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a b s t r a c t 

Hybrid modes originating from the coupling of the Tamm and surface plasmon polaritons excited in 

a one-dimensional resonant photonic structure are demonstrated. The structure represents a photonic 

crystal bounded by a nanocomposite film consisting of a transparent matrix and silver nanoparticles uni- 

formly distributed over its volume. In comparison with structures on planar metal films the volume con- 

centration and shape of nanoparticles are of great help in configuring the hybrid mode properties, in- 

cluding their wavelength and splitting. Also the radiation incidence angle variation opens the possibility 

of fine-tuning the energy spectra of the structure. We demonstrate the high-sensitivity of optical sensors 

based on the resonant photonic structure. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

The Tamm plasmon polariton (TPP) is a special type of the in-

erface electromagnetic state. The local field of TPP decays expo-

entially on each side of the interface. The TPP energy flow along

he surface can be completely suppressed at normal excitation [1] .

his localized state is analogous to the Tamm electronic state in

hich the electron density is concentrated at the boundary of a

rystal periodic potential [2] . The TPP manifests itself in experi-

ents as a narrow resonance in the optical transmittance or re-

ectance spectrum of a sample inside the band gap [3,4] . The the-

retical and experimental study of the properties of the TPPs of-

ered an opportunity for their use in designing a fundamentally

ew class of devices, including absorbers [5,6] , switches [7] , or-

anic solar cells [8–10] , thermal emitters [11] , sensors [12,13] and

lters [14] . 

Special attention is focused on the TPP hybridization with local-

zed modes of other types. In [15,16] , the existence of TPP-exciton

ybrid modes was theoretically and experimentally investigated.

hese modes were obtained by embedding quantum walls near

 metallic layer. In this case, the high localization of the field at

he TPP wavelength ensures the high-intensity emission of excitons

n the quantum walls. By tuning the parameters of the structure,
� Fully documented templates are available in the elsarticle package on http:// 

ww.ctan.org/tex-archive/macros/latex/contrib/elsarticle CTAN. 
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ne can change the wavelengths of emission peaks. Close atten-

ion is paid to the hybrid modes that originate from the coupling

f the TPP with a microcavity (MC) mode. For example, it was

hown in [17,18] that the positions of the resonant wavelengths can

e tuned by changing the polarization of incident light and form-

ng a structure with an introduced metallic layer of variable thick-

ess and scanning this structure by a light beam of small aperture.

n [19] , a new design of organic solar cells was proposed, in which

he absorption of light was enhanced by means of a broad doubled

pectral peak corresponding to the hybrid modes. An idea of light

mission at two resonant wavelengths corresponding to the hybrid

odes was used for white organic light-emitting diode [20] . Such

rganic light-emitting diode has a great potential for use in power-

fficient light sources and full-color flat panel displays. 

In the photonic structures, the TPPs and surface plasmon po-

aritons (SPPs) can be simultaneously excited [21] . The TPP-SPP

ybrid modes were found first in the experiments reported in [22] .

t was proposed to use them in sensors sensitive to the refractive

ndex of a material coating a metallic film [23] and enhancing lu-

inescence of molecules placed upon it [24] . Most of the above-

entioned devices are based on one-dimensional photonic crystals

onjugated with planar metallic films. 

New opportunities are opened up by using structural elements

ade of resonant materials, e.g., metal-dielectric nanocomposites

NCs). The NC consists of metallic nanoparticles dispersed in a

ransparent matrix. The NC is characterized by the resonant effec-

ive permittivity, whereas the optical characteristics of the initial

aterials have no resonant features [25,26] . The position of the

https://doi.org/10.1016/j.jqsrt.2020.107156
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jqsrt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jqsrt.2020.107156&domain=pdf
http://www.ctan.org/tex-archive/macros/latex/contrib/elsarticle
mailto:bikbaev@iph.krasn.ru
https://doi.org/10.1016/j.jqsrt.2020.107156
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frequency range where the NC is similar to a metal, i.e., where

� εeff < 0, depends on the permittivities of initial materials, con-

centration, orientation and shape of nanoparticles, which opens

wide possibilities of the control of optical properties of the NC.

Currently, there are many methods for producing NC films, such as

thermal [27,28] and vacuum [29,30] evaporation, electrodeposition

[31] , sono- and photochemical approaches [32] , electrochemical

methods [33] , radio frequency sputtering [34] , dip coating [35] and

spin coating [36] . The spin coating is one of the most attractive de-

position methods because of its simple and cheap implementation,

its compatibility with other manufacturing processes, and the abil-

ity to obtain a uniform thickness of the nanocomposite film [37] .

