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We have theoretically and experimentally demonstrated a Fabry-Pérot (FP) resonators based on a Si-air one-dimensional photonic crystal (1D PhC) with coupled triple-cavity modes (or defects). These defects are obtained by filling selected air channels in the 1D PhC with an actively reconfigurable fluid. Simulations of the optical properties of these FP resonators were performed in the wide infrared spectral range. It is shown that by changing the refractive index, nc, of the fluid simultaneously in all three channels, a set of narrow triple resonance peaks can be obtained within wide stop-bands of different order in the infrared range. In addition, at certain values of nc, splitting of the triple resonance peaks into a doublet and a single peak with a significantly larger quality factor, Q = 21,200, occurs. Prototype devices based on Silicon-On-Insulator platform were fabricated and characterized by electro-optical and spectroscopic measurements. The electro-optical measurements demonstrate the possibility of refractive index manipulation of the filler in the FP channels individually or simultaneously. Spectroscopic measurements performed in the range 1540–1630 nm using fiber-coupling confirm the presence of triple resonance peaks in the 3rd stop-band in the absence of an electric field applied to the FP channels. At an applied voltage of 10 V to the middle channel, an increase of Q to 3720 in the single peak is registered.

Keywords: one-dimensional Si photonic crystal, multiple Fabry-Perot resonators, tunable triple-cavity modes, stop-bands, high quality factor, refractive index sensing

INTRODUCTION

Modern Silicon fabrication technology has advanced remarkably over the last two decades, demonstrating an unprecedented level of photonic integration [1–7]. Particular attention is paid to different types of photonic devices based on one-dimensional, two-dimensional and three-dimensional photonic crystals with a consequent variation of layers of different refractive indices in these (various) directions [4–6]. Development of integrated compact multi-channel filters in particular, for applications including communication systems [8, 9], multifunctional sensing [10–12] and spectral imaging detection [13] is an active area of research in this field. Vertically etched silicon one-dimensional photonic crystals (1D PhCs) have attracted particular interest, due to their easy fabrication and integration onto a chip with in-plane light propagation [14–16]. Other advantages of these structures are the possibility of tuning their optical properties [17–19], as well as their ease of adoption for micro/nano-fluidic devices [20–22].

These advantages have resulted in the development of a variety of opto-electronic devices, including multimode filters for wavelength division multiplexing (WDM) as well as opto-fluidic devices for biochemical and biomedical sensing. The desired characteristics for these devices are high quality factor (Q), large modulation depth, also known as extinction ratio (E.R), high selectivity, high out-of-band rejection, low power attenuation, low insertion losses and a small footprint, see, for example, Reed [6]. The use of vertical 1D PhCs for sensing is particularly important for the near- and mid-infrared regions and may be extended in future to the far-infrared and even the THz regions [1–3, 7, 23]. Another attraction of these structures is that the delivery of chemical or biological substances into the air gaps can be performed via standard “flow-over” (see, for example [24]) and “flow-through” approaches. The latter method is achieved by pumping through the channels as well as by capillary action [25–27]. Simulations of three vertical silicon/air 1D PhC Fabry-Perot resonant cavities with different architectures and fluidic functionalities were discussed in Surdo and Barillaro [28]. The impact of cavity order and 1D PhC micromirror reflectivity on their biosensing performance is analyzed. Results on the surface sensitivity, the limit of detection and the range of linearity of the devices are reported.

For effective frequency separation, multimode filters are used. These are fabricated by creating a cavity of extended size in a Fabry-Perot (FP) resonator, as well as by using cascaded and coupled resonators [17, 29–31]. These cascaded structures consist of separate FP filters connected in series. Changing the optical properties of individual filters does not affect the properties of the neighboring filters [29–31]. The use of PhC technology can remarkably improve the tuning capability of individual channels within these filters and optical switches for WDM optical interconnect applications. PhC technology can also reduce the footprint and provide an easier integration process [32]. Tunable multichannel PhC filters rely on the tuneability of the refractive index, n, of several periods within the periodic photonic structure, allowing the formation of coupled resonators, via thermotuning, electrotuning and a photorefractive effect [33–37]. These devices allow fine-tuning of individual channels in the filter system, by, for example, varying the temperature or applying an electric or magnetic field.

