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Abstract

:

Phoxonic crystals, which exhibit simultaneous phononic and photonic bandgaps, are promising artificial materials for optomechanical and acousto-optical devices. In this paper, simultaneous guidance of surface acoustic and surface optical waves in truncated phoxonic crystal slabs with veins is investigated using the finite element method. The phoxonic crystal slabs with veins can show dual large bandgaps of phononic and photonic even/odd modes. Based on the phononic and photonic bandgaps, simultaneous surface acoustic and optical modes can be realized by changing the surface geometrical configurations. Both acoustic and optical energies can be highly confined in the surface region. The effect of the surface structures on the dispersion relations of surface modes is discussed; by adjusting the surface geometrical parameters, dual single guided modes and/or slow acoustic and optical waves with small group velocity dispersions can be achieved. The group velocities are about 40 and 10 times smaller than the transverse velocity of the elastic waves in silicon and the speed of light in vacuum, respectively.
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1. Introduction


Phoxonic crystals (PXCs) have gained particular interest owing to their possibility of simultaneously manipulating light and sound for more than ten years [1]. The PXCs possess photonic bandgaps (PTBGs) and phononic bandgaps (PNBGs) simultaneously, which prohibit the propagation of photons and phonons, respectively. The PXCs can be designed straightforwardly as dual-functional (optical and acoustic) devices, such as waveguides, sensors, and superlenses. Besides, the PXCs are promising artificial materials for optomechanical (OM) systems and acousto-optical (AO) devices due to simultaneous confinement of light and sound in the same volume. Maldovan et al. [2,3] theoretically demonstrated the existence of photonic and phononic bandgaps in a two-dimensional (2D) photonic crystal (PTC) for the first time. Since then, several structures have been studied in order to demonstrate the opening of simultaneous PTBGs and PNBGs [4,5,6,7,8,9]. Different kinds of PXC-based devices have also been proposed, including PXC waveguides [10,11], sensors [12,13,14,15], mode converters [16], and diodes [17]. Meanwhile, the photon-phonon coupling in PXC structures is another fascinating research field [18,19,20,21,22]. Eichenfield et al. [23] experimentally demonstrated a one-dimensional (1D) optomechanical crystal (OMC) nanobeam cavity with large OM coupling. Psarobas et al. [24] reported that a strong AO interaction occurs when acoustic and optical resonant modes are simultaneously confined in a 1D PXC cavity to motivate multi-phonon exchange. Gomis-Bresco et al. [25] demonstrated a 1D PXC nanobeam cavity capable of transducing confined phononic modes inside a complete PNBG. Experimental investigations of OM couplings in 2D PXC slabs have also been reported [26,27]. Very recently, dual complete bandgaps in silicon and lithium niobate-based phoxonic quasicrystals have been demonstrated [28,29].



For a PTC slab, surface optical waves (SOWs) may appear when the slab is truncated. The SOWs in PTC slabs are non-radiative and absorption-free waves propagating along the slab surface. Engineering of SOWs can be useful for the manipulation of light at the surface of PTCs; so far, various applications such as cavities [30], waveguides [31], collimated emissions [32] and sensors [33] have been demonstrated. However, compared with the PTCs, the investigations of similar surface modes in PNC slabs are quite limited. Hsu and Hsu [34] numerically studied the guided modes occurring at the edge of 2D PNC slabs, which are similar to the surface modes in PTC slabs; they also designed a L3 edge cavity. SOWs and surface acoustic waves (SAWs) can be simultaneously obtained in a truncated PXC slab. It is noted that such surface modes can be utilized for guiding light and sound, and designing surface mode cavities [35].



In this paper, we investigate the phononic and photonic surface modes in truncated PXC slabs. The paper is organized as follows. Section 2 presents the slab model and computational methods. The phononic and photonic bandgap properties are discussed in Section 3. Section 4 is devoted to guided surface acoustic and optical modes in truncated PXC slabs, while conclusions are drawn in Section 5.




2. Structure and Method


Figure 1a,b shows the PXC slab and the corresponding Brillouin zone, respectively. This structure can be considered as cylinder scatterers connected by thin connectors. Alternatively, it is formed by drilling complex holes in a square lattice in a silicon slab. A similar 2D PXC, which insures simultaneous, large, complete photonic and phononic bandgaps, was investigated previously [36]. Furthermore, now we extend the 2D structure to 2.5D, i.e., a PXC slab. The geometrical parameters are the lattice constant a, cylinder radius r, hole width w, and slab thickness t, respectively. The PXC slab is truncated at both upper and lower surfaces to generate surface waves, as illustrated in Figure 1c. Initially, it has a finite length of 8 unit-cells along the y-axis. For the purpose of modifying the surface bands, we change the upper surface by two ways. The first is adding a silicon layer at the upper surface and varying its thickness d, as the left panel of Figure 1d shows. For the second one, a termination parameter τ (0 ≤ τ ≤ 1) is defined to describe the plane of termination on the surface, see the right panel of Figure 1d. The PXC slab has a finite length of 8 unit-cells along the y-axis with τ = 0 or of 7 unit-cells with τ = 1. Both surface acoustic and surface optical waves propagate along the x-axis, i.e., Γ-X direction.



The material parameters of silicon are the refractive index n = 3.5, mass density ρ = 2331 kg/m3, elastic moduli C11 = C22 = 16.57 × 1010 N/m2, C12 = 6.39 × 1010 N/m2, and C44 = 7.962 × 1010 N/m2, respectively [37]. Throughout this paper, the silicon is assumed to be crystalline with its main symmetry axes aligned to x, y, and z directions of the coordinate system.



