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Abstract—Coupled optical Tamm states localized at the edges of a photonic crystal enclosed with a
nanocomposite are theoretically studied. The nanocomposite consists of nanoparticles with a dielectric
core and a metal shell, which are dispersed in a transparent matrix. It is shown that the positions of the
spectral peaks are sensitive to the thickness of the outermost photonic crystal layer.
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1. INTRODUCTION

Recently, extensive investigation has been given
to a special type of localized electromagnetic states
(optical Tamm states (OTSs)) that can be excited by
light normally incident on the sample [1,2]. These
states are an analogue of the Tamm surface state in
solid state physics. The OTS can be excited between
two different photonic crystals (PCs) that have over-
lapping bandgaps (BGs) [3] or between a PC and
a medium with negative permittivity ¢ (plasma-like
medium) [4, 5]. The surface electromagnetic wave at
the interface of the PC and the medium with £ <0
is an inseparable whole with the surface plasmon—
oscillations of free electrons near the conductor sur-
face. This coupled mode of the radiation field and
the surface plasmon excitation is termed the Tamm
plasmon polariton (TPP). The OTS experimentally
manifests itself as a narrow peak in the sample trans-
mission spectrum [6, 7].

Potential applications of surface modes and OTSs
are sensors and optical switches [8], multichannel
filters [9], Faraday rotation amplifiers, Kerr effect am-
plifiers [10], organic solar cells [11], and absorbers
[12].

When the PC is bounded on both sides by a
plasma-like medium, coupled TPPs can be obtained
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[13]. In [5] it was shown that coupled TPP could
be obtained using a metal—dielectric nanocomposite
(NC) as a plasma-like medium. The position of the
frequency interval in which the NC is similar to metal,
i.e., where Re(e(w)) <0, depends on the permittivity
of the NC materials and the concentration and shape
of its filling nanoparticles. This opens up wide pos-
sibilities of controlling optical properties of OTSs by
varying NC parameters.

In this work we investigate the effect of the struc-
ture parameters on the spectral manifestation of the
coupled TPPs occurring in a PC bounded on both
sides by an NC consisting of core-shell particles. The
spectral properties of the PC are calculated using the
transfer matrix method.

2. MODEL

The PC used consisted of alternating silicon
dioxide (SiO2) and zirconium dioxide (ZiO2) layers
with the respective permittivities and thicknesses
€,=2.10, Wo=74nm and ¢,=4.16, W, =>50nm.
The PC was bounded on two sides by an NC layer
with the thickness Wy = 150 nm, which consisted of
core-shell layered spherical nanoparticles uniformly
distributed in a dielectric matrix of transparent optical
glass with the permittivity ey, =2.56. The structure
consisted of N =17 layers, including NC layers, and
was placed in a medium (air) with the permittivity of
unity (Fig. I(a)).
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Fig. 1. (a) Schematic view of a one-dimensional photonic
crystal bounded by nanocomposite layers, (b) nanopar-
ticle cross section, and (c) effective permittivity of the
nanocomposite. Parameters: f=0.3, rc/rs=0.3, em =
2.56, and e = 3.

The effective permittivity of the nanocomposite is
defined by the Maxwell—Garnett formula

3fa
1—fa)’ ()

szsm(1+

where f is the filling factor, i.e., the volume fraction
of nanoparticles in the composite. The parameter
« is proportional to the dipole polarizability of the
layered nanoparticle. For a spherical particle with
the core permittivity e, and the shell permittivity e
in a medium with the permittivity ey, this parameter
is defined by the expression [14, 15]

_ (es —em)(ec + 2e5) + Bem + 265)(ec — €5)
(65 + 2em)(c + 265) + 26(es — em)(6c — &5)’
(2)
where 3= (r¢/rs)? is the ratio of the particle core
volume to the total particle volume (Fig. I(b)). In the
structure under consideration, nanoparticles consist
of a dielectric core with the permittivity e.=3 and a

silver shell with the permittivity e5 expressed by the
Drude—Sommerfeld formula [14, 15]

w2

v (3)

es(w) = g0 — m,

PHYSICS OF WAVE PHENOMENA Vol.25 No.3 2017

where ¢¢ is the constant to allow for contributions
from interband transitions of bound electrons, wy, is
the plasma frequency, « is the damping factor (the
inverse of the electron relaxation time), and w is the
incident light frequency. For silver, eg =5, hwp =9¢V,
and hry=0.02¢V.

