

  photonics-10-00064




photonics-10-00064







Photonics 2023, 10(1), 64; doi:10.3390/photonics10010064




Communication



Tamm Plasmons in TiO2 Nanotube Photonic Crystals



Maxim V. Pyatnov 1,2,*[image: Orcid], Rashid G. Bikbaev 1,2[image: Orcid], Ivan V. Timofeev 1,2[image: Orcid], Ilya I. Ryzhkov 2,3[image: Orcid], Stepan Ya. Vetrov 1,2[image: Orcid] and Vasily F. Shabanov 1





1



Kirensky Institute of Physics, Krasnoyarsk Scientific Center, Siberian Branch, Russian Academy of Sciences, 660036 Krasnoyarsk, Russia






2



Siberian Federal University, 660041 Krasnoyarsk, Russia






3



Institute of Computational Modelling, Krasnoyarsk Scientific Center, Siberian Branch, Russian Academy of Sciences, 660036 Krasnoyarsk, Russia









*



Correspondence: makspyatnov@yandex.ru







Received: 29 November 2022 / Revised: 16 December 2022 / Accepted: 2 January 2023 / Published: 6 January 2023



Abstract

:

The anodic TiO   2   photonic crystals evoke great interest for application as photocatalytic media due to high absorption of light resuling from their specific structure. In this work, the optical properties of the photonic crystal based on a bamboo-type TiO   2   nanotube with a metallic coating are analyzed theoretically by the finite-difference time-domain method. The occurrence of Tamm plasmons that appears as a peak in the absorption spectrum is predicted. A Tamm plasmon polariton is a localized state of light excited at the boundary of two highly reflective media, a metal and a Bragg reflector. The integral absorption of the gold-, titanium-, and titanium nitride-coated photonic crystals in the wavelength range of 450–600 nm is calculated. It is established that the titanium nitride-coated structure exhibits the maximum integral absorption.
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1. Introduction


The enhancement of light harvesting efficiency is a challenging task of modern nanophotonics, which should be resolved to improve the performance of various optoelectronic devices used in photovoltaics and photocatalysis.



A Tamm plasmon polariton (TPP) predicted theoretically in 2005 [1,2,3] and implemented in 2008 [4,5] is a localized state of light at the interface between a metallic layer and a photonic crystal (PC). The fundamental difference between a TPP and a resonator mode is that, in a TPP, the electromagnetic field is localized with the maximum at the interface between media and decays exponentially on both sides of it. Spectrally, a TPP manifests itself as a band in the reflectance, transmittance, and absorptance spectra of a sample. A TPP has certain advantages over a surface plasmon polariton [6,7], specifically:




	
The TPP dispersion lies inside the light cone [1], which makes it possible to excite the localized state without prisms and gratings.



	
A TPP can be formed in both the TE and TM polarizations.



	
A TPP allows the resonance frequency control through a change in the parameters of a system [8].








The enduring interest in this phenomenon is due to a wide range of TPP applications, which include sensors [9,10,11,12,13,14], filters [15,16], lasers [17,18], absorbers [19,20,21], and solar cells [22,23].



A TPP can manifest itself not only as a narrow high-Q resonance, but also as a broad band in the reflectance, transmittance, and absorptance spectra. In this case, the resonance width is comparable with the band gap of a PC. Such a low-Q resonance is excited at the interface with a strongly absorbing metal, e.g., Al, Cr, or Ti [24].



Recently, we have proposed a design of a cell electrode consisting of a chirped PC and a thin titanium nitride layer separated by a semiconductor layer for light-induced water splitting [25]. A broadband TPP excited in the structure causes the occurrence of a broad absorption band in the spectrum of the structure, which can be used in photocatalysis.



Photonic crystals are obtained conventionally by self-assembly (opal-like and liquid-crystal PCs), physical and chemical layer-by-layer vapor deposition (for 1D PCs in the form of Bragg mirrors), etching, photolithography, holographic methods, etc. [26]. Anodization of metal foil occupies a worthy place among the PC synthesis techniques due to its simplicity and low cost. The method is based on the transmission of an electric current between an anode and a cathode immersed in an electrolyte. A nanoporous oxide grows on the anode surface. The periodic voltage or current variation ensures the formation of periodic structures with a period commensurable with the optical radiation wavelength. The materials most frequently used in the fabrication of anodic PCs are silicon [27], aluminum [28], and titanium [29]. Titanium exhibits the excellent performances for photocatalytic applications. In most cases, anodization of titanium foil leads to the formation of a bamboo-type TiO   2   nanotube structure [30,31,32,33,34].