The development of integrated compact multi-channel optical filters is a rapidly developing area. Coupled microresonators are used in waveguide structures [38] and ring resonators [39], which can be tuned by injecting carriers with Δn < 10−4, resulting in a relatively small tunable range. By using liquid crystals with a larger range of Δn, up to 0.4, tuning of the resonance modes has been significantly extended, for example, in a cascade resonator [29]. In Cos et al. [40] the design of an optical equalizer, or tunable filter, is proposed, with the possibility of changing the shape of the interference bands by changing n within different periods of the 1D PhC structure.

The optical properties of a system of two coupled Fabry-Perot microresonators were investigated theoretically in Kaliteevski [41], where the interaction of localized photon states is considered, leading to a splitting of the optical modes of the system. In this study, the coupling parameter, the reflection, R, of the common mirror, is identified, characterizing the interaction force between the modes. A decrease in R led to an increase in the splitting of the peaks in the spectrum. By using coupled FP resonators and exploiting the possibility of individual tuning of n in each resonator, a 1D PhC structure with two defects and various options to control the position of the doublet of resonance modes was investigated in Tolmachev et al. [42].

In this study, we propose a novel design for a multichannel integrated filters based on silicon-on-insulator (SOI) photonic crystal concepts and optofluidics technology. By infiltrating specific periods of a 1D PhC with a reconfigurable liquid filler, an efficiently coupled Fabry-Pérot micro-resonator (Figure 1) can be realized in which the wide stop band (SB) is used for frequency channel separation. Using a coupled triple-cavity 1D PhC filter operated using the third SBs, we have demonstrated refractive index control within individual cavities using a reconfigurable fluid, enabling independent fine tuning of each channel in the system by an applied voltage. By applying a voltage to one of the cavities, a triplet resonance is achieved with a significant increase in the Q factor for one of the resonance peaks.
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FIGURE 1. (A) Schematic diagram of 1D PhC based on a Si-air structure with three central air channels (c2, c4, and c6) infiltrated with a nematic liquid crystal (LC) of tunable refractive index, nc. (B) Schematic diagram of 1D PhC in which the refractive index of the central cavity nc4 is changed without changing nc in the edge cavities, giving a new sequence of nc. The notation ɑ stands for the lattice constant of the 1D PhC and is equal to a sum of the thicknesses of crystalline Si (c-Si) rib, dSi, and the air (or LC) channel, dair.



SIMULATIONS

Coupled Fabry-Perot Resonators With Tunable Triple Mode Capability

In this section, we describe the optical properties of 1D PhCs based on a Si-air structure with three central air channels infiltrated with an LC of tunable refractive index, nc. These structures form three coupled FP resonators with triple-defect modes within the photonic SBs. The optical properties of these structures were estimated using a transfer matrix method (TMM), see for details [26].

The introduction of 3 cavities, infiltrated with a filler of tunable nc, to a 1D PhC, leads to the formation of triple conjugated FP resonators, Figure 1A. The transfer matrix for 3-coupled resonators (M3CR) can be written as
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where H – stands for the matrix of the high-refractive index component and L—the matrix of the low-refractive index component, c2, c4 and c6—refer to the resonator cavities (2, 4, and 6), mBr—the number of periods for the Bragg mirror and mo—the number of periods for the internal mirror. The refractive index of the air is taken as nair = 1, while the data for the dispersion of Si, nSi(v), were taken from Salzberg and Villa [43]. For our calculations, we use various combinations of nc in the FP-resonator cavities, with parallel or cross-tuning in the range 1.5–1.7. From the large range of possible nc available, we selected four specific cases which may be of practical interest for different applications. The calculations were performed for the following geometrical parameters of a 1D PhC: dSi = 0.718 μm and dair = 2.5 μm (i.e., a = 3.218 μm) and mBr = mo = 1.