Figure 1(c) shows calculated dependence of the
effective NC permittivity on the incident light wave-
length for our chosen parameters of the nanocom-
posite. It is evident from the figure that there arise
two, shortwave and longwave, resonant parts of the
permittivity, which are related in nature to the plas-
mon resonance of the nanoparticles. An increase in
the core permittivity results in increasing shortwave
resonant part of the permittivity, while its longwave
part decreases. As the matrix permittivity increases,
the situation is reverse. In addition, both resonances
redshift. A decrease in the shell thickness results in
enhanced coupling of plasmons localized at the shell
boundaries, and the shortwave resonant part of the
permittivity is seen to blueshift while the longwave
part redshifts. When the real part of the NC permit-
tivity becomes negative, the NC becomes similar to a
metal mirror.

3. RESULTS OF CALCULATIONS

Figure 2(a) shows the dependence of the structure
transmission spectrum on the thickness d of the first
SiOy layer immediately adjacent to the NC layer.
Two transmission peaks are seen near the shortwave
boundary of the PC BG. As was shown in [16], these
peaks correspond to coupled TPPs. The light field
at the wavelength of these peaks is localized at the
interface between the PC and NC layers and expo-
nentially decays through the depth of the superlattice
and the composite. In fact, the light turns out to
be between two mirrors, the Bragg and the metal
ones, because the OTS wavelength falls within the
bandgap of the photonic crystal and is also in the
region of negative values of the real part of the NC
permittivity. Figure 2(b) shows wavelength repulsion
of the peaks corresponding to the coupled TPPs.

[t is evident from Fig.2 that the positions of the
peaks and distances between them appreciably vary
with the first-layer thickness d. The peak splitting
is due to removal of degeneracy that arises from the
coupling of the optical Tamm modes localized at the
interface. As was pointed out in [17], the increase
in the thickness of the first PC layer immediately
adjacent to the plasma-like medium (in our case it is
the NC with the negative real part of its permittivity in
this wavelength range) entails an increase in the OTS
wavelength (shown by dots in the figure) and thus a
change in the wavelength of the OTS localized at the
interface of the NC and the layer of variable thickness.
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Fig. 2. (a) Calculated system transmission spectrum as
a function of the first SiOy layer thickness d at nor-
mal incidence of light (Tmax = 0.9144) and (b) scaled-up
motion of the peaks corresponding to the Tamm plas-
mon polaritons (Tmax = 0.4124). Maxima of transmission
peaks are shown for the number of PC layers N =17
(solid curve) and N =13 (x). Dots and circles show the
OTS positions for the NC—PC and PC—NC structures
respectively. Parameters: f=0.3, rc/rs =0.3, em =2.56,
and e. = 3.

The wavelength of the second OTS localized at the
other PC interface does not change (shown by circles
in the figure). Wavelength tuning of the coupled OTS
modes results in increasing distance between the
peaks. This behavior of the dispersion curves is called
quasi-intersection. The distance between the peaks
reaches the minimum at d=74nm, i.e., when the
structure becomes symmetric and the wavelengths of
the coupled Tamm modes coincide, their dispersion
curves intersect.

Considerable dependence of the transmission peak
positions on the thickness of the first PC layer opens
up a possibility of developing a tunable filter on the
basis of a similar structure. To this end, the first layer
should be shaped as a sharp wedge. The boundaries
of the layer stop being plane parallel, but the one-
dimensional approximation will remain valid if an ap-
propriate optical beam aperture is chosen.

When the number of the PC layers decreases,
the wavelength distance between the peaks corre-
sponding to the coupled TPPs increases (splitting
increases). This is because the distance between the
NC layers decreases and the spatial overlapping re-
gion of coupled Tamm modes increases, which leads
to stronger coupling of the modes and splitting of the
peaks (see Fig. 2(b)).

