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Abstract

:

In this paper, we discuss the fabrication of a dielectric photonic crystal (PhC)-based Fano-filter device, as well as a numerical investigation of its spectral characteristics. The process parameters affecting the structural and physical properties of the fabricated device are discussed in detail, along with their influence on the spectral properties of the filter. The considered experimental problem is a three-layered PhC structure, fabricated using focused ion-beam (FIB) technology, designed to operate in the near-infrared (NIR) range. The studied parameters include the shape of PhC elements, depth of the structures, cladding layer thicknesses, and the refractive index of the material. Numerical design and simulations are performed using an open-source python-based Finite-difference time-domain (FDTD) simulation tool. The proposed optical filter device operates based on the principle of guided-mode resonance, and achieved a maximum quality factor value in the range of 800.
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1. Introduction


Photonic crystals (PhCs) are nanostructures capable of manipulating light at the wavelength scale. The idea of PhCs was first proposed by John [1] and Yablonovitch [2] in 1987, and they were suggested for application as optical filters by Magnessian and Wang [3] in the early 1990s. Since their invention, PhC structures have been suggested for various applications, including optical filters [4,5], waveguiding [6], metasurfaces [7], optical switches [8], logic gates [9], biomedical sensors [10], and in numerous photonic devices [11]. With the increasing demand for PhCs, their rapid prototyping and testing have become more essential. Commonly used fabrication techniques for PhC structures include electron-beam (E-beam) lithography, reactive-ion etching (RIE) [12], FIB milling lithography [13], nano-imprint lithography [14,15], and material processing using high-energy femtosecond laser pulses [16]. However, achieving nanometre precision for feature size in the sub-μm range with high resolution and aspect ratio is still challenging when using conventional fabrication technologies. The structural profile and physical properties of the fabricated nanostructures may deviate from their numerically designed models, due to various process- and material-related parameters. These deviations become more pronounced when working with PhCs, which operate on the principle of Guided-mode Resonance (GMR), also known as Fano-resonance [17,18,19,20,21,22,23,24,25,26,27], which is very sensitive to the structural properties of the periodic structures. GMR works on the principle of out-of-plane coupling of light in the structures, where the free space modes interfere with leaky modes and guided modes inside the structures with a phase-matching mechanism to create resonances. At present, FIB is considered one of the most precise and rapid prototyping technologies for nanostructures such as PhCs, as it offers many tuneable parameters, thus making the process very versatile. Despite its many advantages, however, FIB-based material processing also faces some challenges, such as surface charging, unnecessary corrosion of specimen surfaces, and long process durations. Due to their non-conductive properties and hardness, these effects become more significant when prototyping dielectric materials. To accelerate the process, high ion-beam currents can be used, which may reduce the quality of patterned structures. High beam currents can also result in other malfunctions, such as the re-deposition of milled materials, which may affect the physical properties of the fabricated structures. Besides other properties of fabricated structures, the refractive indices of the deposited materials may vary from the desired values, due to the process parameters and equipment calibration. An investigation of the effects of FIB process parameters on the properties of fabricated PhCs has been reported in [13,28]. The fabrication of nanostructures using direct patterning ion-beam lithography has been presented in [29]. Moreover, [30] has reported the use of FIB technology for the fabrication of microsystems, along with a discussion of related process parameters. The GMR phenomenon in dielectric photonic crystals has been studied in [13,17,22,25,31]. Some works have reported on the study of spectral responses of PhC structures, based on their structural profile, including [13,17,19,23]. Detailed studies of Fano-resonances in nanostructures have been reported in [17,18,19,20,21,22,23,24,25,26,27]. The various applications of dielectric PhCs have been reported in [32].



The focus of this work is to study the structural features of the FIB-fabricated PhC structures, as well as analyse the process parameters influencing them. To investigate the spectral characteristics and quality of the fabricated Fano-filter devices, their structural features are re-modelled using simulation software. The structural and physical properties of the numerical models are varied, as per the experimental results, and their effects on Fano-resonances are investigated in terms of the Quality Factor (QF), Linewidth, and shifting of resonant wavelengths    λ  r e s    . The proposed work is divided into four case studies, in which the shape of the PhC elements is studied, as well as their depth, the thickness of the cladding layer, and the refractive index of the waveguiding layer. The significance of this work lies in optimizing the fabrication parameters to obtain an optimal structural profile of PhC, as well as addressing the challenges related to the optical characterization of dielectric Fano-filter devices.




