

  photonics-09-00485




photonics-09-00485







Photonics 2022, 9(7), 485; doi:10.3390/photonics9070485




Article



A Multichannel Superconductor-Based Photonic Crystal Optical Filter Tunable in the Visible and Telecom Windows at Cryogenic Temperature



Luz E. González 1,2,*[image: Orcid], Lina M. Segura-Gutierrez 3, John E. Ordoñez 3,4[image: Orcid], Gustavo Zambrano 3,4[image: Orcid] and John H. Reina 2,5[image: Orcid]





1



Facultad de Ciencias Naturales y Matemáticas, Universidad de Ibagué, Ibagué 730001, Colombia






2



Centre for Bioinformatics and Photonics (CIBioFi), Universidad del Valle, Edificio E20 No. 1069, Cali 760032, Colombia






3



Thin Films Group, Departamento de Física, Universidad del Valle, Cali 760032, Colombia






4



Center of Excellence on Novel Materials (CENM), Universidad del Valle, Edificio E20 No. 1026, Cali 760032, Colombia






5



Quantum Technologies, Information and Complexity Group, Departamento de Física, Universidad del Valle, Cali 760032, Colombia









*



Correspondence: luz.gonzalez@unibague.edu.co







Received: 8 June 2022 / Accepted: 8 July 2022 / Published: 12 July 2022



Abstract

:

We design and evaluate the performance of a one-dimensional photonic crystal (PhC) optical filter that comprises the integration of alternating layers of a barium titanate ferroelectric   (  BaTiO 3  )   and an yttrium oxide dielectric   (  Y 2   O 3  )  , with a critical high-temperature superconductor defect, yttrium–barium–copper oxide   (  YBa 2   Cu 3   O  7 − X   )  , resulting in the     ( BTO /  Y 2   O 3  )  N  / YBCO /     (  Y 2   O 3  / BTO )  N   multilayered nanostructure array. Here, we demonstrate that such a nanosystem allows for routing and switching optical signals at well-defined wavelengths, either in the visible or the near-infrared spectral regions—the latter as required in optical telecommunication channels. By tailoring the superconductor layer thickness, the multilayer period number N, the temperature and the direction of incident light, we provide a computational test-bed for the implementation of a PhC-optical filter that works for both wavelength-division multiplexing in the 300–800 nm region and for high-Q filtering in the 1300–1800 nm range. In particular, we show that the filter’s quality factor of resonances Q increases with the number of multilayers—it shows an exponential scaling with N (e.g., in the telecom C-band,   Q ≈ 470   for   N = 8  ). In the telecom region, the light transmission slightly shifts towards longer wavelengths with increasing temperature; this occurs at an average rate of 0.25 nm/K in the range from 20 to 80 K, for   N = 5   at normal incidence. This rate can be enhanced, and the filter can thus be used for temperature sensing in the NIR range. Moreover, the filter works at cryogenic temperature environments (e.g., in outer space conditions) and can be integrated into either photonic and optoelectronic circuits or in devices for the transmission of information.
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1. Introduction


Photonic crystals are periodic artificial structures of one, two or three dimensions. These configurations are characterized by optical parameters that change periodically (e.g., dielectric constants), thus allowing for the propagation of electromagnetic waves in media with a periodic spatial variation that can be tuned according to material composition and design, thus being particularly useful for the control of photon propagation and emission [1,2]. Such photonic crystal periodicity gives rise to a photonic band structure due to the scattered light from each interface between them materials composing the periodic medium [3]; this, in turn, results in a coherent superposition of photons of specific energies, thus allowing for propagating and non-propagating electromagnetic modes, from which the latter is known as the photonic bandgap [3].



