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Abstract—The spectral properties of a one-dimensional photonic crystal (PC) with a structure defect (a layer
of isotropic nanocomposite inserted between two multilayer dielectric mirrors) have been investigated. The
nanocomposite consists of spherical gold nanoparticles dispersed in a transparent matrix; it is characterized
by effective resonant permittivity. The dependence of the transmission and absorption spectra on the size and
concentration of nanoparticles is analyzed. It is shown that the transmission spectrum contains, along with
the band gap caused by Bragg diffraction of light, an additional nontransmission band due to the nanocom-
posite absorption near the resonant frequency.
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INTRODUCTION
Photonic crystals (PCs) are metamaterials with a

refractive index periodically varying in space; the
period value allows for Bragg diffraction of light. An
important property of PCs is the localization of elec-
tromagnetic waves on structural defects. In this case,
additional allowed levels arise in the PC band gap,
which correspond to localized defect modes. In the
case of one-dimensional PC, a defect layer inserted
between two multilayer dielectric mirrors behaves as a
structure of Fabry–Perot microcavity type, and the
localized defect modes are microcavity eigenmodes.
The position and transmittance of defect modes, as
well as the band gap shape and size, can be efficiently
controlled by varying the geometric and structural PC
parameters. New types of PC waveguides, nanocavi-
ties with a high Q factor, and low-threshold lasers have
been developed based on PCs with defect modes, and
some new ways were proposed to increase the effi-
ciency of nonlinear optical processes [1, 2].

New techniques for controlling light can be imple-
mented using a defect layer in a one-dimensional PC
in the form of an isotropic nanocomposite layer con-
sisting of spherical metal nanoparticles dispersed in a
transparent matrix [3–6]. SiO2- and TiО2-based
nanocomposite films containing spherical gold
nanoparticles were fabricated and investigated (both
experimentally and theoretically) in [7]. It was shown
that these nanocomposites are characterized by effec-
tive resonant permittivity, described by the Maxwell–

Garnett formula [8]. Note that SiO2 and TiО2 films
with gold nanoparticles dispersed in them are of great
interest as photovoltaic materials [7, 9]. In this paper,
we report the results of studying the spectral properties
of a one-dimensional PC with a defect layer in the
form of nanocomposite TiО2-based film [7], with
allowance for the size effects in gold nanoparticles.

DESCRIPTION OF THE MODEL

The PC structure under consideration is a layered
medium with a resonant defect nanocomposite layer.
The defect nanocomposite layer with thickness Wd
consists of gold spherical nanoparticles uniformly dis-
tributed over a dielectric titanium dioxide (TiO2)
matrix with permittivity εd = 4.57. The nanoparticles
in our study, as in [7], were assumed to be made of
gold, which is one of the most widespread materials for
plasmonics. The electron damping coefficient in the
Drude–Sommerfeld model for gold differs from that
for silver (used in [3–6]) by an order of magnitude.

The alternating layers forming a PC unit cell are a
zirconia (ZrO2) layer with permittivity εa = 4.16 and a
silicon dioxide (SiO2) layer with permittivity εb = 2.10.
The layer thicknesses are, respectively, Wa = 50 nm
and Wb = 74 nm. The PC structure is placed in a
medium with a permittivity equal to unity (air) and
consists of N = 19 layers, including the defect layer at
the center of symmetry of the structure.
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The effective permittivity of nanocomposite is
determined by the Maxwell–Garnett formula, which
is widely used in consideration of matrix media in the
form of isolated metallic inclusions (with a small vol-
ume fraction) dispersed in the matrix material:

(1)

where f is the filling factor (i.e., the fraction of
nanoparticles in the matrix) and εd and εm are, respec-
tively, the permittivities of the matrix and metal
(nanoparticle material). The Maxwell–Garnett model
implies a quasi-static approximation. Its main features
are that the nanocomposite layer is electrodynami-
cally isotropic, the nanocomposite inclusions in the
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dielectric matrix are located at distances greatly
exceeding their characteristic size, and this size is
small in comparison with the light wavelength in the
effective medium. The predictions of the Maxwell–
Garnett model of an effective medium are reliable for
a moderate fraction of inclusions with filling factor
f << 1 [10].

The permittivity of the nanoparticle metal will be
found using the Drude–Sommerfeld approximation:

(2)

where ε0 is a constant taking into account the contri-
butions of the interband transitions of bound elec-
trons, ωp is the plasma frequency, γ is the damping
coefficient (a value inverse to the electron relaxation
time), vF is the Fermi velocity, r is the nanoparticle
radius, and A is the effective parameter describing the
degree of coherence loss at electron scattering from
the surface. For gold, ε0 = 9.84, ωp = 9 eV, γ = 0.1 eV,
vF = 1.4 × 108 cm/s, and A = 1 [11, 12]. Figure 1 shows
the real and imaginary parts of the effective permittiv-
ity of the nanocomposite calculated from formula (1)
as functions of the incident light wavelength. The per-
mittivity is given for two values of filling factor f. Thin
lines show the permittivities calculated for particle
radius r formally tending to infinity (approximation of
unlimited material in the Drude–Sommerfeld for-
mula (2)).

