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Abstract

:

The spectral properties of a one-dimensional photonic crystal bounded by a resonant absorbing nanocomposite layer with the near-zero permittivity have been studied. The problem of calculating the transmittance, reflectance, and absorptance spectra of such structures at the normal and oblique incidence of light has been solved. It is shown that, depending on the permittivity sign near zero, the nanocomposite is characterized by either metallic or dielectric properties. The possibility of simultaneous formation of the Tamm plasmon polariton at the photonic crystal/metallic nanocomposite interface and the localized state similar to the defect mode with the field intensity maximum inside the dielectric nanocomposite layer is demonstrated. Specific features of field localization at the Tamm plasmon polariton and defect mode frequencies are analyzed.
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1. Introduction


A special type of surface electromagnetic states in the form of a standing surface wave with the zero wavenumber along the interface between media, which does not transfer energy, have recently been in focus of researchers. In this case, the wave equation following from the Maxwell equations for an electric field is the exact analog of the one-electron Schrödinger equation for a semi-infinite crystal, the solution of which is the electronic Tamm state [1]. Therefore, the electromagnetic analog of the electronic Tamm state at the normal incidence of light onto a sample is called the optical Tamm state (OTS). If such a state exists at the interface between a photonic crystal (PhC) and a conducting medium with the effective permittivity   ℜ  ε eff   ( ω )    < 0, the light wave interacts with a surface plasmon, i.e., the collective oscillation of the free electron gas at the conductor surface. The result of interaction between the radiation field and surface plasmon excitation is a Tamm plasmon polariton (TPP) [2], which is observed in experiments as a narrow peak in the energy spectra of a sample [3,4,5]. As was shown in [6,7,8,9,10], the materials with the negative permittivity (  ℜ  ε eff   ( ω )    < 0) adjacent to a PhC can be both metallic films and nanocomposites with the resonant frequency dispersion.



Theoretical and experimental investigations of the properties of TPPs allowed them to be used as the basis of a fundamentally new class of devices, including absorbers [11,12,13,14], switchers [15], organic solar cells [16], thermal emitters [17,18], sensors [19,20,21], and spontaneous radiation amplifiers [22]. The high degree of field localization at the TPP frequency makes it possible to reduce the threshold of generation of nonlinear effects [23,24,25] and implement the extremely high light transmission through a nanohole [26]. The interaction of the TPPs with other types of localized modes allows lasers [27,28], induced transparency [29], single-photon sources [30], and electro-optically tunable Tamm plasmon-polariton-excitons [31] to be obtained. In [32,33], we found the localized state in the structure containing a cholesteric liquid crystal. Later, a chiral analog of the TPP in a cholesteric liquid crystal was established [34]. In this case, the polarization-preserving anisotropic mirror made of a metal-dielectric nanocomposite was used as a metallic layer [35].



Of great interest are materials with the near-zero permittivity. Such structures are used to control the wave front shape [36]; enhance the transmission of light through a subwavelength aperture [37] and nonlinear effects [38,39]; develop absorbers [40], photonic wires [41], and insulators [42]; and perform the third-harmonic generation [43]. The materials with the near-zero permittivity involve layered plasmon structures, indium tin oxide (ITO), metal-dielectric, polymer nanocomposites, and composites with core–shell nanoparticles. In this work, we demonstrate the possibility of simultaneous implementation of the TPP and defect mode localized at the interface between a PhC and a nanocomposite with the near-zero effective permittivity [44]. The nanocomposite consists of metallic nanoparticles dispersed in a transparent matrix and has the resonant effective permittivity. The optical characteristics of initial materials have no resonant features [45,46,47]. The position of a frequency band corresponding to the near-zero effective permittivity is determined by the permittivities of initial materials and volume concentration of nanoparticles. This opens wide opportunities for guiding the optical properties of localized states.




2. Model Description and Determining the Transmittance


We consider a PhC structure in the form of a layered medium bounded by a nanocomposite layer with finite thickness (Figure 1). The PhC unit cell is formed of materials a and b with respective layer thicknesses   d a   and   d b   and permittivities   ε a   and   ε b  .