Due to these features, it is possible to control and tune light in PhCs [4], thus opening a new perspective for information processing and technological applications such as chips [5,6], filters [7,8], lasers [9,10], waveguides [11], integrated photonic circuits, sensors [12,13] and thin film photovoltaic cells [14,15], to mention but a few. As is well known, there exist many sort of materials used to form tunable PhCs, such as semiconductors [16], metals [17], superconductors [18,19], metamaterials [20] and liquid crystals [21], among others. In this work, we focus on a critical high-temperature superconductor material,    YBa 2   Cu 3   O  7 − x    , as a defect layer inside the photonic crystal. Superconductor materials used for PhC fabrication present the following advantages: (i) the damping emission (losses) of electromagnetic waves that occur in metals are improved with the use of superconductors, and (ii) the superconductor dielectric function depends on the London penetration depth, which is a function of temperature and the external magnetic field. Due to this, high-temperature superconductor materials convey an interesting opportunity for the implementation of tunable photonic crystals in a wide variety of applications such as temperature sensors [17,22], polychromatic filters [23] and biosensors [24], among others.



Several technical reasons support the integration of high temperature superconductors (YBCO), ferroelectric (BTO) and dielectric ceramic materials   (  Y 2   O 3  )   in a 1D photonic heterostructure. A key aspect is that all of them have a perovskite structure, good lattice matching and a chemical similarity [25,26,27], which allows the epitaxial growth to be successful; in addition, these materials bear thermal expansion and contraction owing to variations between ambient and cryogenic temperature [28]. Lastly, such a nanosystem is compatible with thin film filter technologies used in the optical fiber and optoelectronic device manufacturing industries [29].



In a previous work [19], we succeeded in experimentally realizing ferroelectric/super conductor 1D photonic crystals as suitable engineered nanosystems for tuning and controlling electromagnetic wave propagation in a wide region of the visible spectrum. We designed and experimentally demonstrated the optical reliability of the fabricated nanosystem via reflectance spectrometry measurements in the whole visible range and also theoretically modeled the optical response below and above the superconductor critical temperature. As a conclusion of our findings, and based on the implemented PhC, we proposed possible novel optical filters and reflectors which could transmit at high frequencies and operate at cryogenic temperatures [19].



To keep up with the global optical data traffic demands, the current generation of optical communication systems needs to increase its transmission capacity [30]. Wireless communication uses as its main transmission media the radio frequency (RF) spectrum. However, Infrared (IR) and Visible Light Communication (VLC) systems have become an alternative to RF due to their operation at high frequency regions with larger transmission bandwidth and an increment in the information-carrying capacity of the communication system [31,32]. In this context, an important issue is the need to develop novel devices that allow full control of light propagation throughout the visible and near-infrared (NIR) regimes, while minimizing losses during this process [33,34,35,36,37].



Here, we design and computationally characterize a novel optical filter built from a one-dimensional (1D) PhC that can be integrated into optical networks based on wavelength-division multiplexing (WDM), with a high-Q factor in the telecom region. These filters route and switch optical signals at a given wavelength in the visible or NIR ranges, following the spectral grids for WDM applications as per the ITU-T G.694.2 recommendation from the International Telecommunication Union (ITU) [38]. The photonic heterostructures are built from the integration of ferroelectric and ceramic materials and superconductors, and we report on their performance above and below the superconductor critical temperature. We show that such a nanosystem can allow the implementation of optical filters based on PhCs that are amenable for integration into photonic and/or optoelectronic circuits, or in devices for the transmission of information in the visible and NIR ranges, at very low temperature environments (as in outer space conditions, to cite just one example).




2. Theoretical Framework


Figure 1 presents the geometry of the     ( BTO /  Y 2   O 3  )  N  / YBCO /   (  Y 2   O 3  / BTO )  N    1D tunable photonic filter. A defect superconductor layer   (  YBa 2   Cu 3   O  7 − x   )   is sandwiched in a periodic multilayer stack composed of alternating layers of ferroelectric   (  BaTiO 3  )   and dielectric   (  Y 2   O 3  )   materials, whose widths are    d s  ,  d a    and   d b  , respectively.