The data in Fig. 1 indicate that the real and imagi-
nary parts of the nanocomposite permittivity, as well
as the position of the resonant frequency, depend
strongly on the real size and concentration of
nanoparticles in the nanocomposite.

CALCULATION RESULTS
The transmission and absorption spectra of the

structure under consideration were calculated by the
transfer-matrix method [13]. Figure 2 shows the trans-
mission and absorption spectra for defect-layer thick-
ness Wd = 70 nm and filling factor f = 0.13 [7]. The thin
line presents the seed spectrum of a PC containing a
defect titanium dioxide layer without nanoparticles.

Figure 2a shows that an additional nontransmis-
sion band arises in the transmission spectrum at the
wavelength corresponding to the resonant frequency
of nanocomposite (Fig. 1). The reason for this is that
gold has a large damping coefficient in the Drude–
Sommerfeld model (2); therefore, this band is due to
the absorption at the resonant plasmon frequency
(Fig. 2b), in contrast to the initial band gap of the seed
spectrum, which is related to the Bragg diffraction of
light. Thus, the transmission spectrum contains, along
with the band gap due to the Bragg diffraction of light,
a nontransmission band related to the nanocomposite
absorption near the resonant frequency. A decrease in
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Fig. 1. (a) Real (ε') and (b) imaginary (ε'') parts of the
effective permittivity of nanocomposite at filling factors f =
0.13 and 0.24 (solid and dotted lines, respectively). Thin
lines show the permittivity with the particle size disre-
garded and the bold lines describe the permittivity for par-
ticles with a radius r = 20 nm.

60
ε′

ε′′

40

20

900800700

(а)

(b)

600500400

900
λ, nm

800700600500400

0

0

−20

60

40

20

−20



68

OPTICS AND SPECTROSCOPY  Vol. 119  No. 1  2015

VETROV et al.

transmission is also observed, which is caused by
absorption of the microcavity eigenmode energy, and
a small frequency shift of the defect peak in the Bragg
band gap as a result of introduction of nanoparticles
into the nanocomposite. The transmission of the sys-
tem decreases when the nanoparticle size is taken into
account. The reason is that the nanocomposite per-
mittivity decreases when size effects are taken into
consideration (Fig. 1).

Figure 3 shows the transmission and absorption
spectra of the system for defect-layer thickness Wd =
90 nm and filling factor f = 0.24 [7]. The thin line
shows the seed spectrum of a PC containing a defect
titanium dioxide layer without nanoparticles.

Figure 3a presents also a nontransmission band
due to the absorption in nanocomposite at the reso-
nant frequency of nanocomposite permittivity; the
width of this band at a specified defect-layer thickness
(Wd = 90 nm) increased in comparison with the band
in Fig. 2a. This increase was accompanied by a change
in the transmission bandwidth between the Bragg
band gap and the nontransmission band due to
absorption. This effect can be used to design broad-
band light filters based on this structure. The decrease
in transmission for the defect peak in the Bragg band
gap and its frequency shift are more pronounced when
the filling factor increases. Consideration of the
nanoparticle size leads to a decrease in transmission,
as in the case presented in Fig. 2a.

Fig. 2. Dependences of the (a) transmittance T and
(b) absorption coefficient A of the system on the incident
light wavelength. The defect thickness is Wd = 70 nm. The
parameters are as follows: f = 0 (thin solid line); f = 0.13,
with the particle size disregarded (bold solid line); and
f = 0.13 and r = 20 nm (dotted line).

1.0
T

0.8

(а)

(b)

0.6

0.4

0.2

800700600500400300

800
λ, nm

700600500400300

0

1.0
A

0.8

0.6

0.4

0.2

0

Fig. 3. Dependences of the (a) transmittance T and
(b) absorption coefficient A of the system on the incident
light wavelength. The defect thickness is Wd = 90 nm. The
parameters are as follows: f = 0 (thin solid line); f = 0.24,
with the particle size disregarded (bold solid line); and
f = 0.24 and r = 20 nm (dotted line).
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Figure 4 shows absorption spectra for an isolated
nanocomposite film and for the same film incorpo-
rated into a PC structure.

It can be seen in Fig. 4 that introduction of nano-
composite into a PC leads to an increase in absorption
in separate frequency ranges, a circumstance that can
be useful for photovoltaics applications.

CONCLUSIONS

We showed that the possibility exists of changing
radically the spectral characteristics of a one-dimen-
sional PC using a defect nanocomposite layer with

inserted gold nanoparticles. The transmission and
absorption spectra depend strongly on the nanoparti-
cle concentration in nanocomposite. This effect can
be used to design broadband light filters based on
these structures. It is noteworthy that the transmission
spectrum contains, along with the Bragg band gap, a
nontransmission band due to the nanocomposite
absorption near the resonant frequency. When the
particle size is taken into account, the spectrum is
modified due to the dissipation effects: damping for
the unlimited metal volume and the processes of elec-
tron scattering from the nanoparticle surface. The
application of a PC cavity to increase absorption of
light in such a nanocomposite is promising for photo-
voltaics.
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Fig. 4. Dependences of the absorption coefficient A of a
nanocomposite film (thin line) and a PC with a nanocom-
posite defect (bold line) on the incident light wavelength.
Film thickness Wd = (a) 70 and (b) 90 nm.
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