Parallel Tuning of Triplet FP Resonator

In the initial state, when the filler in all three cavities of the resonator have nc = 1.585 (Figure 2a), a triplet of defect modes appears in the spectrum of the 1st SB, Figure 2c—bottom spectrum. The distance between the peak positions in this triplet is Δv ≈ 40 cm−1, the linewidth, i.e., the full width at half-maximum, FWHM, for the edge and central peaks is = 2.5 and 5.5 cm−1 respectively, and the Q-factors for each peak are 420 and 190, respectively.
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FIGURE 2. Schematic diagram of three coupled resonators with tuning of nc of the filler from (a) 1.585 to (b) 1.515; (c) parallel tuning of the triplet mode with Δν = 30 cm−1 for the 1st SB, (d) the full range of 12 resonance peaks with Δνtotal = 116 cm−1. The numbers beside the peaks are the refractive indices, nc, of the filler liquid in the resonator cavities.



When nc in all three cavities is decreased from 1.585 to 1.515 (Figure 2b), the triplet as a whole experiences a blue shift by Δv = 30 cm−1 (Figure 2c—top spectrum), or in relative units by Δv/Δnc = 429 cm−1/RIU, where RIU stands for refractive index unit. Taking into account the linewidth of the peaks and the distance between them, equal to Δv ≈ 40 cm−1, as well as the possibility of changing the values of nc to a high degree of accuracy, it is possible to obtain other triplets occupying different positions in the spectrum. Thus, it is possible to achieve tuning of 4 triplets, with 12 resonant peaks in total, covering the range Δvtotal = 116 cm−1 (Figure 2d).

The tuning effect can be increased by using higher order SBs. To obtain non-overlapping peaks, it is possible to use an almost full range of nc variation in the range 1.5–1.7, Figure 3A. Calculations show that in the 3st SB the linewidth of the peaks remains the same as in the 1st SB, viz. 2.5 cm−1 for the edge peaks and 4.5 cm−1 for the central peak. The distance between the two nearest peaks is 40 cm−1 and the tuning range increased 5-fold from 30 to 167 cm−1, Figure 3B. The relative tuning was Δv/Δnc = 835 cm−1/RIU, a 2-fold increase. We note that 12 resonant peaks were obtained using only four possible values of nc in the range 1.5–1.7, including the lowest and the highest nc values. However, to obtain the maximum number of non-overlapping peaks, further fine tuning of the nc values within this range is required.
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FIGURE 3. (A) Schematic diagram illustrating nc tuning in resonator cavities, (B) nine triple peaks in the spectra of the 3rd SB with parallel tuning of the nc filler from 1.5 to 1.7, (C) the full range of 27 resonance peaks with Δvtotal = 420 cm−1. Numbers beside the peaks correspond to the values of nc for the fillers in all three cavities of the resonators.



The spectrum in Figure 3B (bottom spectrum) shows only one triplet for nc = 1.585, whereas in all other spectra in this Figure, two triplets are shown for the larger and smaller values of nc to save space. Figure 3C shows the positions of all 27 peaks in the range Δvtotal = 420 cm−1, exhibiting good resolution between the peaks. As in the case of double resonators [41, 42] the central position of the resonance peaks in the 3rd SB, with a linewidth of w3SB ≈ 600 cm−1, made it possible to use over 2/3 of the SB to create a wide range of tunable resonances within it. In contrast, for the 1st SB, only 15% of the width of the band, w1SB ≈ 770 cm−1, can be used in this manner.

Tuning of the Edge Peaks in the Triplet

Other options for triplet tuning are available. The initial state of the resonators is described by the following sequence of nc: 1.515–1.515–1.515, Figure 4a. The calculated transmission spectrum, T, for the 1st SB is shown in Figure 4d. The nc of the central cavity is changed to 1.585 without changing nc in the edge cavities, giving a new sequence of nc: 1.515–1.585–1.515 (Figure 4b) with the corresponding spectrum shown in Figure 4e.
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FIGURE 4. (a–c) Schematic diagram illustrating tuning of nc in one of the three cavities of the resonator. Triplet peaks with tuning of the nc filler from 1.5 to 1.7 in the central cavity with splitting of the triplet into doublet and mono-peaks in the spectra of the 1st SB (d–f) and 3rd SB (g–i). The numbers correspond to the value of nc of the filler in the resonator cavities.