The propagation of an in-plane linearly polarized electromagnetic field of angular frequency  ω  is of the form    E →   z , t  = E  z   e  − i ω t    x ^    along the z-axis. By using Maxwell’s equations for linear and isotropic media, the electric field amplitude   E ( z )   satisfies the equation [39,40,41,42]


   d  d z     1  n  z  Z  z      dE  z   dz   = −   n  z    Z  z      ω 2   c 2   E  z  ,  



(1)




where c is the vacuum speed of light,   n  z  =   ϵ  z      μ  z      and   Z  z  =   μ  z    /   ϵ  z      are the refraction index and impedance for each material layer, respectively.



A photonic crystal composed of alternating layers of different materials can be modeled by means of a function   ψ ( z )   by considering both the electric field and its first derivative to be continuous across their interface, which means that the function has two-components, as follows:


  ψ  z  =      E z        1  n Z     d E   d z        .  



(2)







Equation (2) guarantees the continuity of the electric field and its derivative when it passes from one layer to another. This condition may be conveniently written by means of a characteristic transfer matrix M as


  ψ  ( z )  =  M i   ( z −  z 0  )  ψ  (  z 0  )  ,  



(3)




where   z 0   denotes an arbitrary point in each material layer, and subscript i indicates the layer indexes; thus,


   M i  =      cos  (    ω |   n i   |   c  z )         |   n i   |    n i     c  Z i   ω  sin  (    ω |   n i   |   c  z )        −    |   n i   |    n i    ω  c  Z i    sin  (    ω |   n i   |   c  z )      cos  (    ω |   n i   |   c  z )       .  



(4)







By defining the transfer matrix from the superconductor defect layer to the    Y 2   O 3    layer of a first bilayer as   M  s b    (see Figure 1), the bilayer transfer matrix connecting    Y 2   O 3  / BTO /  Y 2   O 3    layers as   M  b a b   , and the transfer matrix connecting the    Y 2   O 3    layer with the superconductor defect layer as   M  b s   , the total transfer matrix for the entire     ( BTO /  Y 2   O 3  )  N  / YBCO /   (  Y 2   O 3  / BTO )  N    structure becomes


   M T  =   (  M  b a b   )  N   M  b s    M  s b     (  M  b a b   )  N  =     P    ± O       ± R    S     .  



(5)




where P, O, R and S correspond to the elements of the transfer matrix for   N = 1  . Since the matrix   M T   is the transfer matrix of the whole system, its matrix elements determine the transmission and the reflection amplitudes for the entire system [40]. This enables us to determine the transmission amplitude of the entire system in terms of elements of the transfer matrices of the system’s constituents, so that the transmission through a single barrier can be written as


   T N  =    1  1 +  M 12     2  ,  



(6)




where   M 12   is the respective element of the transfer matrix for N periods. Finally, it is possible to obtain the transmission for N identical barriers; from Chebyshev’s identity, the Nth power of the transfer matrix can be expressed as [40]


   M N  =      P  U  N − 1   −  U  N − 2       O  U  N − 1         R  U  N − 1       S  U  N − 1   −  U  N − 2        .  



(7)




where    U N  =  U N   ( q )  =   sin  ( N + 1 ) q d    sin  q d      are the second-order Chebyshev polynomials. All numerical results for the transmission spectra were calculated by using the transfer matrix technique and performed in Wolfram Mathematica.



The Gorter–Casimir two-fluid model is adopted here to describe the electromagnetic response of the superconductor at non-zero temperature. Here, we consider that the superconductor material is non-magnetic   (  μ 2  = 1 )   and that the relative permittivity of a lossless superconductor is given by [43]    ϵ 2  = 1 −  (  ω  t h  2  /  ω 2  )   , where   ω  t h    is the threshold frequency of the bulk superconductor,    ω  t h  2  =  c 2  /  λ L 2   , and   λ L   is the temperature dependent penetration depth    λ L 2  =  λ 0 2  /  1 −    T  T C    p    , where   λ 0   is the so-called London penetration depth at   T = 0   K,   T c   is the superconductor critical temperature and   p = 2   for a high temperature superconductor [43]. The threshold frequency exhibits a similar behavior to that of the plasma frequency in a Drude model for metals; that is, when the frequency   ω >  ω  t h    ,   ϵ 2   is positive and the electromagnetic (EM) waves can propagate in the superconductor. In contrast, the opposite behavior occurs for   ω <  ω  t h    , where the EM wave propagation is prohibited within the superconductor, and hence it constitutes an evanescent wave.




