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A B S T R A C T   

The possibility of creating a polarization-sensitive absorber on the basis of the splitting of a Tamm plasmon 
polariton at the interface between a metallic film and an anisotropic nanocomposite layer conjugated with a 
photonic crystal is theoretically predicted. The effect of geometrical parameters on the optical absorption spectra 
under the critical coupling conditions is discussed. It is shown that, changing the polarization of the radiation 
falling onto the structure along its normal, one can control the absorption at the Tamm plasmon polariton 
wavelength.   

1. Introduction 

Tamm plasmon polariton (TPP) is a special electromagnetic surface 
state in which the field decays exponentially on each side of the surface 
and energy transfer along the surface can be stopped [1,2]. In contrast to 
the surface plasmon polariton, such a state can be excited for both s −
and p − polarized waves at angles smaller than the total internal 
reflection angle [3,4]. The TPPs manifest themselves in experiments as 
narrow resonances in the optical spectrum of a sample at wavelengths 
within the photonic crystal (PhC) band gap. The TPP phenomenon un
derlies quite a number of fundamentally new devices, including switches 
[5], lasers [6,7], white organic light-emitting diodes [8], emitters [9], 
beem steering [10], sensors [11–13], and optical absorbers [14–17,18]. 
Optical absorbers have recently attracted particular attention due to 
their potential for application in solar energy [19,20], sensing [21], 
thermal radiation [22], visualization [23], and water splitting [24]. 

To form the TPPs and create devices based on them, planar metallic 
films conjugated with PhCs are conventionally used. The possibility of 
optimizing the optical properties of such structures by changing the 
parameters of a metallic film are limited to the choice of its material and 
thickness. New opportunities are thin nanocomposite (NC) layers used 
as structural elements. The effective optical parameters of an NC 

consisting of metal nanoparticles suspended in a dielectric matrix are 
caused by the plasmon resonance of nanoparticles and can take unique 
values in the optical range that are not inherent in natural materials 
[25–28]. In particular, in [29], we demonstrated the effect of TPP 
splitting implemented at the interface between a metallic film and an 
isotropic NC conjugated with a 1D PhC when the resonance frequency of 
the isotropic NC coincided with the TPP frequency. 

Of particular interest are absorbers with the high polarization 
sensitivity [30]. Therefore, the structures containing optically aniso
tropic materials are advantageous in designing polarization-sensitive 
devices [31–33]. These are, for example, anisotropic metal-dielectric 
NCs, in which the optical anisotropy can be obtained by introducing 
nanorods [34–37], disks [38], triangular nanoprisms [39,40], or nano
cubes [41] into the matrix. 

The available technique for manufacturing such materials by self- 
assembly [42–45–48] makes it possible to align nanoparticles in the 
only spatial direction and thereby determines the optical properties of 
obtained NCs. Also, the production of anisotropic NC is possible by 
stretching glass slabs containing spherical nanoparticles. In particular, 
this technique is used in commercially available dichroic polarizers, 
which employ glasses containing elongated silver or copper nano
particles [49]. The laser-induced anisotropy of the metal nanoparticles 
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manifests itself in the polarization sensitivity of the optical absorption 
spectra [50]. 

In this work, we propose theoretically and demonstrate numerically 
a polarization-sensitive absorber consisting of a metallic film and an 
anisotropic NC layer conjugated with a PhC mirror. The features of the 
frequency splitting of TPPs localized at the interface between two mir
rors are presented in dependence on the volume fraction of nano
particles and aspect ratio between the polar and equatorial semiaxes of 
the anisotropic NC spheroids, which makes the transmittance spectra 
polarization-sensitive. The proposed device is expected to be used in 
optical absorbers, switches, and narrow-band selective filters. 

2. Description of the model 

Figure 1 shows a schematic of the proposed polarization-sensitive 
absorber, which consists of a metallic film, an anisotropic NC layer, 
and a 1D PhC. The PhC unit cell consists of alternating layers of silicon 
dioxide SiO2 with a permittivity of εa = 2.10 and zirconium dioxide ZrO2 
with a permittivity of εb = 4.16 with respective thicknesses da and db. 
The lattice period is L = da + db. The number of PhC periods is 12. The 
metallic film is characterized by permittivity εm. The medium sur
rounding the structure is assumed to be vacuum. 

