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ABSTRACT

Azobenzene and azobenzene-containing polymers are intensively studied in the last decades because of their
high potential for various applications: polarization holography, holographic optical polarization-sensitive elements,
high-density storage by multiplexing, ptychography, etc. In this article are reported studies based on the optical
response of azopolymer poly[1-[4-(3-carboxy-4-hydroxyphenylazo)benzenesulfonamido]-1,2-ethan-ediyl, sodium
salt], (PAZO) thin films with embedded Au spherical nanoparticles with different sizes. We found that effective medium
approximations (Maxwell-Garnett and Bruggeman) are not satisfactory in evaluation of films optical response. The
complex refractive index of the composite film is evaluated as a dependence on three factors: 1) the PAZO matrix
complex refractive index; 2) volume scattering efficiency of the Au particle and 3) the filling factor of the composite
film. The scattering of a single particle in the azopolymer matrix is calculated using the exact vector Maxwell
equations. The particles with mean radius 10, 30 and 50 nm are treated as ensemble of non-aggregated spheres.
Multiple scattering by individual particles was ignored. Three specific filling factors of 0.008, 0.010 and 0.030 are
considered. The optical transmittance and absorption of a 440 nm thick composite film were evaluated. The algorithm
is efficient and the results are robust. The photoinduced spectral response of the composite layers is under study.
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INTRODUCTION

Azobenzene and azobenzene-containing polymers
are intensively studied in the last years because of their
high potential for various applications: polarization
holography, holographic optical polarization-sensitive
elements, high-density storage by multiplexing,
ptychography, etc. [1 - 6]. Azopolymer materials have
the ability to record the polarization state of light as
a result of film anisotropy induced under polarized
illumination. Typically, the recording and reproduction
of optical information in these materials is based on
birefringence induced by preferential orientation of
chromophores in the medium due to trans-cis-trans
photoisomerization. In recent years, scientists have
found that the combination of organic and inorganic
materials could improve a number of properties of
the obtained composites as electrical, optical and

mechanical properties [7, 8]. In this article, we present
numerical simulation of the optical response of thin
azopolymer film (PAZO: (poly[1-[4-(3-carboxy-4-
hydroxyphenylazo) benzenesulfonamido]-1,2-ethan-
ediyl, sodium salt])) with embedded golden (Au)
spherical nanoparticles with radius 10 to 50 nm and
filling factors 0.008, 0.010, 0.030 by calculation of
the complex refractive index of the composite film.
Nanoparticles with a radius greater than 50 nm have
no effect on photoinduced birefringence as shown in
our previous study [9]. In this work, we studied three
sizes of nanoparticles - 10, 30, 50 nm to determine
the optimum of the studied effect. The new task in
the future is to compare the obtained modeled optical
characteristics with the experimental ones. This work
is motivated by the search for the reason to increase the
photoinduced birefringence in azopolymer layers doped
with different nanoparticles [9 - 11]. The mechanism of
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this increase has not yet known. The aim to increase
the photoinduced birefringence is related to the desire
to improve the diffraction efficiency of polarization
holographic recording. The scattering of particles in
the polymer matrix is calculated using the exact vector
Maxwell equations. We developed codes for numerical
evaluation of the optical response: transmittance,
absorption and reflectance of a composite film with
thickness 440 nm. We show that the resonant peak
location is a sensitive function of the characteristics
of an Au particle - its size and refractive index. The
potential use of azopolymers with embedded Au
nanoparticles in photonics has also motivated studies
of their material properties. This is because, along
with the required optical characteristics, easy material
processing is highly desirable for future applications.

Computational procedures and model for evaluation
of the optical response

Our model assumes that Au spherical nanoparticles
are embedded in a thin solid PAZO matrix and are
homogeneously distributed. The PAZO complex
refractive index N,
calculations [12]. The Au complex refractive index N,
is derived from [13]. We varied the sphere mean radius

between 10 and 50 nm and the filling factors of the

is obtained from our previous

nanocomposite thin film used for the calculations are
with values of 0.008, 0.010 and 0.030.

Particle optical response in our model is analyzed by
the exact vector Maxwell equations [14]. The solutions
for two fields are obtained (the far-field scattered,
internal and near-field external electromagnetic fields).
Our model is based on separation of variables approach,
which is modified and applied on particles embedded
in azopolymer matrix. We use expansion coefficients,
which are also called multipole electric and magnetic
modes for estimation of the scattered fields. These
modes are functions of the particle size parameter x

= 2mrxN,, /A, where r is the sphere radius, N, is
the refractive index of our azopolymer, and A is the
wavelength in vacuum.

