gives rises to IR bands from
Si-O and Si-O-C bonding in agreement with a strong reactivity of
the silicon-rich surface shell with oxygen.
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oxygen pressure or to ambient atmosphere. This observation
is in agreement with the presence of silicon-rich phases at the
particle surface for this sample.

3. Structural features

X-ray diffraction patterns of both samples are presented in
Fig. 6. The observed features reveal diffraction line broaden-
ing due to nanoscale particles, and evidence the presence of
the cubic 3C and hexagonal 6H-SiC polytypes for both
samples. Particularly, the low intensity feature located at
2�=34.2° reveals the presence of the hexagonal 6H polytype
for both samples. By a deconvolution of the first intense SiC
diffraction line �2�=35.6° � with the two polytype
contributions—assuming that the line broadening is mainly
due to a size effect and by using the Scherrer relation—the
crystallite mean diameter is evaluated at 25/28 nm for both
samples, in accordance with the high resolution TEM obser-
vations �presented here on Fig. 4�a� for sample S218�.
Sample S218 exhibits additional contributions at 2�=28°
and 45.7° associated with a crystallized fraction of the sili-
con excess in the sample.

Further structural information can be deduced from the
nuclear magnetic resonance �NMR� spectra given in Fig. 7
for both samples annealed at 1400°C. Three mains contribu-
tions are evidenced in the 29Si MAS-NMR spectra �−14.6,
−20.4, and −24.7 ppm�, associated with the presence of the
6H and 3C polytypes,11,19 in similar relative proportions for
both samples. An amorphous SiC fraction is also revealed for
both samples through the wide contribution centered at
−18 ppm. This latter, associated with the chemical disorder
and reconstructed-surface at the nanoparticle boundaries, is
found reduced by annealing the powders at 1400 °C.

Finally, the main features of the ncSiC samples used in
this study—chemical composition, B.E.T. diameters, crystal-
line polytypes, and electronic centers—are summarized
Table I. The two ncSiC samples present similar morphology
and crystalline structure. They differ mainly through their
surface properties and associated reactivity with regard to
their environment. These specific features allow us to inves-

tigate the influence of the interface ncSiC-polymer on the
hybrid nanocomposites EO response.

B. Electro-optical activity in ncSiC-based PMMA
nanocomposites

The effect of the incorporation of SiC nanocrystals on the
electro-optical response of the polymer nanocomposite is
demonstrated by using the PMMA matrix incorporating
1 wt. % of S218. The modulated transmitted intensities
I��Vm� have been measured for the as-prepared and
SiC-loaded PMMA matrices. Both samples have been char-
acterized with and without electrical poling under a static
electric field of 15 V �m−1 around the polymer glass transi-
tion temperature �135 °C� for 30 min. From the experimen-
tal curves, the linear effective Pockels coefficients re are es-
timated according to Eq. �3� and summarized in Table II. The
unpoled composites, as well as the poled PMMA matrix,
exhibit low EO parameters ��0.10–0.20 pm/V�. However,
the poled matrix incorporating the ncSiC S218 exhibits a
Pockels coefficient of 5.11 pm/V, larger than those associ-
ated with crystalline SiC waveguides.13 Moreover, this value
is in the same order of magnitude than those of organic ma-
trices doped with organic chromophores possessing large
hyperpolarizabilities.24 In the considered hybrid material, the
high EO value evidences an enhancement of the quadratic

FIG. 6. X-Ray diffraction pattern of the as-formed nanopowders
S218 and S237 on aluminium holder ��CuK�1=1.54056 Å�. The
contributions of both SiC polytypes 3C �cubic� and 6H �hexagonal�
are evidenced for both samples.

FIG. 7. Solid state nuclear magnetic resonance spectra �29Si
MAS-NMR� of samples S237 �a� and S218 �b� annealed at
1400 °C. The presence of both polytypes 3C and 6H-SiC is evi-
denced through the contributions at −14.6, −20.4, and −24.7 ppm.
A amorphouslike SiC fraction is also revealed by the broad line
centered at −18 ppm.

