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Abstract. In this work we report on optical properties of Fabry-Pérot (FP) resonator based on Si-air one-dimensional

photonic crystal (1D PC) with coupled double-cavity modes (or defects). These defects obtained by infiltration of the

air-cavities of refractive index (n4;-) with the filler of tunable refractive index. In the periodic structure of 1D PC, the filling
of two defined grooves with a filler with a refractive index different from n4;- leads to the appearance of two resonant modes,
the position of which can be adjusted purposefully with changing of # filler. In comparison with (A / 2) air resonators, the

splitting of the doublet increases, which is explained by the increase in the coupling between the resonant modes due to the

decrease in reflection R of the internal mirror. The coupled FP resonators design is CMOS compatible and has potential for

application in tuning of individual transmission bands in wave-division multiplexing systems as well as for multiple narrow

filters in the wide infrared spectral range.

INTRODUCTION

For effective separation of certain frequencies, multimode filters are used that can be obtained by creating a cavity
of extended size in a Fabry-Pérot (FP) resonator, as well as using cascaded and coupled resonators. Cascade structure
consist of separate components (FP filters) connected in series, while changing the optical properties of each of them
does not affect the properties of the neighboring filters [1-5]. The development of integrated compact multi-channel
optical filters for various applications is a rapidly developing area. Coupled microresonators are used in waveguide
structures [6], in ring resonators [7], which can be tuned by injecting carriers with An <10, so they have a relatively
small tunable range. Thanks to the use of liquid crystals with a large range of An, the tuning of the resonance modes
has been significantly extended, for example, in the case of the cascade resonator [2]. In Ref. [8] the calculation of the
optical equalizer (tunable filter) is proposed with the possibility of changing the shape of several interference bands by
changing # in different periods of the one-dimensional photonic crystal (1D PhC) structure. The optical properties of
the system of two coupled Fabry-Pérot microresonators were investigated in Ref. [9], where the interaction of
localized photon states was considered, leading to a splitting of the optical modes of the system. In this work, the
coupling parameter (the reflection R value of the common mirror) was revealed, which characterizes the interaction
force between the modes. The decrease in R led to an increase in the splitting of the peaks in the spectrum. Using the
theoretical prerequisites for the creation of coupled FP resonators and assuming the possibility of individual tuning of
n in each resonator, a 1D PhC structure with two defects and different options of controlling the position of the doublet
of resonance modes were investigated in this work
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RESULTS AND DISCUSSIONS
Calculations of Double Coupled Fabry-Pérot resonators

The introduction into 1D PhC instead of single cavity (as shown in Fig. 1a) two cavities separated by the common
mirror, leads to the formation of double-cavity conjugated FP resonators (Fig. 1b). Transfer Matrix Method (TMM)
was used for simulations of the Si-Air and Si-Liquid Crystal (LC) 1D PhC structures with two defects. The transfer
matrix for double-cavity resonators (S) for calculations of the transmission spectrum, 7, can be written as

S=H(LH)™Lres1 [((HL)™H]Lres2(HL)™H, (1)

where H stands for the matrix of the high-refractive index component and L is the matrix of the low-refractive index
component, m and mo are the number of periods for the external and the internal mirror respectively and Lies is the
matrix of the resonator (defect cavity) Lies, which is defined by the following equation Lres = (270/Ares) Bires® dres OF for
non-optimal thickness of the resonator, dy.s = dr from the equation Lies = (27/A res) Hres” dz. The matrices for the
interfaces, i.e. IHL, ILH etc. are ignored to simplify the calculations. For calculations, we use various combinations of
n in the FP-resonator cavities, with parallel or cross-tuning in the range 1.5 — 1.7.

The calculation of the matrix and the spectrum of 7 by means of the Eqn. (1) is performed at the normal incidence
of light at ns; = 3.42, and the refractive index of incoming (n:) and outgoing media (n) equal to 1 (related to air). The
lattice constant of the reflector is taken as a=3.4 pum, the filling factor fs; = 0.224, and the width of the resonator cavity
dpe; = 2d1. The interaction of localized photonic states leads to the splitting of the optical modes of the system (see
Figs.1c and d), which is defined as the difference between two peak positions in the doublet.
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FIGURE 1. (a) Schematic diagram of FP resonator, based on Si-Air with a single defect and a number of periods in the reflectors m
= 2, b) schematic of coupled FP resonators with m = mo = 1, ¢) first Stop-Band (SB) in spectrum 7 with two resonance peaks, and
d) magnifying part of doublets from figure (c) and a single peak of FP resonator, similar to one shown in figure (a), but with m = 3.