3. Results and Discussion


In order to produce the optical filter presented here, the strategy is to design and model a waveguide with a core of a low refractive index surrounded by a periodic multilayer reflector. We start with the design of an efficient periodic reflector such as a quarter-wave stack [44] built up of a number of quarter-wave layers of    Y 2   O 3    and   BaTiO 3   materials. In particular, the quarter-wave reflector has been designed, although not restricted to this, for a normal angle of light incidence, that is,    θ i  = 0  , and for a given operating wavelength in the infrared and visible regions, centered at 1550 nm and 600 nm, respectively. To complete the optical filter, an ultrathin superconducting film was surrounded on each side by a periodic reflector containing N bilayers of   BaTiO 3   and    Y 2   O 3   .



Figure 2 plots the filter optical response for   N = 2   in the wavelength region from 1300 nm to 1800 nm as a function of the whole range of incident angles for TE polarization at   T = 80   K and    d s  = 10   nm. In Figure 2a, the dark areas correspond to the high-reflectance ranges, while yellow areas indicate high transmission ranges where radiation passes through the structure. An interesting feature that arises is related to the light transmission through the structure: it has quite a sensitive response to the light incidence angle, as can be observed in the continuous displacement of the band to shorter wavelengths as the incident angle increases. In fact, one transmission band arises in the near-infrared region at 1600 nm at 0°, which continuously decreases to 1418 nm near 90°. We mention the importance of such a band since it lies within several spectral bands used in optical fiber communications (i.e., the E, S, C and L bands) [45].



The incidence angle   θ i   denotes the angle with the z-axis defined in the range of   0 ∘  ∼  ±  90 ∘   , xz is the plane of light incidence, and the direction of   E × B   is given by the incident wave vector k, where E and B represent the electric and magnetic fields, respectively (see Figure 1). To compute the transmittance spectra, we first consider a   BaTiO 3   layer thickness    d a  = 160   nm, and    d a  = 62   nm for estimations in the infrared and visible regions, respectively. Here, we consider an operation temperature that varies from 20 K to 80 K; hence, the   BaTiO 3  -dielectric function can be considered constant,   ϵ = 5.8   [46,47,48]. In turn, the    Y 2   O 3    layer thickness    d b  = 201   nm, and    d b  = 78   nm, for the corresponding calculations in the infrared and visible regions, respectively; the    Y 2   O 3    dielectric constant   ϵ = 3.76   [49]. The considered superconductor defect layer    YBa 2   Cu 3   O 7    exhibits   p = 2  ,    T c  = 92   K,    λ 0  = 145   nm at   T = 0   K, and a dielectric function   ϵ 2  , as described above.



In Figure 2b–d, we plot the transmittance behavior for spectra computed at incident angles of 40°, 70° and 85°, respectively. The sharp peaks in these figures mean that the     ( BTO /  Y 2   O 3  )  2  / YBCO /   (  Y 2   O 3  / BTO )  2    nanostructure can indeed be configured as a narrow-band filter [44]. These results show noticeable changes in the transmission band width with the incident angle, which narrows as the angle of incidence approaches 90°. In such a way, for angles closer to 90°, the shape of the transmission peak changes, allowing for a bandpass filter over a narrower range. Then, if the light incidence angle is varied by a small amount, it is possible to tune the bandpass over a narrow range of wavelengths. For example, Figure 2d shows that the optical nanostructure allows the passage of light at only a narrow set of wavelengths around 1430 nm. This transmission peak is abruptly attenuated for the other wavelength ranges, resulting in a transmission coefficient that goes to zero. This result is in agreement with the fact that when a wave impinges at a right angle, it moves parallel to the separation surface of the two media, and therefore its energy is not transmitted through the surface [50].