TABLE I. Main physical properties of the two ncSiC samples
used in this study. The B.E.T. mean diameters are specified, as well
as the crystallite sizes evaluated from the XRD diffraction patterns,
and the corresponding crystalline structures. The electronic centers
evidenced by EPR are also indicated.

C/Si
�atomic�

dBET

�nm�
dXRD

�nm�
SiC

polytypes

Electronic sites

volume surface

S218 0.87 40 25-28 6H and 3C DI �VC� DIV

S237 1.02 40 25-28 6H and 3C DII �VC� DIII
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nonlinear optical susceptibility of the poled composites by
incorporating the SiC nanoparticles.

The poling procedure is therefore found necessary to
achieve a significant macroscopic response of the nanocom-
posite. Let us consider the probability p��� that a local mo-
lecular dipole �� is oriented at an angle � with regards to the

poling electric field E� p

p��� = p0e−�� f0E� p/kTp,

where f0 is the Onsager’s factor taking into account local
corrections, k is the Boltzmann’s constant, and Tp the poling
temperature. The poling procedure is a requirement to maxi-
mize p��� and to achieve a macroscopic noncentrosymmetry
in the nanocomposite through both the poling electric field

E� p and the temperature Tp. Figure 8 presents the evolution of
re versus the amplitude Ep and temperature Tp for sample
S218 in PMMA, and allow us to evaluate the suitable poling
parameters as Ep=15 V �m−1 and Tp=135 °C for this sys-
tem. Under these conditions, both the electric field and the
temperature are optimum to align the molecular dipolar cen-
ters through local reorganizations around the polymer chains,
while avoiding strong dipole-dipole interactions. The origin
and nature of these local dipoles will be discussed in the next
parts.

C. Role of the SiC/polymer interface

Figure 9�a� presents the evolution of re for the PMMA
matrices as a function of the ncSiC �S218 and S237� loading
in the composite. An increase of the EO coefficient is evi-
denced as the ncSiC content increases for both samples �up
to 5.11 and 7.59 pm/V for 1 wt. % of S218 and S237, re-
spectively�. This result is found in agreement with the influ-
ence of the ncSiC loading in the matrix on the EO response
of the hybrid composites. At a higher ncSiC content
�2 wt. % �, both nanocomposites exhibit slightly different
behaviors. The EO coefficient associated with the S218-
doped PMMA matrix reaches a maximum value of
5.47 pm/V up to 2 wt. % of ncSiC in the matrix. At the
opposite, higher particle content leads to a decrease of the
electro-optical coefficient re down to 2.26 pm/V for a con-
centration of 2 wt. % in the S237-doped matrix. Although
the EO effect is clearly correlated with the SiC loading in the
matrix, it is necessary to consider the size distribution of the
ncSiC in the PMMA matrix—or in the initial
ncSiC/polymer/solvent mixture which controlled the mor-
phology of the solid nanocomposite—for a better under-
standing of this tendency. Figure 9�b� presents the evolution
of the PCS diameters ds in the initial mixtures used to spin
cast the hybrid films. For the ncSiC concentrations up to
1 wt. %, the mean particle diameter in the solutions ds is
found close to the B.E.T. diameter of the initial nanopar-
ticles, both for sample S218 and S237 �39 nm and 40 nm,
respectively�. This result shows that the stirring process is
efficient up to this content and the increase of re is directly
linked with the increase of the SiC chromophore concentra-
tion. For a ncSiC content of 2 wt. %, the PCS measurements
reveal a mean particle diameter ds of 58 nm for sample S218
and 105 nm for sample S237 in solution with the PMMA.
The nanoparticles are then not fully dispersed in the initial
suspension previously to the spin-coating process, and larger

TABLE II. Experimental effective Pockels coefficient re of
PMMA based matrices incorporating 1% SiC nanocrystals S218.
The coefficients corresponding to unpoled and poled composites
�135 °C-15 V/�m−30 min� are presented.

re �pm/V�

unpoled poled

PMMA 0.10±0.01 0.20±0.02

PMMA - 1 wt. % S218 0.11±0.02 5.11±0.49

FIG. 8. Normalized effective Pockels coefficient of PMMA
+1 wt. % S218 nanocomposite as a function of the poling param-
eters: Temperature Tp �at fixed electric field Ep=15 V/�m� and
Electric field Ep �at fixed temperature Tp=135 °C�.