The simplest way of describing the optical properties of such crystals is the use of the Bruggemann effective medium approximation. According to the Bruggeman theory, the concentrations of matrix media and inclusions should be approximately the same [35]. Optically speaking, when light propagates along nanotubes, bamboo-type TiO   2   nanotubes are one-dimensional PCs due to refractive index modulation. The application of the effective medium theory may be quantitatively inaccurate. So, in this study, we demonstrate numerically the possibility of exciting TPs in the bamboo-type TiO   2   nanotube PCs without the effective medium approximation, but by solving a 3D problem using the finite-difference time-domain (FDTD) method. The effect of various structural parameters on the spectral properties and ehe integral absorption of the structure with different metallic layer coating is calculate, which can be important for photocatalytic applications.




2. Structure Design


Figure 1a shows a schematic of the investigated structure. The PC consists of a triangular lattice of TiO   2   cylinders with a length of L = 6  μ m, an outer radius of r = 55 nm, wall thickness h and the refractive index equal 2.51. Along the cylinder surface, there are 40 TiO   2   ring thickenings with outer radius R. The parameters of the structure are given in Table 1.



The PC are conjugated with different metall thin films from gold [36], titanium [37] or titanium nitride [37] with thickness d   m  . The investigated structure is placed in a medium with a refractive index   n  e l    = 1.403, corresponding to propionitrile electrolyte.



The reflectance spectra of the structure was calculated by finite difference time domain (FDTD) method. The FDTD does not use approximations and is accurate for classical electrodynamics. The equations are solved by the finite difference method on two nested structured rectangular grids, one of which is intended for calculating electric fields, the other for magnetic ones. The method allows one to obtain the transmission, reflection, and absorption spectra of the system under study, as well as the field distribution within the computational domain in one calculation, taking into account both the geometric structure of the system under study and the optical properties of the materials used. The sketch view of the simmulation box is shown in Figure 1b. The reflectance is calculated at the top of simulation box. The periodic boundary conditions (PBC) are set at the lateral boundaries of the simulation box, while on the top and bottom interfaces, the perfectly matched layer (PML) boundary conditions are used. The PC structure is illuminated from the top by a plane wave with the E vectors in the   z 0 y   plane.




3. Results and Discussion


Figure 2 presents the calculated reflectance spectra of a solitary PC with different wall thicknesses h. It can be clearly seen that the TiO   2   PC has a photonic band gap, the position of which is determined by the nanotube wall thickness. As the wall thickness increases, the band gap shifts to the long-wavelength spectral range. In particular, when wall thickness h changes from 5 to 25 nm, the band gap center shifts by 70 nm. This is caused by an increase in the effective permittivity of the PC optical layers with an increase in the nanotube wall thickness.



The deposition of a metallic layer onto the tubes leads to a qualitative change in the spectral properties of the structures and makes it possible to block light between the metallic layer and PC. In this case, the TPP forms. It should be noted that the spectral properties of such a localized state can be described within the temporal coupled-mode theory.



The spectral properties of the TPP can be predict by temporal coupled mode theory (TCMT) [38,39]. This theory describes the behavior of the field amplitude near the resonance. According to TCMT any state (resonance) has its own frequency   ω 0   and number N of energy channels outside and inside the resonance. Then, the energy loss in the channels is described by the relaxation times   τ l   or relaxation rate    γ l  = 1 /  τ l   , where   l = 1 , 2 , … , N  . If the energy leaves the resonance along two energy channels with relaxation times   τ 1   and   τ 2  , then the relaxation time of the state is determined as   1 / τ = 1 /  τ 1  + 1 /  τ 2   . In the presented structure three energy channels contribute to the TPP formation. We denote the energy relaxation to the metal transmission, metal absorption and PC transmission channels as   γ m  ,   γ A   and   γ PC  , respectively. The rate of relaxation in each channel is proportional to the power flow in it divided by the energy accumulated in the TPP. So, the relaxation rates are related to corresponding energy coefficients of the structure as [40]:


   γ m  :  γ A  :      γ PC      =  T m  :  A m  :      T PC      .  



