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Abstract
The optical Tamm states (OTSs) localized at the edges of a photonic crystal bounded by a
nanoporous silver (NPS) film are investigated. NPS involves spherical vacuum nanopores
dispersed in the metal matrix and is characterized by the effective resonance permittivity. The
transmission, reflection, and absorption spectra of the structures under study at the normal
incidence of light are calculated. It is shown that each Tamm state has its own frequency range
where the real part of effective permittivity is negative. The light field localization at the high-
and low-frequency OTSs is investigated. The specific features of spectral manifestation of the
OTSs are studied in dependence on the nanopore concentration in the metal matrix and on the
NPS film thickness.
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Introduction

In recent years, there has been an increased interest in a
special type of surface electromagnetic state excited at the
normal incidence of light that are called the optical Tamm
states (OTSs) [1, 2]. Such states are analogous to the Tamm
surface states in physics of condensed matter. They can be
excited between two photonic crystals with overlapping band
gaps [3] or between a photonic crystal (PC) and a medium
with negative permittivity ε [4]. The surface electromagnetic
wave at the interface between the PC and the medium with
ε<0 is a single unit with the surface plasmon, i.e., oscilla-
tions of free electrons near the conductor surface. In experi-
ments, the OTS manifests itself as a narrow peak in the
transmission spectrum of a sample [5, 6].

The OTSs can be used in sensors and optical switches
[7], Faraday- and Kerr-effect amplifiers [6, 8], organic solar
cells [9], and absorbers [10]. Symonds et al [11] experi-
mentally showed a laser based on the Tamm structure con-
sisting of quantum wells embedded in a Bragg reflector with
the silver-coated surface. Gazzano et al demonstrated the
possibility of implementation of a single-photon source on the

basis of confined Tamm plasmon modes [12]. The OTSs in
magnetophotonic crystals were investigated in [6, 13−15].
Gessler et al [16] investigated the electro-optically tunable
Tamm plasmon exciton polaritons. Savelev et al [17] pre-
dicted that the edges of a finite one-dimensional array of
dielectric nanoparticles with the high refractive index can
sustain the damped OTSs. Treshin et al [18] proposed and
implemented the extremely high-efficiency transmission of
light through a nanohole in a gold film, which was placed in
the light field localized at the interface between the film and a
one-dimensional PC. This effect is related to the field
amplification at the interface between the superlattice and
metal film due to the occurrence of the OTS. The hybrid states
were studied in [19, 20]. In [21], the analog of the surface
state in a structure containing a cholesteric liquid crystal was
found. It was shown that the condition for the existence of this
state is the presence of a quarter-wavelength layer between
the crystal and metal, which is explained by the polarization
properties of cholesterics different from the properties of
scalar structures. Later on, the chiral OTS was found in a
cholesteric liquid crystal [22]. As a metal layer, the authors
used a mirror made of an anisotropic metal-dielectric
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nanocomposite, which preserves polarization at reflection
[23]. Such a nanocomposite contains metallic particles of
spheroidal shape dispersed inside a transparent matrix. Its
characteristic feature is the resonance in the frequency
dependence of the effective dielectric constant due to the
surface plasmon resonance in metal nanoparticles. Propaga-
tion of surface waves of plasmon polariton type at the
boundary of dielectric medium and nanocomposite with silver
inclusions of spherical shape are studied in [24]. OTS at the
edges of the PC bounded by a nanocomposite with silver
nanoparticles characterized by the resonant effective dielectric
constant is explored in [25].

In addition, of great interest are the silicon-based porous
structures [26] and plasmon materials, including silver and gold.
These structures are fabricated using the chemical technique
[27], electrochemical technique [28], and pulsed laser deposi-
tion in vacuum [29]. It should be noted that the pulsed laser
deposition yields films with a thickness of up to 100 nm with
spherical pores randomly dispersed in a matrix. Kaganovich
et al [30] studied the polarization properties of such structures.
In [29, 31] these films are shown to have the properties of both
planar metal film and nanoparticles, respectively, demonstrating
the excitation of surface plasmon-polariton resonance and sur-
face resonance due to local plasmon resonances.

The aim of this study was to investigate the properties of
the OTSs localized at the edges of a PC bounded by a
nanoporous silver (NPS) film characterized by the effective
resonance permittivity. NPS has two frequency ranges where
the real part of its effective permittivity is negative. We
demonstrate that the use of such a material makes it possible
to obtain two OTSs inside one band gap. The spectral features
of the observed OTSs are investigated in dependence on the
structure parameters.

Description of the model and determination of
transmission

The PC structure under study is a layered medium bounded
by an NPS film on its one end (figure 1). A unit cell of the PC

is formed from materials a and b with respective layers
thicknesses da and db and permittivities εa and εb. The porous
silver layer with thickness dNPS contains spherical nanopores
randomly distributed in the metal matrix.