Thus, for a resonator with m = mo = 1 at Ao = 10.5 pum (i.e. at vo = 952.48 cm™), this splitting corresponds to Av =
35.86 cm! (AL = 405 nm), which is 3.8% with respect to the selected frequency of a single mode in the 15t SB (vo =
952.48 cm™!). As is known [9], the splitting of the doublet depends on the R of the common mirror, which in this case
is R = 0.97, and provides a strong connection between the two oscillators.
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FIGURE 2. Composite coupled resonators transformed from 1D PhC by introducing a filler with n = 1.6: a) structure with m = mo

=1, b) structure with m = mo = 2; ¢) the transmission spectra of the 1st SB for a doublet of coupled resonators with reflectors having

m =1 (dashed line) and m = 2 (solid line); d) a magnifying view of the double resonant peaks from Fig. (c). The numbers beside the
peaks indicate the positions of the maxima of the resonant peaks in cm™.
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In Fig. 1d, a spectrum 7 of a single-defect cavity resonator was added in order to compare the resonance peak of
single defect with doublet peak for the double-cavity FP structures, taking into account an approximately equal
number of walls in the reflectors for both cases. It can be seen that the width of the single peak is smaller than for
doublet resonances, which is explained by the higher value of R = 0.9998, due to a larger number of periods of PhC in
the reflectors surrounding a single cavity of the resonator (m = 3). The increase in the number of periods in the
double-cavity structure up to m = mo = 2 increases the R of reflectors to 0.998, weakening the coupling between the
oscillators and leading to a decrease in the splitting of peak positions in doublet to 1.1%.

In Ref. [10], it was shown how to transform a 1D PhC into a composite single-cavity FP resonator by introducing a
liquid crystal into the central PhC element. We apply this approach to the 1D PhC with five periods, as is shown in Fig.
2a, by infiltration the LC filler into the 2" and 4™ periods, as well as for the 1D PhC with eight periods, as is shown in
Fig. 2b, by infiltration the filler into the 3™ and 6" periods.

The transfer matrix S for this case is calculated using the Eqn.(1), taking into account the replacement of the value
of n by nzc = 1.6 in Liesi and Lres2. Figure 2¢ shows that a doublet, shifted from the center of the SB (at v =952 cm™) to
the blue region to the value of v = 1083 cm™ (A =9.236 um) closer to the edge of SB, appeared in the T spectrum in
the first stop-band of the composite PhC. The appearance of a doublet not in the center of the SB in both cases is
explained by the fact that the optical thicknesses of the defects are not equal to A¢/2, where Ao was chosen as the center
of the first SB of the reflectors.
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FIGURE 3. (a), (b) Schematic of parallel tuning of the n.¢ in the range 1.5-1.7 in both cavities of the FP resonator, (c) - (h) doublet
peaks in the T spectra for different values of n,¢ in the cavities of the FP resonators (7.c values shown by the numbers beside the
peaks).

Taking into account the demonstrated earlier possibility of the electrically controlled change of n:c in a single cavity
FP resonator, based on microstructured Si (see, for example, Ref.[10]), an approach is presented here for tuning of n.c
in double-cavities of FP resonator. It is shown that an increase or decrease in n.c leading to different variations in
position of doublets of resonance modes.

Different Types of Tuning of the Doublet Modes in LC Resonators

For tuning the resonance modes, we will change the refractive index n.c in double-cavities of the FP resonator from
1.7 to 1.5, as schematically shown in Figs. 3a and 3b. Considering the possibility of an independent change in n;c in
both cavities of the FP resonator, two cases were selected for the study: first - a parallel change in n:c in both cavities
(Figs. 3a,b), second - a cross-tuning of n,¢ in different cavities, that is, changes of n.¢ occured in opposite directions
(Fig. 4a).

The tuning of doublet peaks, depending on the value of n.c varying in parallel in both cavities, is shown for the 1%
SB in Figs. 3c¢-h. Fig. 3¢ shows only one doublet for n.c = 1.6, while in all subsequent figures from Fig.3d to Fig.3h
two spectra are shown: one for n.¢> 1.6 and the second for n.c <1.6 to save space. The distance between two peaks in
the doublet Av = 57 cm!' does not change with parallel tuning of the peak positions. As expected, for n.c = 1.7, the
position of the doublet is shifted to the red edge of the spectrum, whilst for n,c = 1.5 to the blue edge. The total peaks
shift reaches Av =79 cm™! (Fig. 3h), which results in the relative tuning range per unit refractive index, Av/ An=4 cm™!.
The transmission 7 within the SB region is at the level of no more than 0.001, while between the doublet peaks it is
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slightly higher than 0.01. The transmission value at the maximum of the doublet peaks reaches a value of 7~ 1, and the
full width of the peaks at half-maximum (FWHM) is 2 cm™'.