2. Materials and Methods


To make the design easy to fabricate and mechanically stable, an all-solid three-layered dielectric slab waveguide structure was considered for fabrication, as shown in Figure 1. The fabrication of the discussed slab waveguide PhC device includes two main steps: Deposition of the thin-films and structuring the PhC elements. A step-by-step visualization of the fabrication procedure is depicted in Figure 1. In the first step, the dielectric thin-films are deposited on a borosilicate glass substrate, using Ion-beam Sputter Deposition (IBSD) methods (Figure 1, steps 1–4). IBSD offers a good material quality of the deposited layers, along with good accuracy of the layer thicknesses. An Nb2O5 layer was sandwiched between two SiO2 cladding layers, to form a symmetric slab waveguide design. The SiO2 layers have thicknesses of 300 nm each, while the Nb2O5 is 330 nm thick. These design values were chosen as per the optimized theoretical model. The measured refractive index of the Nb2O5 layer in the NIR spectral range is    n 2  = 2.2   and the SiO2 layers have a refractive index of    n 1  = 1.5   [13,16]. The fabrication-related dispersion properties of the considered materials are discussed in detail in [33]. To avoid an accumulation of surface charge on the surface of the dielectric material during FIB milling and scanning electron microscopy (SEM) imaging, the surface of the specimen was coated with a 10 nm thick platinum (Pt) layer (Figure 1, step 5). Moreover, the surface of the specimen was grounded with the stage of the specimen holder, in order to improve the accuracy of the process. A soft mask of the optimized model was designed in the Raith ELPHY [30] provided GDSII-compatible software platform (Figure 1, step 6). In the designed mask, the lattice constant of the periodic structure was kept at   a = 1   µm with a hole radius of 300 nm. A direct patterning method offered by FIB technology was used, where the deflection of the ion beam was controlled following the designed soft mask, thus enabling rapid prototyping and reduced the complexity of the process. This process is also known as milling lithography. A live-milling sub-routine was used, where the FIB system enables SEM visualization of the fabrication process. In the final step of fabrication, the Pt layer was removed (Figure 1, step 8) by wet etching, as it can disturb the incident light beam during optical characterization of the device.



SEM images of the fabricated structures are shown in Figure 2. The top and cross-sectional views of the milled holes, with a depth of around 930 nm, can be seen in Figure 2a, whereas SEM images of PhC elements with a depth of around 1.5 µm and a conical structural profile can be seen in Figure 2b. The resultant structures are meant to be as close to the numerically optimized model as possible, where the milled holes ideally extend equally on both sides of the waveguide layer, having a depth of 930 nm (Figure 1, step 7). However, taking into consideration the material properties of the subject specimen and the FIB process parameters used, the structural properties of the fabricated structures deviated from the optimized theoretical model. The physical properties of the deposited thin-films, such as the refractive index, may also vary from the optimized value during the deposition process, due to the machine parameters and conditions of the vacuum chamber. The main FIB parameters influencing the structural properties of the milled holes include the ion-beam current, area dose, and number of process loops used. A low ion-beam current (e.g., 80 pA) can be used for high-quality milled structures or for creating cross-sectional views of nanostructures; however, this is not suitable for the fabrication of large-area structures, as the process duration would extend exponentially. Therefore, an ion-beam current in the range of 300 pA to 1.5 nA was used to pattern the PhC structures. However, the milled holes using these ion-beam currents tend to have a conical structural profile, rather than a standard cylindrical shape (Figure 2). Moreover, as the area dose is increased, the surface roughness of produced structures also increases. Additionally, if the number of process loops is not tightly controlled, the milled holes may become deeper than desired, as depicted in Figure 2b.