Although the quarter-wave reflector has been designed for a particular operating wavelength of 1550 nm and for a normal angle of incidence, it remains efficient even when used at other wavelengths and incidence angles, as can be seen in Figure 2. This is due to the refractive index contrast, which plays a key role in the reflector efficiency when used outside of its design regime [50]. According to this, in order to implement the optical filter and to transmit a signal at 1550 nm, e.g., for   N = 2   (see Figure 2), we use the bandgap of the multilayer reflector to be able to spatially localize the electromagnetic mode at the defect superconducting layer. We remark that the choice of operating wavelength for the IR optical filter at 1550 nm (and normal incidence) is based on the extremely low loss of the standard single-mode fiber for telecommunications wavelengths at such wavelength (1550 nm; C-band) [51]; this is a key feature to bear in mind in the design and construction of the proposed optical filters.



We point out that a localized mode in the defect layer can exist even though it is well known that no EM modes are allowed to have frequencies in the gap. This is so because, when light of a given frequency is sent into a photonic band gap (PBG), the wave vector becomes complex and the wave amplitude decays exponentially into the crystal, originating evanescent modes, which in turn decay exponentially. This is why we include a defect layer in the construction of the filter: by breaking the PhC translation symmetry, we are able to sustain an evanescent mode and to excite a localized mode with frequencies inside the PBG [44]. This localized mode associated with the defect—henceforth, the defect state or resonance—corresponds to the single transmission peak that is reported in Figure 2 and Figure 3.



We next analyze a key feature that characterizes the     ( BTO /  Y 2   O 3  )  N  / YBCO /     (  Y 2   O 3  / BTO )  N   1D filter performance. In Figure 3, we plot the optical response of the designed filter in terms of the period number N, in the wavelength range from 1300 nm to 1800 nm, for a TE polarization,    d s  =   30 nm, at   T = 80   K. Figure 3a–c displays the light transmission/reflection through the proposed tunable photonic filter for   N = 2  , 5 and 8, respectively. As in the previous figure, we obtain a monotonic displacement of the transmission band towards shorter wavelengths as the incident angle increases. The resonant peak becomes thinner with increasing N, which indicates the sensitivity of the quality of the filtered signal with the number of periods N used in the filter’s construction.



To quantify the sensitivity of the resonant peak with N, in Figure 3d–f, we consider the transmission spectra at normal incidence for   T = 80   K,    d s  =   30 nm and   N = 2  , 5 and 8, respectively.   Δ λ   corresponds to the full width at half maximum (FWHM), and   λ c   indicates the operating wavelength of the filter. In each case, the defect supports a resonant mode with a wavelength at 1550 nm. However, what is markedly different is the peak width. We quantify such a transmission peak width (or resonance) by means of the quality factor, Q [44,52]. The value   1 / Q   is a dimensionless quantity interpreted as the fractional bandwidth of the resonance, which is related to the outgoing power and the electromagnetic energy localized in the defect. This key parameter for measuring the performance of a filter briefly means that the larger Q, the higher the quality of the optical filter.



The fractional width   Δ λ /  λ c    at half-maximum (50% transmission) is identically equal to 1/Q, a factor commonly used to certify a filter as narrowband or broadband. The gray shaded regions in Figure 3d–f indicate the transmission peak width at half-maximum,   Δ λ  , whose approximate values are 159.6 nm, 23.6 nm and 3.3 nm, respectively. Thus, the corresponding quality factors can be estimated as Q   ≈ 10   for   N = 2  , Q   ≈ 66   for   N = 5  , and Q   ≈ 470   for   N = 8  , which means that Q exhibits an exponential scaling with the number of periods N. These Q values can be interpreted in several ways: as a dimensionless decay rate, as a dimensionless lifetime or as a fractional bandwidth of the resonance [44]. In any case, a notable feature is that Q can be tailored by changing the number of periods in the structure; hence, it is a key parameter that enables the performance optimization of the designed optical filter.