The anisotropic NC layer with thickness d consists of metal nano
particles in the form of spheroids (ellipsoids of revolution) uniformly 
distributed over a dielectric matrix and oriented along the rotation axis 
coinciding with the y axis. The permittivities ε‖ and ε⊥ are determined 
using the Maxwell–Garnett model widely used in studying matrix media, 
in which isolated inclusions are dispersed in a small volume fraction in 
the matrix material [51]: 

ε‖,⊥(ω) = εd

[

1 +
f (εm(ω) − εd)

εd + (1 − f )(εm(ω) − εd)L‖,⊥

]

, (1)  

here, f is the filling factor, i.e., the volume fraction of nanoparticles in 
the matrix, εd and εm(ω) are the permittivities of the matrix and nano
particle metal, ω is the radiation frequency, and L‖,⊥ are the depolari
zation factors depending on the aspect ratio ξ between the lengths of the 
polar (a) and equatorial (b) spheroid semiaxes and on the field direction. 
The polar axis is directed along the y axis, the equatorial axis of the 
nanoparticle is directed along the x axis. For the field directed along the 
spheroid rotation axis, the factor L‖ is expressed as: 

L‖ =
1

1 − ξ2

[

1 − ξ
arcsin

̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − ξ2

√

1 − ξ2

]

. (2) 

For the field perpendicular to the spheroid rotation axis, we have: 

L⊥ = (1 − L‖)∕2, (3)  

where ξ = a∕b. The ξ value is determined by the ratio between the 
lengths of the polar and equatorial semiaxes of the ellipsoid. At ξ < 1, a 
nanoparticle is an oblate ellipsoid of revolution and, at ξ > 1, the 
elongated one. The case ξ = 1 corresponds to the isotropic NC with L⊥
= L‖ = 1∕3 at ε‖ = ε⊥ = εeff. 

The permittivity of the nanoparticle metal is determined using the 
Drude–Sommerfeld approximation: 

εm(ω) = ε0 −
ω2

p

ω(ω + iγ)
, (4) 

Fig. 1. Schematic of the investigated structure consisting of a silver film, an anisotropic NC and a 1D PhC.  

Fig. 2. Real and imaginary parts of the effective permittivities ε‖,⊥ as functions of the wavelength, Eq. (1). The NC film parameters are εd = 2.56, ε0 = 5, ℏωp = 9eV, 
ℏγ = 0.02eV [53],and f = 1% and aspect ratios ξ between lengths of the polar and equatorial nanoparticle semiaxes are (a) ξ = 0.8 and (b) ξ = 1.2. 
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where ε0 is the constant taking into account the contributions of inter
band transitions, ωp is the plasma frequency, and γ is the reciprocal 
electron relaxation time. 

The ε‖,⊥(ω) function is complex: 

ε‖,⊥(ω) = Reε‖,⊥(ω) + iIm(ε‖,⊥(ω)). (5) 

The model under study assumes the orientation of all spheroids in 
one direction, in which case the optical resonances corresponding to the 
longitudinal and transverse polarizations of ellipsoids can be excited 
separately, for which it is sufficient to orient the direction of oscillations 
of the electric field vector of the light wave either along or across the y 
axis (optical axis of NC). In the case of chaotic orientation of ellipsoids, 

Fig. 3. Reflectance spectrum of the structure vs thickness d at the parallel polarization of light at (a) ξ = 0.8 and (c) ξ = 1.2 and the perpendicular polarization of 
light at (b) ξ = 0.8 and (d) ξ = 1.2 relative to the NC optical axis; f = 1%. The silver layer thickness is 70 nm and the PhC consists of 25 alternating ZrO2 and SiO2 
layers with da = 74 nm,db = 50 nm. White and red dashed lines are shown the NC resonance wavelength and TPP wavelength in the case of f = 0, respectively. 

Fig. 4. Reflectance spectra of the structure at different filling factor f at the parallel polarization of light at (a) ξ = 0.8 and (c) ξ = 1.2 and the perpendicular po
larization of light at (b) ξ = 0.8 and (d) ξ = 1.2 relative to the NC optical axis; dNC = 50 nm and other parameters are the same as in Fig. 3. 
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the polarizability of both the longitudinal and transverse polarization of 
the external light wave will depend simultaneously on both components 
of the dielectric constant Eq. (1), which will lead to hybridization of 
resonances [52]. 

3. Results and discussion 

Figures 2a and 2b show the resonance frequency dependences of the 
real and imaginary parts of the effective permittivity of the anisotropic 
NC film calculated using Eq. (1) for the oblate (flattened) ellipsoids at 
ξ = 0.8 and prolate (elongated) ellipsoids at ξ = 1.2 with a constant 
filling factor of f = 1%. It can be seen that the resonance frequencies 
depend on the electric field direction relative to the optical axis of NC 
and the aspect ratio ξ between the lengths of the polar and equatorial 
nanoparticle semiaxes. The difference between the resonance 

frequencies of permittivities ε‖ and ε⊥ leads to the dependence of the 
optical properties of the NC on the polarization of an incident wave. 