Many of these methods are based on sol-gel technology, which is

a versatile and inexpensive method for producing a wide range of

metal oxide materials. For example in [38] , a new method was pro-

posed for the rapid fabrication of SiO 2 and TiO 2 thin films contain-

ing gold nanoparticles using spin coating methods. This method

is based on the simultaneous synthesis of both the NC matrix

and metal inclusions by a relatively low-temperature baking pro-

cess. The advantage of this method is the ability to form homoge-

neous NC films with a higher concentration of nanoparticles and

the ability to control it during the formation of NC. This makes it

possible to adjust the optical properties of the NC within a wide

range. Similar NC materials based on gold and silver nanoparti-

cles have numerous applications in various fields of nanotechnol-

ogy, such as nonlinear optics [39–41] , catalysis [42,43] and sensors

[36,44,45] . The possibility of using these resonant media to pro-

duce the TPPs was demonstrated in [46–49] . In comparison with

the conventional planar metal films a wide variety of opportuni-

ties was suggested for optimizing the characteristics of the local-

ized modes and efficient control of a photon energy spectrum, as

well as transmittance, reflectance, and absorbance spectra of such

structures. Therefore, study of the TPP-SPP hybrid states in pho-

tonic structures containing metal-dielectric NCs and prediction of

new efficient ways of controlling these states are the important

tasks, which are solved in this work. 

2. Description of the model 

A photonic structure (PhC) under study is a layered medium

bounded by a finite NC layer ( Fig. 1 ). 

The PhC unit cell consists of silicon dioxide SiO 2 [50] and ti-

tanium dioxide TiO 2 [51] . The layer thicknesses were d a = 100 nm

and d b = 50 nm, respectively, and the number of layers was N =
7 . The NC layer with thickness d eff = 50 nm consists of spheri-

cal metallic particles uniformly distributed over the dielectric ma-

trix. The permittivity of the medium from which the radiation

falls onto the PhC structure is ε a = 2 . 28 . It should be noted that

technology allows to produce NC films with thicknesses down to

40 nm [52] and the diameter of the particles is 10 nm. Thus, even
Fig. 1. Schematic of the PhC conjugated with an NC film. 
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n such thin films, the distribution of nanoparticles over the vol-

me of the NC is uniform. The homogenisation of these media is

erformed in the volume of the nanocomposite equal to the prod-

ct of the laser aperture by the thickness of the NC film. This vol-

me contains enough particles to be able to apply the effective

edium theory, which is in good agreement with experimental

ata [38] . In our case the effective permittivity of the NC is de-

ermined by the Maxwell-Garnett formula [53] widely used to de-

cribe inhomogeneous media. This formula fits a small fraction of

solated metallic inclusions dispersed in the matrix material: 

 eff = ε d 

[
1 + 

f ( ε m 

(ω) − ε d ) 

ε d + ( 1 − f ) (ε m 

(ω) − ε d ) L 

]
, (1)

here f is the filling factor, i.e., the volume fraction of nanopar-

icles in the matrix; L = 1 / 3 is the factor of depolarization of a

phere; ε d and ε m 

( ω) are the permittivities of the matrix and

anoparticle metal, respectively; and ω is the radiation frequency.

e find the permittivity of a nanoparticle metal using the Drude

pproximation 

 m 

(ω) = ε 0 −
ω 

2 
p 

ω 

2 + iωγ
, (2)

here ε0 is the constant that takes into account the contributions

f the interband transitions of bound electrons, ω p is the plasma

requency, and γ is the reciprocal electron relaxation time. For sil-

er, we have ε0 = 5, � ω p = 9 eV, and � γ = 0.02 eV. The permittiv-

ty of the matrix (SCHOTT glass - LaSF, https://refractiveindex.info)

s determined as 

 d = 1 + 

2 . 45505861 λ2 

λ2 − 0 . 0135670404 

+ 

0 . 453006077 λ2 

λ2 − 0 . 054580302 

+ 

2 . 3851308 λ2 

λ2 − 167 . 904715 

, (3)

here λ is the incident radiation wavelength. 