3. Simulation Model


The numerical design and simulation of the proposed optical Fano-filter device were carried out using an open-source python-based FDTD simulation tool, known as MIT Electromagnetic Equation Propagation (MEEP) [34,35]. To investigate the effect of each structural shape on GMR and the resulting spectra in detail, a single-cell modelling technique was used. The single modelling approach can save computational resources and time, allowing the user to perform several simulations when studying a problem. For visual clarity, a 3D diagram of the PhC structure, along with an indicated excitation source on the top and lattice constant  a , is shown in Figure 3a. The single-cell model (Figure 3b) was simulated as an infinite crystal through the application of Periodic Boundary Conditions (PBCs) in the lateral dimensions ( x  and  y ). Figure 3c depicts the cross-sectional view of the single-cell model, indicating the Perfectly Matched Layer (PML) boundary condition at the upper and lower boundaries ( z -direction) of the model. The model shows a standard PhC element with vertical sidewalls and an air hole extending above and below the waveguide layer. The lattice constant of this model is   a = 1  , meant for optical filters working in the NIR spectral range. The rest of the design parameters are expressed in terms of the lattice constant (e.g., the thickness of the waveguide is   0.33 a  ), which enables the model to be scaled to different spectral ranges. A plane wave excitation source, a reflection monitor layer above the structure, a transmission monitor layer, and a decay monitor point are indicated in the model depicted in Figure 3c. The source is defined with Ex component at an incidence angle of 0. As the discussed PhC structures have circular symmetry, there is no effect of source polarization on the results. The decay monitor point decides when to terminate the simulation, with respect to a user-defined source decay value. Moreover, the upper hole-radius    R t   , bottom hole-radius    R b   , depth of the air-hole  d , and thickness of the cladding layer  c  can be seen in the model. The default values of these design parameters were    R t  /  R b  = 0.30 / 0.30 a  , d =   0.33 a  , and c =   0.30 a  . After termination of the time-domain simulation, the recorded results are converted into the frequency domain for graphical visualization.




4. Spectral Characteristics of Fano-Filters


It is well-known that the response of a Fano-filter is sensitive to the structural properties of the periodic structures and the spectral properties of the excitation source [13,17,23,25,27]. To study the influences of the structural and physical properties of the fabricated filter device on its spectral characteristics, the shape, depth, and thickness of the cladding layer of the PhC element were varied in the numerical models. Moreover, the refractive index of the waveguide was also varied above and below the optimum value, in order to study the influence of physical properties on the resonant modes. The linewidth and Quality Factor (QF) of the computed resonant modes were evaluated by fitting, using the Fano resonance lineshape function given by Equation (1):


  F  ( ω )  =  A o  +  F o       [  q + 2  (  ω −  ω o   )  / Γ  ]   2    1 +    [  2  (  ω −  ω o   )  / Γ  ]   2    ,  



(1)




where    ω o    is the central frequency of the resonant mode,  Γ  is the resonance linewidth, and    A o    and    F o    are constant values. Thus, the QF of the resonant modes is given by Equation (2):


  Q F =    λ  r e s    Γ  .  



(2)







4.1. PhC Element Shape-Dependent Resonances


After carefully observing the cross-sectional view of the fabricated structures (SEM images in Figure 2), numerical models were designed to investigate the effect of PhC element shape on the performance of the designed Fano-filter. The transmission spectrum of a standard PhC filter model with cylindrical holes is shown in Figure 4a. The spectra have two resonant modes, in the range of    λ  r e s      = 1340 nm and 1492 nm. The PhC element shape was studied at an optimized hole-depth of d   = 0.93 a  , where the air-holes extend equally on both sides of the waveguide. Keeping all the other design parameters constant, the shape of the PhC element was varied by increasing the top radius    R t    and decreasing the bottom radius    R b    in five steps, with a factor of   + 0.05 a   and   − 0.05 a  , respectively, as shown in Figure 5d. The shapes of the PhC elements were changed in such a way that the radius at the centre of the waveguide remained constant at   0.30 a  . It can be seen, from the transmission spectra plot (Figure 4b), that both resonant modes observed a red-shift as the shape of the hole became more conical. It is important to mention here that the resonant mode 1, around the 1500 nm wavelength range (also shown in the inset), was considered in the spectral analysis, as it had more pronounced peaks.