The nanocomposite layer with thickness   d eff   consists of spherical metallic nanoparticles uniformly distributed in a dielectric matrix.



Hereinafter, we assume the PhC structure to be placed in vacuum.



The effective permittivity of the nanocomposite is determined using the Maxwell Garnett formula [48,49] widely used in studying matrix media, in which isolated metallic inclusions with a small volume fraction are dispersed in the matrix material


   ε eff  =  ε d   1 +   f   ε m   ( ω )  −  ε d      ε d  +  1 − f   (  ε m   ( ω )  −  ε d  )  1 / 3     



(1)




where f is the filling factor, i.e., the fraction of nanoparticles in the matrix;   ε d   and   ε m  ( ω ) are the permittivities of the matrix glass and nanoparticle metal, respectively; and  ω  is the radiation frequency.



The Maxwell Garnett model suggests the quasi-steady-state approximation. The model has the following specific features: the nanocomposite layer is electrodynamically isotropic and the size of inclusions and distance between them are much smaller than the optical wavelength in the investigated effective medium. We determine the permittivity of a nanoparticle metal using the Drude approximation


   ε m   ( ω )  =  ε 0  −   ω p 2   ω ( ω + i γ )   ,  



(2)




where   ε 0   is the constant taking into account the contributions of interband transitions of bound electrons;   ω p   is the plasma frequency; and  γ  is the reciprocal electron relaxation time.



The change in the light field upon its passing through each structural layer is determined by the transfer matrix method [50].




3. Results and Discussion


We investigate the localized states formed at the PhC/nanocomposite interface. The nanocomposite consists of metallic nanospheres dispersed in a dielectric matrix and is characterized by the resonant effective permittivity


   ε eff   ( ω )  = ℜ  ε eff   ( ω )  + i ℑ  ε eff   ( ω )  .  



(3)







In approximation   γ ≪ ω  , it follows from Equation (1) that the real part of the effective permittivity at nonzero f takes the zero value at two points with the frequencies


   ω 0  =  ω p     1 − f   3  ε d  +  1 − f    ε 0  −  ε d      ,   ω 1  =  ω p     1 + 2 f    ε 0  + 2  ε d  + 2 f   ε 0  −  ε d      .  



(4)







In the range of (  ω 0  ,   ω 1  ), the nanocomposite is similar to the metal. It means that, in this frequency range, the TPP can exist at the PhC/nanocomposite interface. At   ω >  ω 1   , the nanocomposite plays the role of a dielectric layer with   ℜ  ε eff   ( ω )  > 0   and   ℑ  ε eff   ( ω )  ≪ 1   and, as we show below, the localized (defect) mode with the electric field intensity maximum inside the layer can exist along with the TPP.



In our structure, the materials of alternating PhC layers are silicon dioxide (SiO   2  ) with a permittivity of    ε a  = 2.10   and zirconium dioxide (ZrO   2  ) with a permittivity of    ε b  = 4.16  . The respective layer thicknesses are    d a  = 74   nm and    d b  = 50   nm and the number of layers is   N = 21  .



The epsilon near zero nanocomposite layer with a thickness of    d eff  = 300   nm consists of silver nanospheres dispersed in transparent optical glass. The parameters of silver are    ε 0  = 5  ,    ω p  = 9   eV, and   γ = 0.02   eV and the permittivity of glass is    ε d  = 2.56  . The frequency dependences of the real and imaginary parts of permittivity calculated using Equation (1) show that, as the volume concentration of the nanospheres in the nanocomposite film increases, the frequency  ω  corresponding to the collective plasmon resonance shifts to the low-frequency region. In this case, the half-width of the   ℑ  ε eff   ( ω )    resonance curve changes insignificantly, the   ℜ  ε eff   ( ω )    curve is noticeably modified, and the frequency range corresponding to   ℜ  ε eff   ( ω )  < 0   broadens out. As an example, Figure 2 shows the   ℑ  ε eff   ( ω )    and   ℜ  ε eff   ( ω )    curves at   f = 0.11  , together with the transmittance, reflectance, and absorbance spectra of a PhC conjugated with a nanocomposite film. The PhC band gap is limited by a frequency range of 0.26   ω /  ω p  < ω < 0.39  ω /  ω p   .