In general case the permittivity of the NC can be presented as:

 eff = � ε eff + i � ε eff. (4)

eglecting the small coefficient γ 2 and using Eqs. (1) and (2) , we

btain the resonance wavelength depending on the characteris-

ics of the initial materials and the concentration of the spherical

anoparticles: 

0 = 

2 πc 

ω p 

√ 

3 ε d + (1 − f )(ε 0 − ε d ) 

1 − f 
. (5)

t the point λ = λ0 , the function � εeff vanishes and the function

 εeff is maximal. The function � εeff also vanishes at the point 

1 = 

2 πc 

ω p 

√ 

ε 0 + 2 ε d + 2 f (ε 0 − ε d ) 

1 + 2 f 
. (6)

n the interval [ λ1 , λ0 ], the function � εeff is negative, � εeff < 0;

.e., the NC in this frequency range is similar to a metal. 

The dependences of the real and imaginary parts of the NC ef-

ective permittivity calculated using formula 1 are shown in Fig. 2 .

It can be seen that there is a portion where the real part of

he permittivity takes negative values; consequently, in this spec-

ral range, the NC exhibits the metallic properties. When the NC

etallicity range overlaps with the PhC band gap, a TPP can be

xcited. 

The change in the light field during its passage through the NC-

hC structure is calculated by the transfer matrix method [54,55] .

n this method, the state of the field in each structural layer is

etermined by the second-order transfer matrix and the transfer
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Fig. 2. Dependences of the real and imaginary parts of the NC effective permittivity 

on the incident radiation wavelength. The filling factor is f = 0 . 1 . 
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atrix of the entire structure, which relates amplitudes of the in-

ident and outgoing waves, is a product of such 2 × 2 matrices:

ˆ 
 = 

ˆ T 01 ̂
 T 12 . . . ˆ T N−1 ,N ̂

 T N,S , (7) 

here the transfer matrix is 

ˆ 
 n −1 ,n = 

1 

2 

(
( 1 + h ) e −iαn τn ( 1 − h ) e iαn τn 

( 1 − h ) e −iαn τn ( 1 + h ) e iαn τn 

)
. (8) 

ere for TE-wave, h = 

√ 

ε n − sin 

2 θ/ 
√ 

ε n −1 − sin 

2 θ, εn is the per-

ittivity of the n -th layer, αn = ( ω/c ) 
√ 

ε n − sin 

2 θ, ω is the wave

requency, c is the speed of light, τ n = z n –z n −1 , n = 1,2,...,N are the

ayer thicknesses, z n is the coordinate of the interface between the

 -th layer and the n +1 layer adjacent from the right, and τN+1 =
, θ is the angle of light incidence. The transfer matrix for the or-

hogonally polarized TM-wave is obtained from (8) replacing h by

ew expression h ′ = ε n −1 

√ 

ε n − sin 

2 θ/ε n 
√ 

ε n −1 − sin 

2 θ . 
ig. 3. Reflectance spectra for the PhC conjugated with the NC layer at different angle

requencies are (a) f = 0 . 05 , (b) f = 0 . 1 , (c) f = 0 . 15 , (d) f = 0 . 2 , (e) f = 0 . 25 , and (f) f =
The energy transmittances, reflectances, and absorbances are

xpressed as 

 (ω) = 

1 

| ˆ M 11 | 2 
, R (ω) = 

| ˆ M 21 | 2 
| ˆ M 11 | 2 

, (9) 

 (ω) = 1 − T (ω) − R (ω) . 

here ˆ M 11 and 

ˆ M 21 are the elements of the matrix ˆ M . 

. Results 

Fig. 3 shows the reflectance spectra of the structure for the TM-

aves calculated by the transfer matrix method at different filling

actors f and angles θ of incidence of the radiation onto the struc-

ure. 

It can be seen that, at the angles of incidence smaller than the

ngle of total internal reflection ( θ = 42 o ), which is independent of

he factor f , only the TPP is observed in the PhC band gap. At the

ngles larger than the angle of total internal reflection, the SPP is

xcited at the NC-air interface. At the specified f values and angles

f incidence (43 o < θ < 45 o ), the TPP and SPP are coupled and a

PP-SPP hybrid mode can be excited. In the reflectance spectrum,

he coupling between two modes can be seen as a splitting of the

pectral lines. The splitting value characterizes the mode coupling

hat can be controlled by changing the NC filling factor. For exam-

le, at f = 0 . 2 ( Fig. 3 d), the splitting is 10 nm; at f = 0 . 3 ( Fig. 3 f),

8.5 nm; and, at f ≤ 0.1 ( Fig. 3 a, b), it is not observed. It is im-

ortant to note that the absence of splitting does not mean that

ybrid modes are not excited. They are formed, but their spectral

ositions becomes so close to each other that they merge into one

road line. The broadening of the spectral line due to the interac-

ion of the TPP and SPP lines can be used to form a wider absorp-

ion band inside the PhC band gap. Much attention is paid to such

ethods of controlling the energy spectra of the structure, which

s due to the possibility of their application in promising areas, e.g.

hotovoltaics. 