Finally, by changing nc in the central cavity to 1.7, Figure 4c, we obtain the spectrum shown in Figure 4f. The result of this tuning is a red shift of two edge defect modes at Δv = 45 cm−1. In relative units, the shift is small, i.e., Δv/Δnc = 225 cm−1/RIU, and the central mode within the triplets remains stationary.

This is more clearly manifested in the 3rd SB shown in Figures 4g–i. Indeed, splitting of the triplet into a double peak (doublet) and a single peak (mono-peak) occurred, and, as seen in Figure 4i, both peaks in the doublet merge to form a single broadened peak, while the monopeak is narrowed greatly. Formation of the doublet structure is explained by the interaction between two resonators with identical resonant frequencies. These are the two extreme cavities, with nc = 1.515, connected through a central resonator. Its resonant frequency, with a change of nc2 to 1.585 and then to 1.7, differs from the frequency of the resonators forming a doublet. For the initial state, the central resonator was in resonance with the edge cavities and it's intrinsic frequency begins to increase as nc increases. This, in turn, reduces the interaction between the resonances in the edge cavities, due to the appearance of a reflector at their intrinsic frequency, ultimately greatly weakening their interaction, resulting in minimal peak splitting in the doublet (Figure 4i). From Figures 4g–i, the total shift as a result of the tuning is Δv = 270 cm−1, which is significant if expressed in relative units, viz. Δν/Δnc = 1,350 cm−1/RIU. In addition, the quality factor, Q = vres/Δv, where vres is the resonance peak position and Δv is the linewidth, is significantly increased from 1,400 to 21,200 for the left peaks in Figures 4g,i respectively.

Let us now consider the following tuning option utilizing the 3rd SB: nc in the edge cavities unchanged and equal to 1.6, while the nc of the central cavity (nc2) changes to a larger or smaller value from nc, that is, nc2 = ± Δn, where Δn = 0.035. A schematic of the nc changes is shown in Figures 5a–c. Figure 5d shows the original triplet, obtained in the 3rd SB with splitting of the peaks by Δν = 40 cm−1 for the original state with nc = 1.6 in all 3 cavities of the resonator. Furthermore, by increasing or decreasing nc by Δn = 0.006, 0.017, and 0.035, different triplets were obtained, as presented in Figures 5e–g. As a result, the position of the central peak on the graphs remains unchanged while peak splitting is observed. With increased nc2 the edge peaks are red shifted, while with decreasing nc2 the peaks are blue shifted.
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FIGURE 5. (a–c) Tuning of the nc filler in the central cavity only: (d–g) 7 triplets in the 3rd SB, realized with different nC2 (shown by numbers at the peaks) with a fixed central peak and tuned lateral (edge) resonances, (h) summing peaks for all states of nc.



In addition, the nature of the peak splitting of the triplet changes. For example, increasing nc to 1.635, the left peak splits more strongly (Δv = 79 cm−1), while the right peak approaches the central peak (Δv = 20 cm−1). This situation is analogous to the effect shown in Figures 4g–i, where splitting of the triplet into a doublet and a mono-peak was observed. This was explained by a weakening of the interaction of the coupled resonators caused by different nc values within the cavities. Thus, by selecting a more appropriate combination of nc values, (Figures 5a–c), it is possible to obtain well-separated transmission peaks in the interval Δvtotal = 157 cm−1 as shown in Figure 5h. So, it is possible to tune 7 different peak pairs with one common unchanged transmission channel, that is, 15 channels in total.

Summarizing the results from the data shown in Figures 4g–i, 5d–h, we conclude that changes in the triplet with increasing Δn between the cavities are more pronounced in the 3rd SB when compared with the 1st SB, allowing edge tuning to provide a larger range of transmission channels.