FIG. 9. �a� Effective Pockels coefficient re as a function of the
ncSiC �S218 and S237� loading in the PMMA polymer matrix. �b�
PCS mean particle diameter associated with the initial solution
ncSiC/PMMA/Chloroform used to deposit the film by spin-coating.
The B.E.T. diameter of the initial nanopowders is given for
comparison.
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aggregates are formed in the solution based on S237. The
decrease of re for this concentration can therefore be associ-
ated with a decrease of the interfacial area between the nano-
particles and the PMMA chains in the matrix. This result
evidences the role of the interface ncSiC-polymer in the lin-
ear electro-optical response of the composites. Unlike S237,
sample S218 presents better dispersion behavior up to
2 wt. % of particles with regard to the polymer. The appar-
ent saturation of the EO coefficient for this concentration
may arise from a slight agglomeration in the initial suspen-
sion, and/or higher dipole-dipole interactions. These cou-
plings, due to a high particle density, tend to prevent an
efficient alignment during the poling procedure. The next
parts are devoted to a study of the influence of the nanopar-
ticles surface state and polymer nature on the EO response of
the composites.

D. Influence of the ncSiC surface state

The influence of the nanoparticles surface state can be
determined by a comparison between the PMMA matrix in-
corporating 1 wt. % of S218 and S237 samples. Indeed, both
samples exhibit a mean particle diameter around 40 nm and
good dispersion properties in the initial blends
SiC/PMMA/chloroform. However, the EO characterizations
of the poled samples �Ep=15 V �m−1 and Tp=135 °C for
30 min� give an estimation of the effective Pockels coeffi-
cient re of 5.11 and 7.59 pm/V for samples S218 and S237,
respectively �Table III�. Both samples possessing similar dis-
persion behavior at 1 wt. % of ncSiC in the initial
SiC-PMMA-chloroform suspensions, this difference can be
explained from the influence of the nanoparticle surface
states on the interaction with the polymer. With the presence
of specific electronic defects associated with a silicon-rich
particle surface, sample S218 reacts with oxygen in ambient
conditions.22 The presence of these active centers is also re-
sponsible of a natural tendency to disperse in polar solvents,
as observed in water.16 At the opposite, the carbon-rich amor-
phous phases that partially cover the SiC core of the S237
nanoparticles are associated with the presence of dangling
bonds, whose reactivity is found limited with regard to am-
bient conditions.20 The origin of a different EO response for
the PMMA-based matrices can then be mainly attributed to
the different surface features revealed in the samples S218
and S237. A theoretical justification of such behavior can be
sketched from the Pockels tensor coefficients rijk. They are

related to the interaction between the quasistatic electric field
E applied on the sample and the second order susceptibility
�ijk

�2� of the medium through

rijk = −
1

nip
2 �ipk

�2� 1

nqj
2 ,

nij corresponds to the refractive index at the optical fre-
quency defined in the dielectric frame. The nonlinear suscep-
tibility corresponds to the spatial averaging �denoted by the
bra-ket notation� of microscopic contributions through the
quadratic local hyperpolarizabilities 	IJK �the capital sub-
scripts I, J, and K are defined in the microscopic frame of a
molecular dipole �� �

�ijk
�2� = N�	IJK

* 	 ,

where N represents the density of molecular dipoles �� in the
medium and the index “*” refers to the local corrections. The
present results suggest that the local hyperpolarizabilies en-
hancement originates in the interface region between the
ncSiC and the polymer chains. This observation is in accor-
dance with molecular dynamics and quantum chemistry cal-
culations on SiC clusters in a PMMA surrounding, which
shows that 	IJK of the PMMA matrix are enhanced by the
incorporation of the SiC clusters.25 This effect was found
linked to the existence of larger electric gradients at the
SiC/polymer interfaces, by a contribution of the polymer
chains to the local electric field seen by the ncSiC. The pres-
ence of dangling bonds in the carbon-rich phases on the
nanoparticles surface �S237� is plausibly at the origin of a
strong enhancement of the local hyperpolarizabilities. At the
opposite, a relative passivation of the silicon-rich S218 par-
ticle surface by oxidation26 could decrease these interactions
once incorporated in the polymer matrix. These results point
out the effect of the interfacial hyperpolarizabilities on the
observed phenomenon.

E. Influence of the polymer matrix

To study the influence of the polymer on the EO response
of the composites, two alternative polymers – PC and PVK –
have been investigated and compare to the PMMA matrix.
Prior to their deposition, the initial suspensions S218/
polymer/cholroform present a homogeneous dispersion for
the three different polymers, associated with a PCS diameter
ds close to the ncSiC particle diameter of S218. The three
nanocomposites have been poled under a poling electric field
of Ep=15 V �m−1 applied for 30 min, and by using opti-
mized poling temperature with regard to the glass transition
temperatures of the matrices �Tp

PMMA=135 °C, TP
PC

=160 °C, and TP
PVK=190 °C�. Figure 10 reports the corre-

sponding effective Pockels coefficient re for the three S218-
based composites �1 wt. % �. The higher EO response is
found for the PC matrix �7.42 pm/V�, followed by the
PMMA reference matrix �5.11 pm/V�. The PVK matrix
leads to a smaller EO parameter of 1.14 pm/V. An explana-
tion of this behavior lies in the different chemical nature of
the three polymers. The PC and PMMA polymers possess a
polar group C=O which exhibits high polarizability. The lo-

TABLE III. Effective electro-optical coefficients evaluated for
unpoled and poled PMMA matrices incorporating 1 wt. % of SiC
samples S218 and S237. The mean diameters of the initial nanopo-
wders are given, as well as the mean particle diameters measured by
PCS in the initial ncSiC/PMMA/chloroform suspensions.

C/Si
�atomic�

dBET

�nm�
ds �PCS�

�nm�

re �pm/V�

unpoled poled

S218 0.87 40 43 0.11±0.02 5.11±0.49

S237 1.02 40 48 0.20±0.02 7.59±0.74
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cal interaction with the dispersed SiC nanoparticles enhances
the molecular dipoles and then the second order nonlinear
susceptibility �ijk

�2�. With a similar chemical structure than
PMMA, the observation of a higher response for the PC
matrix can be understood through its thermal properties.
With a glass transition temperature Tg

PC=150 °C, the relax-
ation of the dipolar orientation in the PC matrix is slower at
room temperature than for the PMMA matrix �Tg

PMMA

=105 °C�. The higher thermal stability of the PC matrix can
then explain the higher EO response of the composites based
on this polymer. At the opposite, PVK is a photoconductive
polymer, since electrons associated with the carbazole group
can be delocalized in the polymer backbone under light irra-
diation. A local spreading of the electronic density could then
lower the interfacial polarization effects, leading to smaller
Pockels coefficients. It is worth noting that these tendencies
are observed for sample S237 as well �not presented here�.
Thus, the experimental observations presented in this work
demonstrate the role played by the interface ncSiC-polymer
in the linear EO properties of the hybrid nanocomposites.