It can be seen in Figure 2 that near the high-frequency boundary of the PhC band gap, the absorption bands arise, which correspond to the localized states formed at the PhC/nanocomposite interface. The low-frequency state with   ω = 0.3377  ω p    (  λ = 406.5   nm) exists in the range with   ℜ  ε eff   ( ω )    < 0 (TPP) and the high-frequency state with   ω = 0.3470  ω p    (  λ = 395.6   nm), in the range with   ℜ  ε eff   ( ω )  > 0   (defect mode). At the TPP frequency, the effective permittivity takes the values of    ε eff   ( ω )  = − 0.0485 + 0.0892 i   and, at the defect mode frequency,    ε eff   ( ω )  = 0.5474 + 0.0570 i  .



The electric field intensity distribution at the corresponding frequencies of the localized states at the contact between the PhC and nanocomposite film is illustrated in Figure 3.



It can be seen in Figure 3 that, for the TPP, the field is localized at the PhC/nanocomposite interface and, for the defect mode, in the bulk of the nanocomposite layer.



The localization values are almost the same. In both cases, the light field in the states is localized in the region comparable with the wavelength.



The change in the nanocomposite filling factor is a powerful tool for frequency tuning. The reflectance spectra of the investigated structure calculated at different nanocomposite filling factors are shown in Figure 4.



It can be seen in Figure 4 that the increase in the volume concentration of metallic inclusions in the bulk of nanocomposite leads to the shift of localized states to the high-frequency region. In this case, the frequency range between the TPP and defect mode reflection minima also increases. Note that with an increase in the filing factor, the reflectance at the TPP frequency increases. According to the energy conservation law, the absorption in the nanocomposite layer decreases and can be controlled by changing the layer thickness.



Reflectance spectra of the PhC/nanocomposite structure with different nanocomposite film thicknesses are presented in Figure 5.



The change in the nanocomposite layer thickness leads to the significant variation in the reflectance spectrum in the frequency range near   ε = 0  . In particular, in the nanocomposite film with a thickness of up to 250 nm, only the TPP exists. The reflectance minimum is observed at a thickness of    d eff  = 200   nm (Figure 5a). The use of nanocomposite films thicker than 250 nm leads to the formation of a defect mode and corresponding second reflectance gap. At the same time, the second and third orders of defect modes are formed at thicknesses   d eff   greater than 450 nm and 650 nm, respectively. The second reflectance minimum corresponds to a thickness of    d eff  = 520   nm. It should be noted that, at    d eff  > 400   nm, the TPP does not exist (Figure 5b).



The calculations show that the defect mode is an eigenmode of the Fabry–Pérot dielectric resonator, which is represented by a nanocomposite enclosed between the PhC and the vacuum half-space. For such a resonator, we can write


   n eff   d eff  = N λ / 2 ,  



(5)




where N is the mode number.



At a frequency of   ω = 0.3472  ω p    and a permittivity of    ε eff   ( ω )  = 0.5474 + 0.0570 i  , the wavelength is   λ = 444.5   nm in vacuum and, according to Equation (5),    λ eff  = λ /  n eff  = 600   nm in the nanocomposite layer; therefore, the thickness    d eff  = 300   nm corresponds to half-wavelength condition Equation (5).



Figure 6 shows reflectance spectra of the structure in dependence of PhC first-layer thickness   d first  . The thickness variation can be ensured by forming a sharp-wedge-shaped layer [51]. In this case, an insignificant destruction of plane-parallelism of the layers can be compensated by a correct choice of the optical beam width.



It can be seen in Figure 6 that the frequency positions of the localized states and distance between them significantly change upon variation in the first-layer thickness   d first  . The increase in   d first   leads to the shift of the TPP and defect mode frequencies toward longer wavelengths. This avoided crossing is a common signature of mode coupling. In this case, a sort of switching between the TPP and defect mode is implemented. It can be seen that the defect mode exists when the first-layer thickness is larger than 85 nm; in this case, the TPP does not exist.



Such a switching from the TPP to defect mode upon variation in the PhC first-layer thickness makes these structures promising for application in tunable filters and sensors.