Figure 4 displays the effect of temperature on the optical response for the     ( BTO /  Y 2   O 3  )  5  /    YBCO /   (  Y 2   O 3  / BTO )  5    optical (  N = 5  ) filter at normal incidence, in the wavelength range from 1300 nm to 1800 nm, for a TE polarization with    d s  = 30   nm. As in the previous case, dark areas correspond to the high reflectance ranges, while yellow areas indicate transmission ranges where radiation passes through the PhC filter. To gain further insight into the temperature effect on the optical response, in Figure 4b, we present the amplification image of Figure 4a in the wavelength range from 1520 nm to 1570 nm. As shown, the transmission peak can be tuned about 15 nm over the filter operating range by changing the temperature from 20 K to 80 K. Furthermore, in Figure 4c, we plot a better visualization of this feature. The results for 30 K, 50 K and 70 K, corresponding to purple, red and orange curves, respectively, evidence the small shift in the transmission peak by about 5 nm each 20 K, approximately. We associate this finding primarily with the slight decrease suffered by the superconductor dielectric constant as the wavelength increases, a result that is in agreement with the electromagnetic variational principle [44]. This effect may also be accounted for by considering the layers’ slight thermal expansion or contraction produced by the temperature variation.



We next examine the details of the band dependence on the superconductor defect layer thickness,   d s  . In Figure 5a, we plot the optical response of the   N = 5   PhC filter in the superconductor thickness range from 1 to 90 nm. It is known that a transmission filter can be achieved by adding a structural defect that can be any geometrical or material perturbation of a system that continuously preserves the translational symmetry in the multilayer plane [50]. In our case, this is a single layer of YBCO at the center of a 1D photonic crystal according to     ( BTO /  Y 2   O 3  )  5  / YBCO /   (  Y 2   O 3  / BTO )  5   . This implementation ensures that the defect mode is located inside a bandgap of a surrounding photonic crystal, resulting in an exponentially fast decay of a modal field outside the defect layer.



Figure 5a makes it evident that such a defect mode corresponds to the transmission peak at 1550 nm, concentrating its electromagnetic energy in the vicinity of the YBCO defect layer. On the other hand, in Figure 5b, we plot a zoom of Figure 5a in the wavelength range from 1530 nm to 1580 nm. It turns out that the transmission peak can be tuned in about 10 nm over the filter operating range by varying the superconductor defect layer thickness from 1 nm to 90 nm. This behavior leads us to conclude that the optical response does not considerably change with the variation of the YBCO defect layer thickness in this telecom band. The designed IR optical filter has a guiding mechanism that is based on the low refractive index of the superconducting defect layer; hence, this does not rely on its thickness. Note that our result comprises an effective refractive index of the superconducting defect layer guided mode,   n s  , which is smaller than the BTO and    Y 2   O 3    refractive indices. This arrangement corresponds to the so-called lower-refractive-index core photonic-bandgap waveguides [50]. As explained above, our filter’s core is built with a superconducting defect layer (size   d s   and low refractive index), surrounded by a quarter-wave reflector with refractive indices    n   Y 2   O 3    =   1.93 [49] and    n  B T O   =   2.43 [46]; hence,    n s  <  n   Y 2   O 3    <  n  B T O    , which opens a possibility for efficient light guidance in the low-refractive-index superconductor defect layer.



We now analyze the filter optical response in the visible region. In Figure 6, we compute for the   N = 2   filter in the wavelength range from 300 nm to 800 nm as a function of the whole range of incident angles for TE polarization at   T = 80   K, and    d s  = 10   nm. A similar behavior was obtained in comparison with the IR optical case, that is, light transmission through the structure has a sensitive response to the light incidence angle, and this can be observed in the continuous displacement of the band to shorter wavelengths as the incident angle increases. In addition, with the incidence angle variation from 45° to 85°, a transition from pseudo to full optical gap is obtained.