A detailed graphical analysis of the spectral properties of the device, with respect to variation in the hole shape, is shown in Figure 5. The lines connecting the plotted simulation data are just guides to the eyes. The plot for    λ  r e s     vs.     R t  /  R b    in Figure 5a shows that the resonant peaks observed a slightly exponential red-shift as the hole shape varied. The reason for this effect can be explained by a decrease or increase in the effective refractive index,    n  e f f     [22], of the periodic structure above and below the waveguide as the hole shape changes. It can also be concluded, from the plot, that the separation of the modes also increased as the    n  e f f     of the periodic structures increased. It can be observed that the linewidth in Figure 5b decreased and the QF in Figure 5c increased as the hole shape transformed to conical. It can be observed that, at a PhC element shape value of    R t  /  R b  = 0.50 / 0.10 a  , the linewidth reached its lowest value (around 25 nm) and the QF achieved its maximum value (around 62). Moreover, the EM field distribution diagram in Figure 5e shows the localization of resonant modes inside the PhC elements during the occurrence of GMR.




4.2. PhC Element Depth Dependence of Resonances


During fabrication of the filter device, the FIB milling routine is divided into multiple process loops, in order to control the depth of the structures through the number of added process loops. However, when using high beam currents, such as 300 pA and 1.5 nA, it is very challenging to control the depth of the milled holes in the nm range. Therefore, it is crucial to investigate the effect of hole depth on the spectral properties of the proposed Fano-filter device. As the structures resulting from FIB milling bear a conical shape, an optimized experimental model with    R t  /  R b  = 0.40 / 0.20 a   was used in the simulations, in order to investigate the spectral features of the device (Figure 6a). The transmission spectra with variation in the depth of the PhC elements from   d = 0.30 a   to   2.00 a   in Figure 6b show that the modes underwent a blue-shift as the depth of the PhC elements increased. The reason behind this shift can be explained by the increase of    n  e f f     of the periodic structure, affecting its waveguiding properties. Additional information about the number and location of dual resonant modes can be extracted from the figure, and it can be seen that the waveguide accumulated two resonant modes in the vicinity of each other at shallow hole-depths of   d = 0.30 a   and   0.63 a  . Meanwhile, for larger values of  d , the mode separation increased with an increase in the linewidth of individual modes.



The performance considerations of the Fano-filter device, in terms of    λ  r e s    , linewidth, and QF for the hole-depth are shown in Figure 7. Figure 7a shows that the    λ  r e s     of the considered resonant mode underwent a blue-shift in a slightly exponential manner in the range of 1400 to 1650 nm as the depth of the PhC elements increased. The linewidth of the modes (Figure 7b) increased in value, over a wide range from 4 nm to 60 nm, as the depth increased. The QF of the modes (Figure 7c) had a very high value, in the range of 800, for a sharp resonant mode appearing at    λ  r e s   = 1650    nm at a shallow depth of   d = 0.30 a  . However, the QF suffered a huge drop, from 800 to 100, at    λ  r e s   = 1560    nm as the depth of the air hole increased from   d = 0.30 a   to   0.63 a  . It is important to mention here that a depth of   = 0.63 a   means that the air holes are milled across the waveguide layer. The EM field distributions in the PhC structure during the occurrence of GMR for hole depths of   d = 0.30 a   and   1.5 a   are shown in Figure 7d. The maxima and minima of the EM field are represented by red and blue, respectively. The resonant modes showed a strong coupling and field localization during GMR at the standard hole-depth of   d = 0.93 a  . Meanwhile, at the depth of   d = 1.5 a  , most of the field is transmitted and weak localization was observed in the upper portion of the waveguide.