Along with the aforesaid, one of the effective ways of controlling the energy spectra is changing the angle of incidence of light onto a sample. Study of the reflectance spectra showed that for the TE modes the increase in the angle of incidence leads to the broadening of the initial PhC band gap and its shift to the high-frequency range (Figure 7).



It is noteworthy that the overlap of the region with   ℜ  ε eff   ( ω )  < 0   and the band gap is observed over the entire range of investigated angles. However, the TPP does not exist at angles over 30 degrees. This is due to the fact that the increase in the angle of incidence leads to the TPP shift to the high-frequency region, crossing the point   ω =  ω 1   , and TPP transformation to the defect mode.



The different picture is observed for the TM waves. The increase in the angle of incidence leads to the stronger shift of the PhC band gap to the high-frequency region than in the case of TE modes. At angles more than 40 degrees, the region with   ℜ  ε eff   ( ω )  < 0   and PhC band gap stop overlapping. In this case, the TPP does not exist, as for the TE modes, at angles over 30 degrees.



The electric field intensity distribution at oblique light incidence on the structure is illustrated in Figure 8.



Analysis of Figure 8 shows that the field distribution is analogous to the case of normal incidence (Figure 3). It should be noted that the overlapping spatial distributions of the field do not help in determining the mode coupling. In this case, the mode coupling can be established through transmission or reflection spectra by mean of changing of the first layer thickness (Figure 6).



3.1. Fresnel Reflection from a Nanocomposite Film


Let us clarify the nature of formation of the localized states at the small negative and positive nanocomposite permittivities. We calculate the Fresnel reflectance from the nanocomposite film with finite thickness [52].



The reflectances at the first and second film boundaries are


   r 12  =    n 1  −  n 2     n 1  +  n 2    ,   r 23  =    n 2  −  n 3     n 2  +  n 3    ,  



(6)




where   n 1   and   n 3   are the refractive indices of the air and silicon dioxide, respectively,    n 2  =   ε eff    . The total reflectance is determined as:


  R = |    r 12  +  r 23   e  2 i β     1 +  r 12   r 23   e  2 i β      | 2  =    r  12  2  +  r  23  2  + 2  r 12   r 23  cos  ( 2 β )    1 +  r  12  2   r  23  2  + 2  r 12   r 23  cos  ( 2 β )    ,  



(7)




where   β =   2 π   λ 0    n 2   d eff   , and   d eff   is the nanocomposite film thickness.



Figure 9 shows the calculated dependence of the Fresnel reflectance on the nanocomposite layer thickness   d eff   at the normal incidence of light onto the nanocomposite.



It can be seen in Figure 9a that, at a nanocomposite film thickness of 300 nm at the TPP frequency (  ω = 0.3378  ω p   ), the Fresnel reflectance from the nanocomposite attains 58%, which facilitates the localized state formation at the PhC/nanocomposite interface. At the same nanocomposite film thickness at a defect mode frequency   ω = 0.3472  ω p   , the reflectance is about 5%.



At   R → 0   the local intensity of the field at the TPP frequency decreases. Contrariwise, at the defect mode frequency, it increases. The reflection zero condition   R = 0   can be written in account of Equation (7):


   r  12  2  +  r  23  2  + 2  r 12   r 23  cos  ( 2 β )  = 0 ⇒ cos  ( 2 β )  = −    r  12  2  +  r  23  2    2  r 12   r 23    ⇒ cos    3 π   λ 0    n 2   d eff   = −    r  12  2  +  r  23  2    2  r 12   r 23    .  











Using this equations, we can express    d eff   ω ,  n  1 , 3   ,  n 2   ( ω )    ; this is a complex quantity, which will have the form


   d eff   ω ,  n  1 , 3   ,  n 2   ( ω )   = arccos  −    r  12  2  +  r  23  2    2  r 12   r 23       λ 0   3 π  n 2    .  



(8)







Equation (8) can be built numerically or graphically; then, the number of varied parameters will increase to three, since, along with the variation in the incident radiation frequency and nanocomposite layer thickness, we can change the nanocomposite filling factor. This allows us to solve Equation (8) at zero reflectance (Equation (7)) at the frequencies corresponding to the near-zero effective permittivity of the nanocomposite. It was established that this condition is satisfied at   f = 0.25  % (Figure 10).