Set of codes has been developed for calculation of
optical response of the composite film. The sums are
truncated when the machine precision or saturation is
reached. The film optical characteristics (absorbance,
transmittance at normal light incidence and effective

refractive index N e//) are found automatically by a
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special program. The particles are considered as
ensemble of non-aggregated spheres. Further, we have
ignored multiple scattering by individual particles.
The transmittance of the composite film is evaluated
using the nanocomposite effective refractive index N, 7

= Noaro 1+infS(0)/k*v,
1-infS(0)/k3v,

N, (1)
where S(0) is the amplitude scattered by a particle in
the forward direction, v, is the sphere volume and f
is the filling factor (ratio of v to sample volume) [15,
16]. When the thin film is non-doped, i.e. no particles
are incorporated in the film, then the filling factor is
zero f= 0. The maximum filling factor for Au spheres is
f=0.03. Values of f~ 0.3 - 0.4 are considered as high
[15]. A low filling factor means that multiple scattering
between particles can be neglected.

RESULTS AND DISCUSSION

In this section we give the main results of our model
simulation and present some graphical illustrations. In
order to evaluate the effective refractive index of the
nanocomposite film we first calculate the scattering
amplitude matrix of a single Au sphere in PAZO
environment. The optical constants are found as
function of wavelength. We introduce the composite
film filling factor f as parameter. f is the ratio of the
volume of all embedded particles to the volume of
the film. In Figs. 1 and 2 we present the results for the
spectral transmittance and absorption change for /" =
0.008; 0.010 and 0.030 and compare it to f = 0, that is
no particles in the film in case of three different particle
sizes: radius of 10 nm, 30 nm and 50 nm.

In Fig. 1, the transmittance of nanocomposite thin
film as obtained from our model is shown. Fig. 1(a)
represents the case of 10 nm radius of nanoparticles,
Fig. 1(b) - 30 nm and Fig. 1(c) - 50 nm radius of NP.
The transmittance minimum obtains bathochromic
shift i.e. it is shifted towards red. Besides, the small
filling factor produce a higher transmission of the
nanocomposite film (curve pure PAZO and 0.008).
For a filling factor f'> 0.03, the peak of transmission
is reduced twice as compared to the curve 0.01 of
nanocomposite film with a smaller filling factor and
reduced three times for curve pure PAZO of pure azo
polymer film without particles. In conclusion, the
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optical behavior of transmission spectrum depends
highly on the composite film components ratio i.e.
filling factor and the size of the nanoparticles.

Fig. 2 shows the absorption changes of
nanocomposite with three nanoparticle sizes of the
mean radius (10 nm, 30 nm and 50 nm) and different
filling factors (0.008, 0.01, 0.03). For larger particles
and large filling factor, the changes in absorption
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Fig. 1. Transmittance of nanocomposite film - PAZO
with Au nanoparticles (mean radius of 10 nm (a); 30
nm (b) and 50 nm (c) and filling factor 0.008, 0.010 and
0.030).

spectrum decrease almost twice (curve 0.03).

In Fig. 3 the transmittances of nanocomposite
films doped with 3 different radii NPs depending on
the filling factor are compared. Three cases of filling
factors are considered. For larger filling factor, the peak
of transmission decreased twice. The minimum in the
transmission spectrum corresponds to maximum in the
absorption spectrum (Fig. 4).
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Fig. 2. Absorption change for the nanocomposite films
with Au nanoparticles with mean radius of 10 nm (a), 30
nm (b) and 50 nm (c) and the filling factor of the film 0.008
(curve 0.008), 0.010 (curve 0.01) and 0.030 (curve 0.03).
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Fig. 3. Transmittance of the nanocomposite films with
filling factor (a) /= 0.008, (b) /= 0.01, (c) /= 0.03; for
the pure PAZO thin film and nanocomposite films with Au
nanoparticles with mean radius of 10 nm, 30 nm and 50 nm.
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Fig. 4. Change of absorption of the nanocomposite films
with filling factor (a) f=0.008, (b) f=0.010 and f=0.030,
for the nanocomposite films with Au nanoparticles with
mean radius of 10 nm, 30 nm and 50 nm.
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CONCLUSIONS

We have developed accurate and flexible calculation
model for evaluation of the optical response of metal
nanoparticle spheres embedded in a polymer matrix.
Herein we considered the case with Au nanoparticles
and azopolymer matrix. The optical behavior of
composite thin film in our model has common features
that strongly correlated with each other. Considering
the absorption in the nanocomposite thin film, we find
that the absorption peak decreases with increasing
particle size and with a higher filling factor. This is due
to light scattering from the particles. The transmittance
and absorption depends highly on the composite film
components ratio: filling factor and the size of the
nanoparticles.
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