4.3. Cladding-Layer Thickness Dependence of Resonances


Besides the accumulation of surface charge, high-energy particle beams, such as those used in FIB technologies, can also have corrosive effects on the surface of the specimen. This corrosion mainly occurs during scanning of the surface for selection and focusing of the beam to the working area. This effect can be observed in the SEM images shown in Figure 2a,b, where the 10 nm Pt layer deposited on the surface was almost removed and the upper diameter of the milled holes seems to be rounded due to corrosion. An experimentally optimum hole shape of    R t  /  R b  = 0.4 / 0.20 a   was selected for the numerical simulations, in order to investigate the effect of cladding layer thickness on the spectral properties of the PhC filter. The effect was studied in the absence of a cladding layer   c = 0.00 a  , gradually increasing its thickness up to   c = 0.50 a   with a step size of   0.10 a  . The structural profiles of the numerical models for different values of the cladding layer are shown in Figure 8a.



The transmission spectra in Figure 8b show that the resonant modes observed a red-shift, along with a decrease in linewidth, as the thickness of the cladding layer increased. The appearance of a second resonant mode can also be observed in the vicinity of the main mode with thickness values of   c = 0.40 a   and   0.50 a  . Furthermore,    λ  r e s     observed an almost linear red-shift (Figure 9a) in the range from 1390 nm to 1550 nm as the thickness of the cladding layer was increased. The linewidth of the resonant modes (Figure 9b) showed an overall decrease in value over a comparatively small range of values (from 48 nm to 20 nm) as the cladding thickness increased. On the contrary, a rise in the QF (Figure 9c) could be observed with an increase in the value of  c . The minimum QF, for   c = 0.00 a  , was observed to be 28, while the maximum achieved QF was in the range of 72 with   c = 0.50 a  . The EM field distribution shown in Figure 9d depicts a weak localization of resonant modes for both extreme values of   c = 0.00 a   and   0.50 a  .




4.4. Refractive Index Dependence of Resonances


During thin-film deposition, the type of deposition technique used, as well as the operating parameters of the process, affect the quality and physical properties of the materials. These parameters may include the temperature inside the deposition chamber, vacuum conditions, plasma concentration, process recipe used, and ageing of the equipment. Considering the deposition technique, materials deposited using IBSD technology usually are of higher quality, compared to the use of the Chemical Vapor Deposition (CVD) technique. Taking into consideration the optical properties of the deposited materials, the variation in the refractive index must be considered, as it directly affects the spectral properties of the optical filter devices. To study this phenomenon, the refractive index of the waveguide layer was varied from    n 2  = 2.0   to   2.5  , with a step size of 0.1, in a standard numerical model with    R t  /  R b  = 0.30 / 0.30 a   (Figure 10a).



The transmission spectra in Figure 10b show that the modes underwent a red-shift as the value of    n 2    increased; while, at the same, the dual-mode properties of the waveguide became more obvious. The    λ  r e s     plot in Figure 11a shows a perfectly linear red-shift in the range of 1400 nm to 1650 nm as    n 2    increased. In contrast to the structural properties discussed in previous sections, the linewidth plot of the device in Figure 11b showed a linear increase in the range from 24 to 50 nm as the value of    n 2    increased. As the    λ  r e s     and linewidth values of the device increased, the QF of the device (Figure 11c for the considered resonant mode continuously decreased (from 60 to 34) as    n 2    increased. Figure 11d depicts the EM field distribution in the periodic structure for    n 2  = 2.0   and   2.5  , showing weak and strong localization of resonant modes, respectively. The reason for this effect can be explained in terms of the contrast of the refractive index of the waveguide, with respect to its surrounding material. As the index contrast between the layers increases, the losses are reduced and confinement of the field inside the waveguide increases.