It can be seen in Figure 10a that, in the investigated nanocomposite layer thickness range, there are two solutions at frequencies of    ω 1  = 0.3713  ω p    and    ω 2  = 0.3747  ω p   . In this case,    d eff  = 341   and 576 nm, respectively.



It should be noted that, in this case, the condition in Equation (5) is also met, since, at a frequency of    ω 1  = 0.3713  ω p    and    ε eff   (  ω 1  )  = 0.2897 + 0.03867 i  , the wavelength is   λ = 369   nm in vacuum and    λ eff  = 685   nm in the nanocomposite layer; therefore, the thickness    d eff  = 341   nm is almost consistent with the half-wavelength condition (  N = 1   in Equation (5)). At a frequency of    ω 2  = 0.3747  ω p    and    ε eff   (  ω 2  )  = 0.4024 + 0.03582 i  , the wavelength is   λ = 366   nm in vacuum and    λ eff  = 577   nm in the nanocomposite layer. Thus, the thickness    d eff  = 576   nm is almost consistent with the wavelength in the medium (  N = 2   in Equation (5)).



The graphic analysis of Equation (8) showed that, in the frequency range of the near-zero permittivity, there is no exact solution. However, in this range, the imaginary part of   d eff   takes the minimum values (Figure 10b). Thus, Equations (7) and (8) have the analogous solutions.




3.2. Coupled Mode Theory


The principle of defect mode formation can be explained using the coupled mode theory. According to this theory, the defect mode formation involves the contributions of three energy channels, each characterized by relaxation rate  γ . The relaxation rate is equal to the ratio between the total power of energy relaxation and the energy accumulated in the defect mode. We denote the rates of energy relaxation to the transmission and absorption channels of the nanocomposite film and the transmission channel of the PhC by   γ Fresnel  ,   γ A  , and   γ PhC  , respectively. The energy accumulated in the defect layer is the same for determining the rate of relaxation to each channel. Therefore, the ratio between relaxation rates is determined by the ratio between powers of leakage to the channels and can be related to the energy coefficients of the structure as [18]:


   γ Fresnel  :  γ A  :  γ PhC  ⇔  1 −  r  12  2   : A :  T PhC   



(9)







In this case, the energy accumulated in the defect mode will be maximal under the critical coupling condition


   γ Fresnel  =  γ A  +  γ PhC  ⇔  1 −  r  12  2   = A +  T PhC  .  



(10)







The graphic verification of the validity of critical coupling conditions (10) at nanocomposite layer thicknesses of    d eff  = 341   and 576 nm is illustrated in Figure 11.



Note that, at a wavelength of    d eff  = 341   nm, the condition in Equation (10) is valid, while at    d eff  = 576   nm, it is invalid. This can be explained by the low Q factor of the resonator mode at    d eff  = 576   nm. In this case, the coupled mode theory allows the process to be only qualitatively, yet not quantitatively, described [53].



To check the validity of the critical coupling conditions for the TPP in the case of a PhC conjugated with the 341-nm thick nanocomposite, we write the expression analogous to Equation (10):


      γ  N C   =  γ A  ;  γ  P h C   = 0 ⇔  T  N C   =  A  N C   ;  T  P h C   = 0 .     



(11)







Analysis of the energy spectra of the structure showed that at the TPP from the nanocomposite film side, the condition in Equation (11) is not met because of the weak coupling of the incident radiation with the TPP (Figure 12).



However, the coupled mode theory makes it possible to estimate the reflectance value relative to the background radiation at the frequency of the TPP excited from the nanocomposite side:


   r  ( N C − P h C )   =  ρ  ( N C − P h C )  2  =   − 1 +   2  γ  N C       ∑ i    γ i     2  .  



(12)







The transfer-matrix results and coupled mode theory data are given in Table 1.



Thus, the coupled mode theory gives a good agreement with the transfer matrix method.