It is noteworthy that the TPP and SPP dispersion curves inter-

ect also in the range of 50 o < θ < 60 o . Thus, changing the NC
s of incidence of the TM-waves. The NC layer thickness is d eff = 50 nm and the 

 0 . 30 . Dotted lines show the TPP and SPP spectral positions. 
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Fig. 4. (a) Reflectance spectra of the PhC conjugated with the NC layer at different angles of incidence of the TM-waves. (b,c) Schematic of a one-dimensional PhC conjugated 

with the NC layer and field intensity distribution at the hybrid mode wavelengths normalized to the input intensity. The NC layer thickness is d eff = 50 nm, f = 0 . 3 . 
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filling factor and the angle of incidence of the radiation onto the

structure, one can create the TPP-SPP hybrid modes in different

spectral ranges. The possibility of the frequency detuning of the

spectrum by changing the angle of incidence and wavelength of

the radiation at a fixed value of f = 0 . 3 is illustrated in Fig. 4 a.

When the λ value is constant, the change in the angle of incidence

makes it possible to switch the TPP to the SPP and backward, since,

in this case, they are uncoupled. Thus, it becomes possible to con-

trol the spatial distribution of the field in the bulk of the PhC,

since, for the TPP, the field is localized at the PhC-NC interface and,

for the SPP, at the NC-air interface. 

The spectral picture is different at the fixed θ value and variable

λ value. For example, at θ = 43 . 5 o , the TPP and SPP are hybridized.

As a result, two reflectance minima are observed at wavelengths of

λ = 528 . 6 nm and λ = 510 . 8 nm in the PhC band gap. The electric

field intensity distributions at the corresponding wavelengths are

shown in Fig. 4 b and c. It can be seen that the field is distributed

between two coupled modes and localized at both the PhC-NC and

NC-air interfaces. It should be noted, that the values of field local-

ization at the PhC-NC boundaries at λ = 510 . 8 nm are less than at

the NC-air boundaries. This effect is explained by the fact that at

λ = 510 . 8 nm, the critical coupling condition of the incident field

with the TPP is not fulfilled and, as a result, the weaker field local-

ization is observed. 

It should be noted that the field is localized in the region com-

parable with the wavelength. Such a control of the local field value

in the bulk of the PhC upon variation in the angle of incidence and

wavelength of the radiation makes these structures promising for

use in tunable absorbers and optical switches. 

The qualitatively new possibilities for controlling the spectral

properties of hybrid modes are opened by changing the shape

of nanoparticles dispersed in a transparent matrix. It should be

noted, that the anisotropic NC can be obtained by irradiation of

the spherical-like metallic nanoparticles by Si ions [56] . This

method allows controlling the optical axis of the NC and obtaining

elongated particles (10-15 nm) with a small aspect ratio. In this

case, the change in the ratio between lengths of the nanoparticle

polar and equatorial axes significantly affects the effective permit-

tivity of the NC. This effect can be taken into account by adding

formula (1) with the spheroid depolarization factors L ‖ , ⊥ , which

depend on the ratio between the lengths of the polar ( a ) and equa-
 l  
orial ( b ) spheroid semiaxes and on the field direction [57] . For the

eld directed along the spheroid axis of rotation, the factor L ‖ is

xpressed as 

 ‖ = 

1 

1 − ξ 2 

[ 
1 − ξ

arcsin 

√ 

1 − ξ 2 √ 

1 − ξ 2 

] 
(10)

nd, for the field directed perpendicular to the spheroid axis of

otation, 

 ⊥ = 

1 − L ‖ 
2 

, (11)

here ξ = a/b. The case ξ < 1 corresponds to the oblate spheroid

nd ξ > 1, to the prolate spheroid. 