Tuning of the Central Peak in the Triplet

Another option for triplet tuning was investigated, that of changing nc simultaneously in all 3 cavities. The variation of nc was carried out according to the schematic shown in Figures 6a–c. For the initial state nc in the cavities (1.6/1.6/1.6), the triplet in the 1st SB is shown in Figure 6d. A decrease of nc4 to 1.57 was made in the central cavity of the resonator, with a simultaneous increase of nc2 and nc6 to 1.625. This state (1.625 / 1.57 / 1.625) is depicted in Figure 6b. Since nc in the resonators now changes in opposite directions, we refer to this situation as cross-tuning. The original triplet calculated is shown in Figure 6d with another triplet obtained using an intermediate value of nc. Also included are triplets obtained by reverse tuning of nc in the resonators, as shown in the schematic in Figure 6c.
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FIGURE 6. (a–c) Schematic diagram illustrating cross-tuning of the nc filler, (d) 5 triplets in the 1st SB with fixed edge peaks and a tunable central peak, (e–h) the original triplet and 3 triplets in the 3rd SB, demonstrating the split into a doublet and a mono-peak. Numbers at the peaks are the values of nc for the fillers in the cavities of the resonators. In panel (d) the numbers beside the curves correspond to the following set of nc: 1 – 1.6/1.6/1.6; 2 – 1.585/1.62/1.585; 3 – 1.615/1.58/1.615; 4 – 1.575/1.63/1.575; 5 – 1.625/1.57/1.625.



From Figure 6d, the positions of the side peaks remain practically the same for the 5 triplets obtained, while the central peak experiences a red shift as the nc2 of the central cavity decreases. This is the opposite case to the tuning effect for a single peak in a classical FP resonator. In a single peak in a classical FP resonator, a decrease in the optical thickness of the cavity results in the resonance peak experiencing a blue shift. Examining this effect for the 3st SB in Figures 6e–h, it is apparent that as the cross-sectional change in nc increases, resonance effects split the triplet into a doublet and a mono-peak, as observed earlier, see Figure 4. Indeed, the central peak of the triplet in this case experiences a red shift. Thus, for the 3rd SB, performing cross-tuning of nc in the cavities enables control of the doublet structure, shifting it to the red. The edge cavities with the same refractive index are responsible for the appearance of the doublet structure. nc in this case increases, leading to a redshift of the doublet, and the central peak responsible for its creation. This redshift is apparent in Figures 6e–h.

It should be noted that because of strong splitting due to cross-tuning of nc in the cavities in the 3rd SB, the side peaks in the triplet cannot be fixed, as was possible in the 1st SB. Attempts to realize a similar resonator, i.e., fixed edge channels—tuning of the central channel, for the well-divided peaks in the 3rd SB failed, even when changing the values of nc by small amounts.

The results of simulations demonstrating the tuning of triple FP resonances with suppression of the edge peaks are described in the Supplementary Materials section and shown in Supplementary Figure S1.