4. Conclusions


We examined the spectral properties of a one-dimensional photonic crystal conjugated with the resonant absorbing nanocomposite layer consisting of spherical silver nanoparticles dispersed in transparent optical glass. We showed first that, in the frequency band where the effective permittivity takes near-zero values, the nanocomposite exhibits the properties of both a metal and a dissipative dielectric. As a result, both the Tamm plasmon polariton and defect mode exist at the photonic crystal/nanocomposite interface. We demonstrated that the field localization at the Tamm plasmon polariton and defect mode can be the same. We established the nanocomposite film thicknesses at which both modes can simultaneously exist in the structure. We showed that the frequency positions of the modes can be effectively controlled by varying the thickness of a photonic crystal layer adjacent to the nanocomposite and the nanocomposite filling factor. The obtained results scale up possible implementations of Tamm plasmon polaritons in resonant photonic crystal structures.
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Figure 1. Schematic of a one-dimensional PhC bounded by a nanocomposite layer. 
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Figure 2. Dependences of the imaginary   ℑ  ε eff   ( ω )    (dashed red line) and real   ℜ  ε eff   ( ω ) (solid black line) parts of the effective permittivity    ε eff   ( ω )    on normalized frequency   ω /  ω p    (on the top) and transmittance (dashed blue line), reflectance (solid red line) and absorbance (dash-and-dot black line) spectra of the PhC/nanocomposite structure at the normal incidence of light onto it (Figure 1). The nanocomposite layer thickness is    d eff  = 300   nm and   f = 0.11  . 
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Figure 3. Schematic of a one-dimensional PhC (yellow - SiO   2  , grey - ZiO   2  ) conjugated with the nanocomposite layer (red) and field intensity distribution (solid black line) at the frequencies of (a) TPP (  ω = 0.3377  ω p   ) and (b) defect mode (  ω = 0.3470  ω p   ) normalized to the input intensity. The nanocomposite layer thickness is    d eff  = 300   nm and   f = 0.11  . 
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Figure 4. Reflectance spectra of the PhC/nanocomposite structure at the normal incidence of light onto the sample at different nanocomposite filling factors. The nanocomposite layer thickness is    d eff  = 300   nm. 
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Figure 5. Reflectance spectra of the PhC/nanocomposite structure at the normal incidence of light onto the sample with nanocomposite film thicknesses in the ranges of: (a) 50 nm   <  d eff  < 350   nm; and (b) 350 nm   <  d eff  < 700   nm. The filling factor is   f = 0.11  . 
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Figure 6. Reflectance spectra of the PhC/nanocomposite structure at the normal incidence of light onto the sample at different PhC first-layer thicknesses. The filling factor is   f = 0.11   and    d eff  = 300   nm. 
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Figure 7. Angular and frequency dependences of the reflectance spectra (red line) of the PhC/nanocomposite structure for the TE and TM modes. The filling factor is   f = 0.11   and    d eff  = 300   nm. Purple and green fillings denote the   ℜ  ε eff  < 0   and photonic band gap, respectively. 
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Figure 8. Schematic of a one-dimensional PhC (yellow - SiO   2  , grey - ZiO   2  ) conjugated with the nanocomposite layer (red) and field intensity distribution at oblique light incidence on the structure at the frequencies of TPP (black line) and defect mode (red line) normalized to the input intensity for the TM (a) and TE (b) waves. The nanocomposite layer thickness is    d eff  = 300   nm and   f = 0.11  . 
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Figure 9. Fresnel reflectance at the nanocomposite/silicon dioxide interface in the photonic band gap region (a) and TPP region (b). The nanocomposite filling factor is   f = 0.11  . 
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Figure 10. Graphic solution of Equation (7) (a) and Equation (8) (b) at a nanocomposite filling factor of   f = 0.25  . 
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Figure 11. Graphic solution of the critical coupling condition in Equation (10) at a nanocomposite layer thickness of 341 nm (a) and 576 nm (b). The nanocomposite filling factor is   f = 0.25  . 
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Figure 12. Reflectance spectra of the structure for the radiation incident from the nanocomposite layer side.    d eff  = 341   nm and   f = 0.25  . 
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Table 1. Coefficients of reflection at the frequency of the TPP.
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	Method
	Reflectance





	Transfer martix
	0.9694



	CMT
	0.9693
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