Hereinafter, we assume the PC structure to be placed in
vacuum. In accordance with the Maxwell−Garnett model, the
effective permittivity is expressed as [32]
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where f is the filling factor, i.e., the fraction of nanopores in
the matrix; εd and εM(ω) are the permittivities of the pores and
metal matrix, respectively; and ω is the radiation frequency.

The permittivity of silver is determined using the Drude
approximation
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where ε0 is the constant that takes into account the con-
tributions of interband transitions of bound electrons, ωp is the
plasma frequency, and γ is the reciprocal electron relaxa-
tion time.

Transmission of a planar light wave polarized along the x
axis and propagating along the z direction was calculated
using the transfer matrix technique [33]. The light field
variation upon transmission through each layer of the struc-
ture is determined by the second-order transfer matrix. The
transfer matrix of the entire structure, which relates ampli-
tudes of the incident and transmitted waves, is a product of
2×2 matrices
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here, h=(εn/εn−1)
1/2, ε(n) is the permittivity of the n layer,

αn=(ω/c)ε(n)1/2, c—is the speed of light, and γn=zn−zn
−1 is the layer thicknesses, where n=1, 2,K, N, zn is the
coordinate of the interface between the n layer and the
(n+1) layer adjacent from the right (γN+1=0). The transfer
matrix for the orthogonally polarized wave is obtained from
equation (6) by substituting (εn−1/εn)

1/2 for h. The energy
coefficients of transmittance, reflectance, and absorbance are
determined using the respective formulas
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Here, M11
ˆ and M21

ˆ are the elements of matrix M̂ .

Results and discussion

Let us consider the OTSs implemented in the form of
standing surface waves localized at the interface between the
PC and isotropic NPS layer. NPS is characterized by the

Figure 1. Schematic of a 1D PC conjugated with the nanoporous
silver layer.
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effective complex permittivity εNPS(ω)

e w e w e w= ¢ + i . 6NPS NPS NPS( ) ( ) ( ) ( )

For certainty, we will investigate zirconium dioxide ZrO2

with the permittivity εb=4.16 and vacuum with the
permittivity εa=1 as materials of alternating layers. The
layer thicknesses are da=100 nm and db=40 nm and the
number of layers is N=11.

The NPS layer with a thickness of dNPS=100 nm is a
metal matrix with uniformly distributed vacuum pores with
εd=1. The parameters of silver are ε0=5, ωp=9 eV, and
γ=0.02 eV. The frequency dependences of the real and
imaginary parts of permittivity calculated using formula (1)
show that the frequency ω corresponding to the resonance in
the defect layer shifts toward higher frequencies with an
increase in the volume concentration of nanopores. In this
case, the half-width of the resonance curve e wNPS ( ) changes
insignificantly, the curve e w¢NPS ( ) is noticeably modified, and
the frequency range at which e w¢ < 0NPS ( ) narrows. As an
example, figure 2(a) shows the dependences ε′(ω) and ε″(ω)
for silver and porous silver with a filling factor of f=0.2.
The resonance observed at a frequency of ω=0.4321ωp with
a corresponding wavelength of λ=317.7 nm is caused by
the plasmon resonance on the surface of individual nano-
pores [34].

Descending the real part of the complex permittivity of
the NPS, at frequencies below ω=0,4321ωp, is a con-
sequence of growth in the contribution of the second term in
(2) in the dielectric constant of silver.

It should be noted also that the imaginary part of complex
permittivity in the frequency range from 0.2ω/ωp to 0.4ω/ωp

for NPS acquires the values smaller than the imaginary part of
permittivity of ordinary silver and, as a consequence, weakens
dissipations in the system (figure 2(b)).

The transmission spectrum for the structure with an NPS
layer thickness of dNPS=100 nm and a filling factor of
f=0.1 is presented in figure 3(a).

It can be seen that two transmission peaks are formed
inside the band gap at frequencies of ω1=0.4177ωp and
ω2=0.437ωp. At the wavelength of the transmission peak
the light field is localized at the boundary between the PC and
NPS layer and exponentially decreases in either direction. In
fact, the light keeps locked between two mirrors—Bragg and
metal, since the OTS wavelength falls into the bang gap of the
PC and in the region of negative values of the real part of the
NPS effective permittivity. Each Tamm state corresponds to a
frequency range with a negative real part of the complex
dielectric constant (figure 2(a)). High-frequency peak is
caused by localized plasmons near the nanopore, the low-
frequency peak corresponds to the excitation of OTS on the
border of the metal layer and the PC.