(1)







In the PC band gap the quantity   γ PC   can be ignored. Then, critical coupling condition (1) can be written in the form:


   γ m  =  γ A  ;   γ PC  = 0 ⇔  T m  =  A m  ;   T PC  = 0 .  



(2)







This equation can be solved graphically. Let as consider the metal film with refractive index   n m  , located between the first layer of PC with refractive index   n f   and electrolyte with the refractive indices   n el  . In this case, the transmittance, reflectance and absorptance of the metallic film are determined using the Airy formulas:


    T m  = |    t 12  +  t 23   e  i β     1 +  r 12   r 23   e  2 i β      | 2  ,   R m  = |    r 12  +  r 23   e  2 i β     1 +  r 12   r 23   e  2 i β      | 2  ,      A m  = 1 −  T m  −  R m  ,   



(3)




where   β =  2 π   n m   d m  / λ   is the phase incoming during the passage of the wave through the layer;  λ  is the wavelength; d   m   is the metallic film thickness    t 12  = 2  n f  /  (  n f  +  n m  )   ,    r 12  =  (  n f  −  n m  )  /  (  n f  +  n m  )    and    t 23  = 2  n m  /  (  n m  +  n el  )   ,    r 23  =  (  n m  −  n el  )  /  (  n m  +  n el  )    – are the amplitudes of transmission and reflection at the interfaces 1–2 and 2–3.



Figure 3a–c show the differences between transmission and absorption of the gold, titanium and titanium nitride films of different thickness. According to the presented theory, critical coupling condition is met when the transmittance and absorptance of the metallic films are equal, or, in our case, when their difference is zero. It can be seen in Figure 3 that this equality is achieved by tuning the metallic film thickness.



The metallic film thickness dependences of the transmittance and absorptance at a constant wavelength of   λ =   515 nm are presented in Figure 3d–f. It can be seen that the critical coupling condition for the films of three types is satisfied at d    Au   = 35.8 nm, d   Ti   = 11.2 nm and d   TiN   = 28 nm. As can be seen from Figure 3g in the scheme of TPP excitation through the Au layer, the critical coupling conditions are established at the lower transmittances and absorptances, i.e., at lower energy relaxation rates, the sum of which determines the resonance linewidth in the spectrum. In addition, it can be seen that when the PC is conjugated with the Ti or TiN film, the critical coupling conditions are established at the high transmittance and absorptance. As a result, the spectral linewidth corresponding to the TPP increases. Then, the broadband TPP is localized at the interface between the PC and metallic film. Thus, the coupled-mode theory can predict the energy coefficients at the TPP frequencies and spectral linewidth.



To demonstrate the possibility of the TPP excitation, the reflectance spectra of the PC conjugated with different metallic films were calculated. The results are shown in Figure 4.



It can be seen, that the minima of the reflectance in the PC band gap are achieved at certain metallic film thicknesses. These minima correspond to the critical coupling condition of the incident field with the TPP. Almost zero reflectance at the TPP wavelength suggests that the radiation incident onto the structure is totally absorbed by the metallic film (see Figure 5). The calculation showed that the critical coupling condition is met at thicknesses of 35.2, 12.5, and 22 nm for the gold, titanium, and titanium nitride films, respectively. It should be noted that, as predicted by the coupled-mode theory, the linewidths are different. The narrowest line corresponds to the conjugation of the PC with the gold film, while for titanium and titanium nitride films linewidth is comparable with the PC band gap. In other words, in this case, a broadband Tamm plasmon polariton (TPP) is excited. Importantly, the results obtained by two different methods are in good agreement (see Table 2), although the coupled-mode theory is only applicable to the resonances with a Q factor above 30.



For photocatalytic applications, the absorption characteristics are of crucial importance. Here, a key quantity is the integral absorption of a structure, i.e., the absorption in the metallic layer normalized to the solar radiation spectrum [22,23]


   A  t o t a l   =    ∫   λ 1    λ 2   A  ( λ )  S  ( λ )  d λ    ∫   λ 1    λ 2   S  ( λ )  d λ   ,  



(4)




where   λ 1   and   λ 2   are the boundaries of the spectral range,   A ( λ )   is the absorption of a structure, and   S ( λ )   is the solar radiation spectra (air mass(AM) 1.5). The results of the calculation are presented in Figure 5. It can be seen that the highest total absorption in the investigated wavelength range is obtained in the structure with the PC conjugated with the titanium film. In this case, we have    A  t o t a l   = 58.2  %, while the values for the gold and titanium nitride films are 42.5 and 55.7%, respectively.