Figure 3(a) depicts behavior of peaks correspond-
ing to coupled TPPs with varying angle of incidence
of s-polarized light on the structure. The wavelengths
of the OTSs independently excited on both PC—NC
interfaces coincide; therefore, no quasi-intersection
is observed. As the angle of incidence of light in-
creases, the wavelength of each coupled OTS de-
creases, which leads to a decrease in the wavelengths
corresponding to the split peaks. As the angle of
incidence increases, the field at the OTS wavelength
faster decays through the PC depth, and the spatial
overlapping region of interacting Tamm modes de-
creases, which results in their weaker coupling and
a decrease in the peak splitting. They asymptotically
approach the wavelength of uncoupled OTS: degen-
eracy of the states decreases. Crosses in the figure
show that the distance between the peaks increases
with decreasing number of PC layers.

There are technologies for production of nanopar-
ticles that allow varying the core and shell size in a
wide range [15]. This opens up an additional pos-
sibility of tuning transmission peak positions during
the production of these structures. Figure 3(b) shows
motion of peaks as the ratio r./rs increases. It is
evident from the figure that the peaks redshift. This is
because the NC permittivity has two resonant regions
corresponding to two surface plasmons localized in
the particle at two interfaces of the metal shell with
the core and the matrix (see Fig. 1(¢)). In our calcu-
lations a stronger longwave resonance corresponding
to the outer boundary is manifested. As the thickness
of the shell decreases, the coupling of the plasmons
localized on its boundaries becomes stronger, and
mode repulsion is observed, that is, the shortwave
edge of the resonant region of the permittivity moves
towards shorter wavelengths and the longwave edges
moves towards longer wavelengths. Therefore, the
region of negative values of the real part of the NC
permittivity redshiits, as also does the wavelength of
the OTSs localized at the PC edges (shown by dots
in the figure). The mechanism for the decrease in the
splitting of the peaks corresponding to the coupled
TPPs is the same as for the increase in the angle of
incidence of light, being connected with the sharper
decay of the field through the depth of the structure at
the OTS wavelength.

Figures 3(c,d) show the motion of the peaks as a
function of the nanoparticle core and nanocomposite
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matrix permittivity. As the permittivity of the core
and the matrix increases, both resonances of the NC
permittivity redshift. Therefore, the region of negative
values of the real part of the NC permittivity also
redshifts, as also does the wavelength of the OTSs
localized at the PC edges. The mechanism for the de-
crease in the peak splitting is the same as in Fig. 3(a).

The peak positions can also be controlled by vary-
ing the filling factor f (Fig. 3(e)). As f increases, the
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Fig. 3. (a) Calculated system transmission spectrum as
a function of the angle of incidence 6 (Tmax =0.4637),
(b) ratio of the core radius r. to the particle radius rs
(Tmax =0.4078), (c) core permittivity (Tmax =0.4096),
(d) matrix permittivity (Tmax =0.4077), and (e) filling
factor f (Tmax =0.4519). Maxima of transmission peaks
are shown for the number of PC layers N =17 (solid
curve) and N =13 (x). Dots show the OTS positions for
the NC—PC and PC—NC structures (curves coincide).
If the parameters do not change, their values are f=0.3,
re/rs=0.3, em =2.56, and . =3, and 6 =0.

region of negative values of the real part of the NC
permittivity corresponding to the longwave permittiv-
ity resonance blueshiits, as also does the wavelength
of the OTSs localized at the PC edges. Consequently,
the split peaks also blueshift. The field decay at
the OTS wavelength through the PC depth becomes
slow, and the spatial overlapping region of the inter-
acting Tamm modes increases, which leads to their
stronger coupling and higher peak repulsion.

4. CONCLUSIONS

Spectral properties of a one-dimensional photonic
crystal bounded by nanocomposite layers of nanopar-
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ticles with a dielectric core and a metal shell are
theoretically studied.

[t is shown that positions of split transmission
peaks corresponding to coupled Tamm plasmon po-
laritons can be controlled by varying the nanocom-
posite parameters.

The dependence of the positions of the split peaks
on the thickness of the first layer of the photonic
crystal and on the angle of incidence can help in
development of tunable filters based on this structure.
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