5. Conclusions


In conclusion, a slab waveguide PhC-based Fano-filter was fabricated using low-cost dielectric materials, and its structural properties were analysed according to various FIB technology process parameters. The spectral characteristics were numerically investigated in accordance with the fabrication results. The standard theoretical model of the device has a PhC element shape of    R t  /  R b  = 0.30 / 0.30 a  , with a depth of   d = 0.93 a   and   c = 0.30 a  . However, an optimum fabrication model was found, which had a PhC element shape of    R t  /  R b  = 0.40 / 0.20 a  , hole depth in the range of   d = 0.93 a   to   1.00 a  , and cladding thickness of   c = 0.30 a  , corresponding to the ion-beam current of 300 pA used during the milling process. The overall spectral quality of the Fano-filter was decreased when the shape and depth of the structures exceeded this mentioned range. The proposed Fano-filter was designed to operate in a spectral range around    λ  r e s      = 1500 nm; however, the spectral properties of the fabricated device may vary in the range of 1400 to 1600 nm range, depending on the quality of the structures. The QF of the device was around 45, with minimum and maximum values of 35 and 800, respectively. Considering the physical properties, the    λ  r e s     varied between 1400 to 1650 nm and the QF ranged from 34 to 58 when changing    n 2    from 2.0 to 2.5. The simulation results can be further validated by comparison with the optical characterization results of the fabricated structures in the future. The device is proposed for use in optical filter-based applications in fibre optics communications, lasers, and sensors.
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Figure 1. Stepwise concluded fabrication of the dielectric PhC based Fano-filter. 
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Figure 2. SEM images with a top and cross-sectional view of dielectric PhC structures fabricated using FIB milling lithography. (a) PhC-elements with a depth of 930 nm and air-holes extending equally on both sides of the waveguide. (b) Deep PhC-elements with conical structural profile and a depth of 1.5 µm. 
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[image: Crystals 12 00226 g002]







[image: Crystals 12 00226 g003 550] 





Figure 3. Simulation model of the proposed Fano-filter device. (a) 3D model of the slab waveguide PhC Fano-filter device with an indication of the excitation source. (b) Single-cell model with application of PBCs in lateral directions. (c) Cross-sectional view of the simulation model with excitation source, field monitor layers and field-decay monitor point. 
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Figure 4. (a) Simulated (red) and Fano fit (blue) transmission spectrums of the filter with standard PhC-element of cylindrical holes    R t  =  R b  = 0.30 a  . (b) Transmission spectra of the filter as a function of wavelength with variation in the structural profile of PhC-elements from cylindrical to conical shape. 
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Figure 5. Spectral characteristics of the Fano-filter device for variation in the shape of the PhC-elements. (a)      λ  r e s     as a function of    R t  /  R b   . (b) Linewidth as a function of    R t  /  R b   . (c) QF as a function of    R t  /  R b   . (d) Different shapes of PhC-elements used in simulation. (e) EM field distribution for    R t  /  R b  = 0.30 / 0.30 a  . 
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Figure 6. (a) PhC-elements with different values of d at    R t  /  R b  = 0.40 / 0.20 a  . (b) Transmission spectra of the PhC filter with variation in hole-depth value from d = 0.30a to 2.00a at    R t  /  R b  = 0.40 / 0.20 a  . 
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Figure 7. Spectral response of the Fano-filter for variation in the depth of the PhC-elements. (a)    λ  r e s     as a function of  d . (b) Linewidth as a function of  d . (c) QF as a function of  d . (d) EM field distribution for   d = 0.93 a   and   1.5 a  . 
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Figure 8. (a) Simulated dielectric PhC structures with conical shape and cladding thickness of   c = 0.0 a  ,   0.30 a   and   c = 0.50 a  . (b) Transmission spectra for variation in cladding thickness values from   c = 0.00 a   to   0.50 a  . 
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Figure 9. Spectral response of the Fano-filter for variation in the cladding layer thickness. (a)    λ  r e s     as a function of  c . (b) Linewidth as a function of  c . (c) QF as a function of  c . (d) EM field distribution for   c = 0.00 a   and   0.50 a  . 
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Figure 10. (a) Refractive index of the waveguide layer with    n 2  = 2.0  ,   2.2   and   2.5   depicted in different colors. (b) Transmission spectra for variation in the refractive index of the waveguide. 
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Figure 11. Spectral response of the Fano-filter for variation of refractive index of the waveguide layer. (a)    λ  r e s     as a function of    n 2   . (b) Linewidth as a function of    n 2   . (c) QF as a function of    n 2   . (d) EM field distribution for    n 2  = 2.0   and   2.5  . 
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