4. Conclusions


Using 3D modeling, the occurrence of Tamm plasmons in the anodic TiO   2   nanotube photonic crystals was predicted. The effect of the nanotube thickness on the spectral position of the photonic bandgap was examined. The gold, titanium, and titanium nitride metallic layers coating the PC were investigated. Using the temporal coupled-mode theory, the optimum thicknesses of the metallic layers were determined. The theoretical results turned out to be consistent with the data of the direct calculation. In each case, the absorption band appeared in the reflectance and absorptance spectra of the structure. The calculation of the integral absorption of the structure in the range of 450–600 nm yielded the highest value (up to 58.2%) for the structure with the titanium nitride coating, which can be important for photocatalytic applications such as a water splitting.
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Figure 1. (a) Sketch view of the titanium oxide nanotubes arranged in hexagonal array for photocatalytic water splitting. Tamm plasmon polariton (TPP) transforms the light energy under the metal film for frequencies in stop-band of photonic crystal (PC). PC parameters are defined in the inset and specified in Table 1. (b) Finite difference time domain simulation box, the upper side is set to perfectly matched layer (PML), the vertical side is set to periodic boundary conditions (PBC), the monitor of reflected field is places above the radiation source. 
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Figure 2. (a) Reflectance spectra of the TiO   2   photonic crystal. Increase of the TiO   2   nanotube wall thickness h redshifts the bandgap; (b) Cross sections of the reflectance map for h   = 5   nm, h   = 15   nm and h   = 25   nm, respectively. 
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Figure 3. (a–c)    |   T m  −  A m   |    of the different metal film calculated by Equation (3) in range from 400 to 600 nm. The white lines shows the edges of the photonic crystal band gap. (d–f) Dependence of the transmittance and absorptance of the metal film on its thickness. (g) Dependence of absorptance of the metallic film on its transmittance for different film materials. The    A m   (  T m  )    curves cross the critical coupling condition curve (purple line). The cross points represent the critical coupling conditions for TPP resonance for different materials of the metal layer. The wavelength is   λ = 515   nm. 
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Figure 4. Reflectance spectra of the structures consisting of the PC conjugated with (a) the gold, (b) titanium, and (c) titanium nitride film of different thicknesses. (d–f) Reflectance spectra of the corresponding structures under the condition of critical coupling of the incident field with the TPP. 






Figure 4. Reflectance spectra of the structures consisting of the PC conjugated with (a) the gold, (b) titanium, and (c) titanium nitride film of different thicknesses. (d–f) Reflectance spectra of the corresponding structures under the condition of critical coupling of the incident field with the TPP.



[image: Photonics 10 00064 g004]







[image: Photonics 10 00064 g005 550] 





Figure 5. Absorptance spectra of the investigated structure consisting of the PC conjugated with (a) the gold, (b) titanium, and (c) titanium nitride film. The corresponding total absorptances are shown in the lower right-hand corner. Metal thicknesses are the same as in Figure 4. 






Figure 5. Absorptance spectra of the investigated structure consisting of the PC conjugated with (a) the gold, (b) titanium, and (c) titanium nitride film. The corresponding total absorptances are shown in the lower right-hand corner. Metal thicknesses are the same as in Figure 4.



[image: Photonics 10 00064 g005]







[image: Table] 





Table 1. Calculation parameters.






Table 1. Calculation parameters.





	Symbol
	Structural Parameter
	Value





	L
	TiO   2   nanotube length
	6  μ m



	r
	Outer radius
	55 nm



	h
	Wall thickness
	10 nm



	R
	Outer radius of ring thickenings
	65 nm



	d   1  
	Distance between rings
	105 nm



	d   2  
	Height of ring thickenings
	45 nm



	d   m  
	Metallic layer thickness
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Table 2. Thicknesses of the metal films defined by TCMT and transfer matrix methods.






Table 2. Thicknesses of the metal films defined by TCMT and transfer matrix methods.





	Metal
	Thickness Defined by TCMT
	Thickness Defined by Transfer Matrix





	Au
	35.8 nm
	35.2 nm



	Ti
	11.2 nm
	12.5 nm



	TiN
	28 nm
	22 nm
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