F. Time evolution of the EO response

Finally, the time evolution of the EO response was inves-
tigated on sample S237 incorporated in the PMMA matrix
�1 wt. % �. Figure 11 reports the evolution of the Pockels
coefficient re versus time. A good stability of the EO re-
sponse is evidenced, with a relative decrease of re around
20% after 600 h �25 days�. A single exponential decay was
used to adjust the curve, and the corresponding relaxation
time was estimated to be at least ten times larger than in
PMMA-based matrix incorporating organic push-pull
molecules.27 The long time stability of the hybrid system
SiC/polymer could be understood through an improvement
of the nanocomposite thermal properties by the incorporation
of the inorganic ncSiC chromophores. However, further stud-
ies are required, especially at shorter time-scales �1 s�, to
discriminate the origin of the relaxation process in this sys-
tem.

IV. CONCLUSION

This work completes the analysis of all the process steps
which lead to electro-optical active nanostructured hybrid
materials based on wide band gap semiconducting nanopar-
ticles �SiC� and polymer host matrices �mainly PMMA�. The
elaboration process has been improved and the sample con-
figuration adapted to the electro-optical setup in order to
limit the mechanical contributions in the measured linear ef-
fective Pockels coefficient. The aim of this study was to gain
more insight about the physical origin of the electro-optical
phenomena in the hybrid SiC/polymer system. By using
complementary techniques �EPR, NMR, XRD, IR, etc.�, the
main features of the nanocomposites were revealed, thus al-
lowing us to investigate the influence of the local interface
SiC-polymer on the EO properties. We found that the main
factors which control the EO response of the nanocomposites
originate from the outermost nanocrystalline surfaces �struc-
ture, composition, active electronic centers� and depend on
the polymer nature �polarization, thermal properties, etc.�.
Additionally, by incorporating results from numerical simu-
lations extensively applied on these hybrid system from ato-
mistic approaches,25 a consistent interpretation is proposed
regarding the observed EO response. The origins of both the
macroscopic parameters �Pockels coefficients� and the mi-
croscopic local second order hyperpolarizabilities were dis-
cussed. The local polarizabilities at the origin of the phenom-
enon are involved intrinsically in the nanoparticle core and
extrinsically from the interfaces. The surrounding polymer
and the particle surface states are then found to enhance or
overcome the EO phenomena, depending on their identified
physical parameters. The main points of this interpretation,
supported by the experimental measurement of the corre-
sponding Pockels coefficients �re�, can be summarized here-
after:

�1� The evaluated Pockels parameters reveal an enhance-
ment of the EO properties of a PMMA matrix with the in-
corporation of SiC nanocrystals. Through the improvement
of the ncSiC dispersion in the matrix, controlled by photon
correlation spectroscopy on the initial mixtures
ncSiC/PMMA/solvent, a maximum value of re
=7.59±0.74 pm/V has been estimated for a PMMA matrix
incorporating 1 wt. % of ncSiC nanoparticles. This value is

FIG. 10. Effective Pockels coefficient re as a function of the
polymer nature �PMMA, PC, and PVK� for sample S218
�1 wt. % �.

FIG. 11. Time evolution of the effective Pockels coefficient re

for the sample S237 �1 wt. % � incorporated in the PMMA matrix.
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found larger than in crystalline SiC waveguides and in the
same order of magnitude than those associated with all-
organic guest-host systems.

�2� The combination of suitable experimental techniques
used to determine the specific properties of the nanocompos-
ites, allowed us to attribute the EO behavior as due to the
interface regions between the dispersed ncSiC and polymer
chains. In particular, by investigating nanoparticles with dif-
ferent surface states and compositions, the effects of nano-
particle surface reactivity and electronic defects on the EO
response were determined in this work. The quadratic hyper-
polarizabilities, at the origin of the probed nonlinear macro-
scopic susceptibility, are caused by these particular ncSiC
surface features, as well as by the polymer nature.
However, although the cell geometry is improved in order to

minimise the elasto-optical contributions, these latter remain
involved in the effective EO response of the hybrid compos-
ites. A definitive conclusion on the potential use of these
composites for light modulation requires a precise evaluation
of the ratio between elasto-optical and true electro-optical
contributions.
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