For oblique incidence of light we have to use both ε eff ‖ and ε eff ⊥ 
or definition of effective permittivity of the NC layer. The depen-

ences of the effective permittivity of the NC on ξ value and wave-

ength of the incident radiation are presented in Fig. 5 a. It can be

een in figure that the nanoparticle shape allows one to control

he position of the NC resonance and the region of its metallicity

 � εeff < 0). In particular, for prolate and oblate spheroids the NC

s similar to a metal only in short wavelength region. The possi-

ility of controlling the properties of the hybrid modes excited in

he structure anisotropic NC-PhC is illustrated in 5 b. The change

n the parameter ξ not only makes it possible to govern the split-

ing of the hybrid modes, but also offers an opportunity for their

ormation. In the range of 1 < ξ < 1.25, the TPP-SPP hybrid modes

re excited, while beyond this range the coupling of these modes

s not observed. 

The model proposed here can be used for an optical sensor

ased on the TPP and SPP modes. It should be noted that the sen-

ors based on the TPP-SPP hybrid modes were proposed earlier in

23,58] , but their sensitivity was determined by the splitting of the

ybrid modes. If losses increase in the structure, the spectral lines

re broadened. Corresponding merge of lines obscures sensitivity

f an optical sensor, since, in the region of avoided crossing, the

ayleigh criterion should be valid. In view of the aforesaid, we pro-

ose another implementation of the optical sensor based on the

PP and SPP. Robust measurement requires a reference line with

table wavelength, weakly dependant on the refractive index of the

nvironment. In our structure, the TPP can be used as a reference

ine, since its wavelength is independent of the refractive index of
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Fig. 5. (a) Dependence of the real part of the effective permittivity of the NC on the wavelength of the incident radiation and ratio between the length of the polar axis of 

the nanospheroid and the length of its equatorial axis ξ . (b) Reflectance spectra of the PhC conjugated with the anisotropic NC layer at different ξ values and a constant 

angle of incidence of θ = 43 . 5 o . The NC layer thickness is d eff = 50 nm, f = 0 . 30 . 

Fig. 6. (a) Reflectance spectra of the structure anisotropic NC-PhC at different refractive indices of the medium above the NC layer and (b) dependencies of the λSPP and �λ

on the refractive index of the medium above the NC layer. ξ = 0 . 8 , θ = 70 o , d eff = 50 nm, and f = 0 . 30 . The thicknesses of PhC layers are d a = 130 nm and d b = 60 nm. The 

thickness of the TiO 2 layer adjacent to the NC film d top = 40 nm. 
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he medium above the NC layer. Then, the sensitivity of the sensor

ill be determined by the shift of the SPP line relative to the TPP

ine ( Fig. 6 ). 

It can be seen in Fig. 6 a that the change in the refractive in-

ex of the medium above the NC layer leads to the significant

ariation in the reflectance spectra of the structure under study.

n particular, at n = 1 . 33 , the wavelengths are λT PP = 425 . 9 nm

nd λSPP = 551 . 8 nm, while at n = 1 . 38 , the wavelengths are

T PP = 426 . 5 nm and λSPP = 583 . 9 nm. The wavelength differences

λn =1 . 33 and �λn =1 . 38 are 125.9 nm and 157.4 nm, respectively 

see. Fig. 6 b). The spectral sensitivity of the sensor is determined

s S = �λ/ �n . At the considered parameter set, this quantity is

 = (�λn =1 . 38 − �λn =1 . 33 ) / �n = 630 , which is a good sensitivity

or the one-dimensional planar structure. 

. Conclusions 

The TPP-SPP hybrid modes localized in a resonant photonic

tructure were investigated. The examined resonant material was

 metal-dielectric nanocomposite consisting of a transparent ma-

rix and silver nanoparticles dispersed over its volume. In con-

rast to the classical metal-PhC system, the proposed model has

 great number of degrees of freedom (the volume concentration

f nanoparticles and their shape), which allows one to implement

he finer spectral tuning of the structure. It was shown that the
hange in the volume concentration of nanoparticles makes it pos-

ible to govern the splitting of hybrid modes and the change in

heir shape allows one to control the strength of their coupling.

his structure with two types of localized modes was proposed to

ct as optical sensor. In this case we consider non-coupling regime

f these modes in which we measure the distance between the TPP

nd SPP wavelengths upon variation in the refractive index of the

edium above the NC layer. It is important to note that in con-

rast to the previously proposed models, in which the sensitivity

as determined by splitting hybrid modes, in our model, the TPP is

sed as a reference line. This approach allows to measure the dis-

ance between two high resolution lines, which can provide higher

ccuracy and sensitivity of the device. It was demonstrated that

he sensitivity of the proposed sensor is S > 600 nm/RIU, which

s a very good result for device based on TPP or SPP localized in

ne-dimensional photonic crystal structure. 
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