In particular, for the oblate ellipsoids, the resonances are observed at 
wavelengths of 413.2 and 456.6 nm, while for the prolate ones, at 466.9 
and 428.9 nm. Therefore, depending on the polarization of the incident 
light, the positions of the anisotropic NC resonances are separated by 
43.4 and 38 nm for the oblate and prolate ellipsoidal shapes of metal 
nanoparticles, respectively. We note that, at the strong anisotropy of the 
NC (ξ > > 1), the plasmon resonances for the field directed along the 
spheroid axis appear outside the visible range of the spectrum. 

Figure 3 presents the comparative reflectance spectra of the pro
posed structure calculated by the transfer matrix method [54] at 
different NC layer thicknesses dNC for the oblate particles (Fig. 3a, 3b) 
and prolate particles (Fig. 3c, 3d). The corresponding geometric pa
rameters of the PhC mirror and metallic film are given in the caption to 
Figure 3. The red dashed curve corresponds to the TPP wavelength in the 
case of f = 0. As the NC layer thickness dNC changes, the phase of the 
wave reflected from the PhC changes and the TPP wavelength undergoes 
a red shift, which makes it possible to tune the TPP position. When the 
NC layer is filled with metallic silver nanospheroids with the reflectance 
spectrum reveals the TPP frequency splitting effect (see Fig. 3d). It can 
be seen in Fig. 3a that, for the oblate ellipsoids with ε‖ and dNC = 50 nm, 
the peaks in the reflectance spectrum appear at wavelengths of 406.7 
and 445.3 nm; in this case, the TPP splitting value is Δλ = 38.6 nm, 
while at dNC = 30 nm we have Δλ = 22.2 nm. Similarly, for the prolate 
ellipsoids with ε⊥ and d = 50 nm, the reflectance peaks appear at 
wavelengths of 417.2 and 450 nm (Fig. 3d). At this ε⊥ value and ξ = 0.8 
(Fig. 3b) for ε‖ and at ξ = 1.2 (Fig. 3c),the frequencies of the NC reso
nance are outside the band gap of the PhC; therefore, the TPP does not 
split and the only Tamm mode is observed in the reflectance spectra 
within the photonic band gap. 

Fig. 5. Reflectance spectrum of the structure vs aspect ratio ξ for (a) the parallel and (b) perpendicular polarization of light relative to the anisotropic NC optical axis; 
f = 1 %, dNC = 50 nm, and the rest parameters are as in Fig. 3. 

Fig. 6. Reflectance spectra of the structure at λ = 429.5 nm and different po
larization angles α. Insets: absorption spectra of the structure at α = ± 90∘ (on 
the left) and α = 0∘ (on the right); f = 1 % and dNC = 50 nm. 

Fig. 7. Reflectance spectra of the investigated structure at the parallel polarization of light (a) and the perpendicular polarization of light (b). The black curves 
correspond to the case of ξ = 1.2, the red curves are obtained taking into account the averaging of ξ from 0.9 to 1.5. The rest parameters are the same as in Fig. 5. 
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Figure 4 shows the NC nanoball concentration effect on the reflec
tance spectrum. We consider the comparative reflectance spectra of the 
structure under study at different volume fractions of nanoparticles in 
the NC layer at concentrations from 1 % to 10 %. It can be clearly seen in 
Figs. 4a and 4d that, in these two cases, upon variation in the filling 
factor f, the high- and low-frequency modes are anti-crossed symmet
rically and the splitting value increases with the concentration of silver 
nanoballs in the NC layer. In particular, for ε‖ at f = 0.05 and ξ = 0.8, 
Fig. 4a shows that the TPP splits into two Tamm modes: the high-Q mode 
λ1 = 396.8 nm and the low-Q mode λ2 = 463.6 nm; therefore, the TPP 
splitting value is Δλ = 66.8 nm, which is twice as much as the splitting 
value at a concentration of 1%. Similarly, for ε⊥ at f = 0.05 and ξ = 1.2, 
Fig. 4d shows that the TPP splits into two Tamm modes, λ1 = 403.4 nm 
and λ2 = 469.2 nm. In the other two cases illustrated in Figs. 4b and 4c, 
the only high-Q Tamm mode is observed in the reflectance spectrum of 
the structure under study. 

Note that a decrease in the number of periods of the dielectric mirror 
can lead to a significant decrease in the Q-factor of the split peaks. So, for 
the case of flattened ellipsoids, at ξ = 0.8, the Q-factor of the high- 
frequency reflection peak at 10 periods decreases by 10 % compared 
to 12 periods, and at 8 periods the Q-factor of the peak decreases by 40 
%. At the same time, an increase in periods does not lead to a significant 
increase in the Q-factor of peaks. Thus, to demonstrate the effects we 
have obtained, we have proposed the optimal number of periods of the 
dielectric mirror to ensure Q-factor is high enough to resolve coupled 
spectral peaks in strong mode coupling [55]. 