The permittivities of porous silver at these frequencies
are εNPS(ω1)=−0.1369+0.0549i and εNPS(ω2)=−0.4448
+ 0.0846i, respectively. The established OTSs exist only in
very narrow frequency ranges, where the real part of effective
permittivity of NPS acquires negative values.

The low transmittance at the OTS frequencies is
explained by the fairly strong absorption of the NPS layer
and, consequently, low reflectance at the corresponding
frequencies.

At the frequency ω1 absorptance and reflectance of
incident radiation are 62.7% and 34.5%. For frequency ω2

these values are 92.5% and 0.85% respectively. Such a strong
absorption in a narrow frequency range is due to plasmon
resonance on the surface of the nanopore. Additional central
peak at the frequency ω=0.4282ωp in the absorption spec-
trum of the NPS-PC structure corresponds to the resonant
frequency of effective dielectric permittivities (figure 2(a)).

The local intensity distribution for the modes with the
frequencies corresponding to the Tamm states is illustrated in
figure 4.

It can be seen that the light field localization at the high-
frequency OTS exceeds the localization at the low-frequency
OTS by 40%. Note also that the light field in the OTS is

Figure 2. (a) Dependences of the imaginary (ε″(ω)) and real (ε′(ω)) parts of effective permittivity on normalized frequency ω/ωp for silver
(εM(ω)) and nanoporous silver (εNPS(ω)) with a filling factor of f=0.2. (b) The e wNPS ( ) and e wM ( ) values in the vicinity of the first band gap
of the initial photonic crystal (see figure 3(a)).
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Figure 3. Transmission spectra of (a) the initial PC (long-dash line) and PC conjugated with the porous silver layer (solid line), (b) reflection
spectra, and (c) absorption spectra of the NPS-PC system at εb=4.16 and εa=1. The respective layer thicknesses are da=100 nm and
db=40 nm. The NPS layer thickness is dNPS=100 nm and the filling factor is f=0.1.

Figure 4. Field intensity distribution for (a) the low- and (b) high-frequency OTSs. Color vertical bands show the positions of layers of the 1D
PC and conjugated nanoporous silver layer.
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localized in the region comparable with the wavelength. Such
a model with two highly localized states with close fre-
quencies can be used to design a laser based on the OTSs
[35, 36]. In recent years, two- [37] and three-mode lasers [38]
attract much attention. In the model proposed by us, in con-
trast to the model described in [37], modes are insensitive to
the polarization of incident light, so they can be observed
simultaneously.

The observed OTSs are extremely sensitive to the filling
factor and NPS layer thickness, since the transmission peaks
are very close to the plasmon resonance on the pore surface
and, consequently, to the absorption band of porous silver.

The transmission spectra of the structure under study at
different filling factors and NPS layer thicknesses are shown
in figure 5.

Note that the growth of the filling factor leads to repulsion
of the OTS frequencies (figure 5(a)). The calculations show
that such a behavior of the OTS frequencies is caused by an
increase in the degree of overlap of the localized mode fields.

In this case, the transmission at the OTS frequencies
drops due to an increase in the absorption by NPS. Therefore,
to obtain two Tamm states, it is favorable to use weakly
porous silver structures with a filling factor of f≈0.1.

Variation in the NPS film thickness does not lead to the
frequency shift of the Tamm states and affects only the
transmission at their frequencies. In this case, the maximum
transmission at the OTS frequency for the low-frequency
peak is attained at a film thickness of dNPS=152 nm and for
the high-frequency peak, at dNPS=97 nm (figure 5(b)).

Conclusions

We investigated the spectral properties of a 1D PC bounded
by a resonantly absorbing NPS layer thickness consisting of a
silver matrix with spherical nanopores. The results were
obtained using the transfer matrix technique. The spectral
manifestation of the OTS is caused by the negative effective

resonance permittivity of the NPS layer in the visible spectral
range.

For the first time, two Tamm states were obtained inside
the initial photonic crystal with the use of the NPS film. It was
demonstrated that each Tamm state has its own frequency
range with the negative real part of effective permittivity. The
light field localization at the OTS frequencies was studied.

In the case of a planar metal film (filling factor f=0) in
the transmission spectrum of the structure, as expected, there
is a single peak corresponding to the excitation of OTS.

The spectral dependence of the Tamm states on the filing
factor of the NPS film was obtained. It was established that an
increase in the filing factor leads to an increase in the fre-
quency distance between the transmission peaks corresp-
onding to the OTSs. The dependence of the transmission
spectrum of the photonic-crystal structure in the NPS film
thickness was studied. It was demonstrated that the growth of
the filling factor leads to repulsion of the OTS frequencies and
that such a behavior of the OTS frequencies is caused by an
increase in the degree of overlap of the localized mode fields.
The results can be used for two-mode lasing through OTS.
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