EXPERIMENT

Results and Discussions

Prototypes of integrated triple-cavity PhC filters were designed and fabricated on a Silicon-On-Insulator (SOI) platform. The triple-channel resonator device was fabricated on a <100> p-type SOI wafer with a silicon device layer thickness of 4.5 μm and a 1 μm thick buried oxide layer, Supplementary Figure S2 in Supplementary Material. Electron-Beam Lithography followed by plasma etching was used to fabricate the nano-scale structures with a lattice constant of 1600 nm and a Si wall thickness of 1040 nm. These design parameters for the 1D PhC structures were selected in order to create triple resonances in the telecommunication wavelength range after infiltration of the 2nd, 4th, and 6th grooves with a nematic liquid crystal filler E7, Figure 7a. This liquid crystal was chosen mainly because of its high birefringence, ne – no = 0.21, where ne and no correspond to the extraordinary and ordinary refractive indices respectively, as well as a wide nematic temperature range (from −10oC to 59oC). Electrical isolation of the 2nd, 4th, and 6th grooves of the 1D PhC was achieved by dry-etching the micro-channels across the chip, Supplementary Figure S3 in Supplementary Material. One cone-shape cavity is designed for the easy infiltration of these grooves with LC E7, Figure 7a. A 500 nm layer of aluminum was deposited by sputtering for the contact pads. Optical lithography followed by a wet etch process was used to define the contact pads, as shown in Figure 7a. Finally, U-grooves with a depth of 60 μm were etched from both sides of the nano-structure for easier integration of the optical fibers and direct coupling to the device (Figures 7b,c).
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FIGURE 7. SEM images of the fabricated (a) SOI-based chip with integrated triple-coupled defect photonic crystal filter with connected microfluidic channels to the 2nd, 4th, and 6th periods (clearly indicated beside the output channels) and metal contact pads (circles), and (b) closer view of the defect-free 1D PhC with three-channels connected to the 2nd, 4th, and 6th grooves for infiltration purposes. (c) Schematic representation of light coupling with optical fibers integrated on-chip using U-grooves from both sides of the PhC structure.



By applying a voltage to the aluminum contact pads, different orientations of the LC molecules were obtained in the individual grooves, allowing manipulation of the refractive index in the 2nd, 4th, and 6th grooves and, consequently, with the transmission channels as described earlier in the Simulations section. In Figure 8, the electro-optical effect obtained for three channels is demonstrated with crossed-polarized optical microscopy. The black stripes are silicon electrodes, orange lines are air grooves and light stripes are grooves filled with a LC, Figure 8. A rectangular pulse train is applied to the three channels, alternating between 0 and 10 V, with a pulse duration of τp = 1 ms and a frequency of f p = 100 Hz. The applied voltage causes the Fredericks transition to occur in the LC in the grooves, as demonstrated by the change in color of the groove stripes. The effect of the applied voltage on all three FP channels individually or simultaneously is demonstrated clearly in the video uploaded in the Supplementary Material section.
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FIGURE 8. Polarized Optical Microscope images showing a top view of the channels: (a) no applied electric field (0 V), (b) under applied electric field of 10 V to the 4th central channel, (c) under applied electric field of 10 V to the 2nd and the 6th channels and (d) under applied electric field of 10 V to all three channels. Note: Applied voltage indicated by numbers (0 and 10) in Volts.



A demonstration of the appearance of the full set of resonance peaks within the 1st and 3rd SBs under applied voltage was not possible in this work due to limitations in the wavenumber range available for measurements in our fiber-coupling set-up. However, a shift of the resonance peak position by the applied electric field of different strength (and, therefore, by fine-tuning of nc) was demonstrated by us earlier [44], see also a schematic illustration of this effect shown in Supplementary Figure S4 in Supplementary Material section. In Tolmachev et al. [44], we presented the results of TMM simulations for a single-cavity FP resonator, filled with LC E7, over a wide IR spectral range. The experimental verifications of these calculations were provided using FTIR microspectroscopy.

On-chip in-situ transmission testing of the device with an electric field applied to the micro-fluidic cavities was performed in the geometry demonstrated in Figure 7c (see also Supplementary Figure S5 in Supplementary Material). Light from the Yeniast Tunics T100S tunable laser source in the range 1,540–1,630 nm was coupled into the chip on the left-hand side. The transmitted signal was collected from the right-hand side, using standard optical fibers. Output power was measured using an optical spectrum analyser (OSA), Yenista Optics FP002417 OSA. The schematic of this set-up is shown in Supplementary Material section.