The defect mode or resonant peak in the visible spectra range is located inside a bandgap at 600 nm. We remark that this transmission peak is surrounded by other peaks that become of a very narrow wavelength width as the angle of incidence approaches 90°, which means a higher Q-factor. This fact can be used in the design of a multichannel transmission filter for WDM implementation, and hence the use of more than one transmission peak in a single configuration can be engineered. As VLC uses the visible range of the electromagnetic spectrum from 380 to 780 nm as the carrier, an order of magnitude faster than current radio frequency (RF) systems, optical devices operating within this spectral range represent an advantage over RF ones. We notice that the visible spectrum is unregulated and does not require a license to operate. In addition, VLC systems achieve a higher data transmission rate by increasing the number of channels by means of WDM technology [31,32]. Based on this result, we put forward a strategy for WDM in visible light communication: the presented     ( BTO /  Y 2   O 3  )  2  / YBCO /   (  Y 2   O 3  / BTO )  2    PhC optical filter enables the use of multiple light wavelength channels to send and transmit data. As can be clearly seen in Figure 6, several signals could be transmitted via the optical filter at different wavelengths or frequencies on the optical spectrum. Moreover, the number of wavelength channels for the WDM implementation can be enlarged by increasing the number N of multilayers in the nanostructure.



In summary, we have presented and evaluated the performance of a ferroelectric–dielectric–superconductor filter built from one-dimensional photonic crystals, where the superconductor acts as a defect layer. The assessment of the performance has been given in terms of physical variables that involve the direction of the incident radiation, the number of multilayers, temperature and the width of the superconductor defect layer. Thus, we have validated two important properties of the 1D resonant tunneling filter: its operating wavelength and its resonant mode lifetime. The operating wavelength can be controlled by the geometry and symmetry of the structure, i.e., by the    Y 2   O 3  / BTO   quarter-wave stacks on both sides of the superconducting defect: these behave like wavelength-specific mirrors that localize the light within a finite region. The resonant mode lifetime, characterized by the quality factor Q, can be tailored by changing the number of periods of the quarter-wave stack. These results can be used for integration into optical networks that are based on wavelength division multiplexing.




4. Conclusions


We have engineered and computationally tested the performance of a     ( BTO /  Y 2   O 3  )  N  /    YBCO /   (  Y 2   O 3  / BTO )  N    1D photonic crystal optical filter whose optical response provides a platform to route and switch optical signals at tailored wavelengths that can be exploited for data transmission and telecommunication purposes either in the visible spectrum or the NIR spectral region, especially at the commercially available optical telecom bands.



In the visible spectral region, the filter can be used for multichannel transmission in WDM applications, whereby five possible transmission bands have been identified (for the case   N = 2  ). Moreover, the number of bands can be tailored by engineering the structural filter parameters (N and thickness of material layers), temperature and incident light conditions.



In the NIR region, we have obtained a one-channel transmission filter within the spectral band used in optical fiber communications (1260–1675 nm). A key result from an operational point of view is that, at normal incidence, temperature may tune the frequency range of the transmission peak at an average rate of 0.25 nm/K in the range from 20 K to 80 K, which indicates that the filter can be used for temperature sensing in the NIR range.