In the case of a cross tuning of n.c in two cavities of the FP resonator (see Fig. 4a), the alteration of the doublet
position is much smaller: Av = 13 cm, which in relative units is Av/v=10.011 (or 1.1%), Fig. 4b. Below, in Fig. 4c for
comparison, the spectrum 7 is shown at the tuning of n,¢ in the FP with single cavity, while in Fig. 4d two extreme T
spectra are presented for the case of parallel tuning of the doublet (from Fig. 3h). In the case of a structure with a single
defect, when the n;c is changing from 1.5 to 1.7, the position of a single peak at v =~ 1080 cm’! in the 1% SB (see Fig. 4¢)
is shifted by the value of Av =79 cm™' (Av /v =7.2%), which is similar to a shift for one of the doublet peaks (Fig. 3h),
with Av/ An =4 cm™'. The total spectral range occupied by the doublet resonance peaks of the double-cavity structure
within SB increased by 57 cm™! and amounted to Av = 136 cm’!. It should be noted that the width of the 1** SB is Av =
830 cm!, that is, when tuning the single-defect structure, less than 10% of the R bandwidth is used, whilst for the
doublet structure this reaches of 16% of the bandwidth.

Fig. 5a shows a series of spectra demonstrating how the doublet peaks are shifted within 3™ SB as n;c changes in
both cavities of the resonator. The width of the 3™ SB is 720 cm™!, while the range occupied by the tuned peaks is Av =
390 cm’!, that is, 54% of SB width. For the initial n.c = 1.6, the doublet peaks in the cavities of the resonator are in the
center of the
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FIGURE 4. a) Schematic of n.c changes in the case of cross-tuning of doublet modes. The relative shift of the resonant peaks in the
spectrum of the 1 SB is shown for the maximum tuning range of Avmax/v, given in % beside the lines: (c) for a single defect, and for
two coupled resonators in (b) for cross-tuning and in (d) for parallel tuning of the values of n.¢ in the cavities of the resonators
(numbers beside the peaks).
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FIGURE 5. a) Tuning of 11 doublet peaks in the 3rd SB with a parallel variation of the 7., the numbers beside the peaks are the n;¢
values in both cavities of the FP resonator; b) demonstration of all doublet pairs obtained within the range of ~ 390 cm! in one
graph. Note that three peaks obtained at slightly different n.¢ are overlapped.
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SB, which enables to reach the maximal possible variation of the number of peaks. The maximum range of the
spectrum covered by the tuning of the resonance peaks increased to Avmer = 390 cm’, that is, almost 3 times of that
achieved for the 1% SB. At the same time, the width of each peak increased by no more than twice, namely FWHM = 4
cm’! for the peak at v ~ 4800 cm™!. We note that 22 resonance peaks were obtained using eleven possible values of ;¢
in the range 1.5 — 1.7, including the lowest and the highest n.c values (Fig. 5a). However, to obtain the maximum
number of non-overlapping peaks, further fine tuning of the n,c within this range is required. For example, the T
spectra, obtained with a smaller step of An,c, are summarised in one graph (Fig. 5b) to show all possible doublet peaks
(29 peaks in total) that can be obtained within the 3™ SB, taking into account the desired separation of peaks among
themselves.

SUMMARY

In the periodic structure of a one-dimensional photonic crystal the filling of two defined air grooves with a filler of
a different refractive index leads to the appearance of two resonant modes, the position of which can be tuned
purposefully with changing of the refractive index of the filler. In comparison with air resonators of optical thickness
(A /2), the splitting of the doublet increases, which is explained by the increase in the coupling between the resonant
modes due to the decrease in R of the internal mirror. Since the main goal when using coupled resonators is the ability
to vary the peaks position, structures with a minimum number of periods in a common mirror are considered to
provide the maximum possible range of tuning of the position of the resonant peaks. The use of high-order resonances
and stop-bands allows us to extend the range of their functionality. Tuning of the doublet peaks in the 1% SB makes it
possible to obtain five pairs of the defect (or resonant) modes, while the use of the 37 SB provides the increase of their
number to 16 pairs. The resonance modes of the obtained structures have high transmission and modulation, good
separation between the peaks, and also a considerable range for the choice of the used resonant modes.
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