The device was electrically driven by terminating probes on the contact pads during the transmission measurements using a customized Microtech 2 probe coupler. Device transmission characteristics were initially assessed with no voltage applied to the channels, as in Figure 8a. In Figure 9A we demonstrate the realization of a triple resonance mode obtained with a spontaneously aligned LC in the grooves with an average refractive index of 1.68. The simulated resonance peaks obtained at 1,589.4, 1,608 and 1,629.6 nm demonstrate a Q factor of the order of 1,130 with a total resonance wavelength spacing of 40.2 nm. Under an applied AC voltage of 10V, the refractive index of c4 channel is decreased to 1.458. This results in the formation of a doublet at 1,607.6 and 1,617 nm and a single resonance peak at 1,562.4 nm, with a significant increase of the Q factor to 3,720, see Figure 9B and Supplementary Figure S6 in Supplementary Material. Under applied voltage, this peak is shifted by 27 nm from its original position at 1,589.4 nm, as shown in Figure 9A with no voltage applied. The fitted nc value corresponds to a homeotropic alignment of rod-like LC molecules perpendicular to the Si walls (see Supplementary Figure S4d in Supplementary Material), expected to occur with an applied electric field across the 1D PhC groove channels, see, for example, page 516 in Perova et al. [26] and Tolmachev et al. [44]. This experimental result demonstrates for the first time, electrically controllable, ultra-high sensitivity of a single resonance device based on the triple cavity Fabry-Pérot system. The LC filler in the 2nd and 6th cavities can be replaced by any other liquid filler analyte or gas with arbitrary refractive index, while the electrically tunable 4th central cavity can be used as a highly-sensitive reference liquid. The nematic LC E7 can demonstrate a relatively high-quality factor and sensitivity for high-order stop-bands in particular.
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FIGURE 9. Simulated (black) and experimental (red) transmission spectra of (A) triple resonance system with refractive index of LC filler of nc = 1.68 in 2nd, 4th, and 6th grooves and (B) single resonance system realized by application of 10V to the 4th groove and reduction of refractive index to nc = 1.458. A magnified view of the single resonance peak can be found in the inset figure.



We note that for SOI electro-optical devices, that required a fast tuning of the refractive index of liquid crystal, the LC E7 is not very suitable, since its operation time is in the range of milliseconds. However, the other nematic LCs like, for example, 5CB and CCN-47 not only characterized by their high birefringence but also demonstrate an impressive electro-optical switching time in the range of 30–50 nanoseconds, as recently was demonstrated under specific experimental conditions in Geis et al. [45] and Borshch et al. [46]. In addition to that, it was shown during the last decade that some new type of liquid crystal molecules (for example, banana-shaped or bent-core LCs) can demonstrate also fast switching time at microseconds/nanoseconds level [47, 48].

CONCLUSIONS

In this paper, we propose a novel design for multichannel integrated devices based on SOI photonic crystal concepts and optofluidic technology. By infiltrating specific periods of a 1D PhC with a reconfigurable liquid filler of different refractive indices, nc, an efficiently coupled Fabry-Pérot micro-resonators can be realized. Various combinations of nc in the cavities of the FP resonators with parallel and cross-tuning in the range 1.5–1.7 are investigated by simulations using the transfer matrix method. With parallel tuning of nc in all three cavities, a large number of narrow triple resonance peaks can be obtained within the wide stop-bands of different order in the infrared range of spectra. Simulations of cross-tuning of n, reveal splitting of the triple resonance peaks into a doublet and a single peak with significantly enhanced quality factor, Q = 21,200.

Prototype devices were fabricated with three central cavities infiltrated with LC E7. Simulations of the electro-optical and optical properties of these devices were confirmed experimentally using polarized optical microscopy and spectroscopic measurements using fiber-coupling. Tuning of the refractive index of the filler in all three cavities simultaneously or individually was confirmed by electro-optical measurements. These structures may have application to WDM devices in the near IR to THz range, depending on the geometry. Spectroscopic measurements, performed over a limited near-IR spectral range, verified the presence of the triple resonance peaks within the 3rd stop-band in the absence of an applied electric field in the grooved channels. Application of an electric field to one of the three channels, using a voltage of 10 V, caused a shift of the low-frequency peak and a substantial increase of the quality factor to Q = 3,720. This suggests that these devices could form the basis of coupled FR resonators for application in refractive index sensing and for ultra-narrow optical filters in the infrared range.
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