We have demonstrated that the larger the number of multilayers N, the higher the quality factor Q. In fact, we found that Q scales with N in an exponential manner. In particular, in the telecom band, we achieved a high   Q ≈ 470   for   N = 8   (at 80 K and normal incidence). Finally, we expect that our findings will open a way for the development of novel photonic crystal materials that can be integrated into photonic and superconducting circuitry and optoelectronics, or in other sorts of devices that require the transmission of information in the visible and IR range environments.
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Figure 1. Schematics of the     ( BTO /  Y 2   O 3  )  N  / YBCO /   (  Y 2   O 3  / BTO )  N    1D tunable photonic filter, composed of alternating layers of   BaTiO 3   and    Y 2   O 3   , with a    YBa 2   Cu 3   O  7 − x     superconductor defect layer, with corresponding widths   d a  ,   d b   and   d s  , respectively. One period,   N = 1  ,     ( BTO /  Y 2   O 3  )  1  / YBCO /   (  Y 2   O 3  / BTO )  1    corresponds to one bilayer of BaTiO3 and Y2O3 saving a mirror symmetry respect to the YBCO superconductor defect layer. Thus, N periods refer to the number of repetitions of BaTiO3 and Y2O3 bilayers. k is the incident wave vector that fixes the direction of   E × B  , and E and B denote the electric and magnetic fields, respectively. The light propagation is defined by   θ i  , the angle with the z-axis, and xz is the plane of light incidence.   M  b a b   ,   M  b s    and   M  s b    indicate the transfer matrices in the intermediate layers (   Y 2   O 3   ,   BaTiO 3   or    YBa 2   Cu 3   O  7 − x    ). 
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Figure 2. (a) Photonic crystal optical filter response for TE polarization in the whole range of incident angles at   T = 80   K in the NIR range. The dark areas correspond to the high-reflectance ranges, and yellow regions indicate high transmission bands. White vertical lines in the figure are a guide to the eye, and correspond to the results for 40°, 70° and 85°, respectively. Panels (b–d) display the calculated transmittance of a     ( BTO /  Y 2   O 3  )  2  / YBCO /   (  Y 2   O 3  / BTO )  2    nanostructure, at   T = 80   K and incidence angles of 40°, 70° and 85°, for TE polarization, respectively. 
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Figure 3. Optical filter response in the whole range of incident angles, for period numbers (a)   N = 2  , (b)   N = 5  , and (c)   N = 8  ;   T = 80   K and    d s  = 30   nm. The resonant peak becomes thinner with increasing N and angle of incidence, which act as key parameters in the quantification of the filtered signal quality. Panels (d–f) present the transmission spectra of the 1D tunable resonant filter     ( BTO /  Y 2   O 3  )  N  / YBCO /   (  Y 2   O 3  / BTO )  N    at normal incidence, as a function of the wavelength and the filter’s period number. The graphs show a 100% peak at defect resonance wavelength   λ c   = 1550 nm for (d)   N = 2  ,   Q ∼ 10  , (e)   N = 5  ,   Q ∼ 66  , and (f)   N = 8  ,   Q ∼ 470  . The gray shaded regions indicate the FWHM transmission characterized by   Δ λ  . The quality factor   Q ≡  λ c  / Δ λ   scales exponentially with N. 
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Figure 4. (a) Simulated photonic band structure of the     ( BTO /  Y 2   O 3  )  5  / YBCO /   (  Y 2   O 3  / BTO )  5    filter (  N = 5  ) as a function of wavelength and temperature T, in the region   T = 20   K to 80 K, with    d s  = 30   nm, at normal incidence. The dark areas correspond to the high-reflectance ranges, and yellow regions indicate high transmission bands where radiation passes through the structure. (b) Optical response amplification of the   N = 5   PhC filter to a wavelength range between 1520 nm and 1570 nm. (c) Transmission light behavior of the   N = 5   filter as a function of temperature for   T = 30   K (purple line),   T = 50   K (red line) and   T = 70   K (orange line), respectively. 
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Figure 5. (a) Simulated photonic band structure of the     ( BTO /  Y 2   O 3  )  5  / YBCO /   (  Y 2   O 3  / BTO )  5    filter as a function of wavelength and superconductor layer thickness for   T = 80   K at normal incidence. (b) Filter optical response amplification in the range 1530 nm–1580 nm. 
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Figure 6. (a) Optical response of the     ( BTO /  Y 2   O 3  )  2  / YBCO /   (  Y 2   O 3  / BTO )  2    filter in the visible spectral region, for TE polarization in the whole range of incident angles at   T = 80   K. The dark areas correspond to the high-reflectance ranges, and yellow regions indicate high transmission bands where radiation passes through the structure. Panels (b–d) display the measured transmittance at incident angles of 40°, 70° and 85° (marked by the white vertical lines in (a), respectively. 
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