In the investigated structure, the change not only in the filling factor 
f, but also in aspect ratio ξ leads to a change in the positions of the Tamm 
modes. Figure 5 shows the positions of the resonance reflection peaks for 
both light polarization directions relative to the anisotropic NC optical 
axis.The ξ parameter varied from 0.5 to 2 in order to demonstrate the 
effect of anisotropy in the case of compression and stretching of the 
nanoparticle by a factor of two. Note that the choice of mutually inverse 
values of ξ will not give the symmetry of the observed effect, because L⊥
and L‖ are not exactly exchanged according to Eq. (2), (3). Besides, with 
an increase in the ξ, the resonance frequency for ε‖ shifts to the low- 
frequency region of the spectrum. In the case of an increase in the ξ 
and for ε⊥, the resonance frequency shifts to the high-frequency region 
of the spectrum (see Fig. 2.). 

It can be seen that for the parallel permittivity component (Fig. 5a), 
the intensity of the interaction lowers with an increase in the aspect ratio 
ξ between the semi-axes, which leads to merging of the TPP, while for 
the perpendicular permittivity component, the process occurs, which 
enhances the interaction and leads to subsequent formation of two 
reflection lines in the PhC band gap. 

It should be noted that the TPP splitting corresponding to each of the 
two orthogonal polarizations of the incident wave can be implemented 
even at large aspect ratios ξ between the lengths of the ellipsoid semi
axes. To do that, one should change the PhC lattice period, i.e., the 
position of the PhC band gap relative to the resonance frequencies of the 
anisotropic NC. 

According to the results of the simulation, the change in the volume 
concentration and shape of nanoparticles in the bulk of the NC film, as 
well as in its thickness, is an effective way to control the TPP wavelength 
in the PhC band gap. It is known well that the reflectivity at the TPP 
wavelengths is determined by the critical coupling condition. Since due 
to the large number of periods of the photonic crystal the transmittance 
inside the band gap is zero, the critical coupling condition is met at the 
equal rates of the energy leakage into the transmission channel of the 
metallic film and the channel of its absorption. In other words, the 
critical coupling conditions can be established by changing the thickness 
of the metallic film. Meanwhile, the calculation shows that, for the NC 
film with f = 1 %, dNC = 50 nm, and ξ = 1.2, at the parallel orientation 
of the electric field relative to the NC optical axis, the condition of the 
critical coupling of the incident field with the TPP is met at a metallic 
film thickness of dM = 67 nm. The calculated reflectance spectra of the 

structure at a wavelength of 429.5 nm at different angles α between the 
NC optical axis and the electric field of the incident light at such a film 
thickness are shown in Fig. 6. It can be seen that, at α = 0∘ (the electric 
field is parallel to the NC optical axis), the reflection from the structure is 
less than 0.1 %. This means that the radiation incident at this wave
length is completely absorbed by the structure. It is attractive that the 
smooth clockwise or counterclockwise rotation of the electric field 
vector leads to a sharp increase in the reflection at a specified wave
length and, consequently, to a decrease in the absorption coefficient. 
The insert in Fig. 6 (on the left) shows the absorptance spectra of the 
structure for the electric field perpendicular to the NC optical axis. One 
can see that the absorption coefficient at 429.5 nm is close to zero. 

It should be noted that when creating elongated nanoparticles, de
viations from the exact geometry of ellipsoids are observed [42]. Fig. 7 
shows the reflection spectra of the structure under study in the case 
when the aspect ratio of the particles ξ is given by normal distribution 
with ξ0 = 1.2, σ = 0.1 in the 3σ range from 0.9 to 1.5. It can be seen that, 
compared with a structure with a fixed ξ = 1.2, the Q-factor of the peaks 
decreases. 

Thus, changing the s − and p − polarization of the radiation incident 
normally onto the structure, one can control the absorption at the TPP 
wavelength from 2% to 100%. The proposed structure can be used as a 
perfect polarization-sensitive absorber. It was shown that the proposed 
absorption efficiency is mainly determined by the concentration and 
orientation of nanoparticles and its working wavelength can be 
controlled by changing the NC layer thickness. The combination of the 
above parameters makes a strong impact on the absorption bandwidth 
and Q-factor of the absorber. The results obtained can be a good 
guideline for the experimental design. 

4. Conclusions 

The polarization-sensitive absorber based on the splitting of a Tamm 
plasmon polariton at the interface between a metallic mirror and an 
anisotropic nanocomposite conjugated with a superlattice was proposed 
theoretically and demonstrated numerically. It was shown that the ab
sorption at the Tamm plasmon polariton wavelength can be tuned up to 
100 % in the visible light range by changing the polarization of the ra
diation falling onto the structure along its normal. The results obtained 
allowed us to conclude that the use of ellipsoidal nanoparticles offers 
more opportunities for frequency tuning of the spectrum than the use of 
spherical particles. The proposed absorber is a candidate for designing 
anisotropic devices with tunable spectra and selective polarization in the 
visible light range. 
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