With respect to the symmetry of the PXC slab it is possible to impose a symmetry plane, i.e., the middle plane along the slab thickness, to separate photonic modes into even and odd modes. Even (odd) mode is also termed TE-like (TM-like) mode. Then, only one half of the structure needs to be computed for the photonic case. Here, we note that the excitation of even or odd modes can be separately achieved by a proper selection of the polarization of the injected light in a real PTC device. On the other hand, full PNBGs are considered for the phononic case. Unlike a pseudo-bandgap for particular symmetry in the frequency range of definition, a full bandgap can prohibit the propagation of phonons regardless of the mode symmetry and the wave vector. The use of a full PNBG is essential to reduce mechanical losses in the PXC structures [25,27]. In the present work, both phononic and photonic modes are calculated by the finite element method (FEM) (COMSOL Multiphysics). The unit-cell is meshed by second-order tetrahedral elements, and the mesh convergence is confirmed.




3. Slab Modes


It is noteworthy that a bandgap is the basis of phononic and photonic surface modes because these surface bands appear in bandgaps (the mechanisms of both surface acoustic and optical modes will be discussed in Section 4). So, in this section we need to search simultaneously large phononic and photonic bandgaps by varying the geometrical parameters of a unitcell. It is well known that the slab thickness affects both phononic and photonic band structures significantly, which is different from 2D PXC cases. Figure 2 illustrates the gap-to-midgap ratios of phononic modes (top row) and photonic even (middle row) and odd (bottom row) modes varying with geometrical parameters r and w. Three slab thicknesses, i.e., t = 0.4a, 0.6a, and 0.8a, are considered. The gap-to-midgap ratio is defined by Δω/ωm, where Δω and ωm are the width and central frequency of the bandgap, respectively. The photonic and phononic eigenfrequencies are normalized by 2πc/a and 2πct/a, respectively, with c being the velocity of light in air and ct the elastic transverse wave velocity of the silicon. It is assumed that the surface waves propagate along Γ-X direction. So, only the photonic bandgaps whose upper edge is lower than the normalized frequency of 0.5 are investigated in this paper. This makes the optical surface bands below the light line. The bandgaps shown in Figure 2 are between the 6th and 7th bands for the phononic modes, and 2nd and 3rd, 3rd and 4th bands for the photonic even and odd modes, respectively. We have to indicate that two or more bandgaps may appear in the band structures for some geometrical parameters, and we choose the above bandgaps because they are favorable for generating large phononic and photonic bandgaps. It is seen that the gap-to-midgap ratio for the phononic mode increases with the increase of w. For a given w, this bandgap is widest at an intermediate value of r and becomes narrower as r deviates from this value. When the hole width w = 0.9a, the largest gap-to-midgap ratios exceed 35%, 50%, and 45% for the slab thicknesses t = 0.4a, 0.6a, and 0.8a, respectively. It is easier to obtain a larger phononic bandgap with t = 0.6a than with the other two cases because it exists in a wide geometrical parameter range. When we consider the photonic even mode with t = 0.4a and 0.6a, the bandgap becomes wider along the positive diagonal direction in the gap-to-midgap ratio map, i.e., w and r simultaneously increasing, as plotted in the middle row of Figure 2. On the contrary, with t = 0.8a, the bandgap becomes narrower as w and r simultaneously increase. However, when t = 0.6a, the bandgap is very narrow. So it is hard to obtain large phononic and photonic even mode bandgaps simultaneously for t = 0.6a. It can be observed that for t = 0.8a the large phononic and photonic even mode bandgaps do not overlap in the same geometrical parameter range. Then, simultaneous large bandgaps of phononic and photonic even modes can be obtained only for t = 0.4a. Unlike the photonic even mode, the largest odd mode bandgap, which widens as w increases and r decreases, appears when t = 0.6a. The largest photonic odd mode bandgap has a gap-to-midgap ratio of 16% with r = 0.3a, w = 0.9a, and t = 0.6a. But for t = 0.4a and 0.8a, the gap-to-midgap ratio of the bandgap does not exceeds 10%. Therefore, for phononic and photonic odd modes, we choose t = 0.6a to ensure dual large bandgaps.



As discussed above, a PXC slab with t = 0.4a (t = 0.6a) benefits the generation of both large bandgaps of phononic and photonic even (odd) modes. For t = 0.4a and t = 0.6a the corresponding phononic and photonic band structures are illustrated in Figure 3a,b respectively, where the other geometrical parameters are r = 0.35a and w = 0.9a. The red and blue dotted lines denote the photonic even and odd modes, respectively. Figure 3a shows the large phononic and photonic even mode bandgaps, while Figure 3b aims shows the large phononic and photonic odd mode ones. One can see that the phononic and photonic even mode bandgaps are of the normalized frequency ranges 0.395 < ωa/2πct < 0.553 (with the gap-to-midgap ratio of 33.3%) and 0.398 < ωa/2πc < 0.449 (with the gap-to-midgap ratio of 12%), respectively. Moreover, two bandgaps for photonic odd modes are exhibited in the band structure. The first bandgap is over the frequency range of 0.448 < ωa/2πc < 0.464. Actually, the second bandgap covers the frequency range of 0.479 < ωa/2πc < 0.552. However, in this work the upper edge of the photonic bandgap has to be lower than the normalized frequency of 0.5, as we indicated previously. Then, this bandgap is characterized by the normalized frequency range of 0.479 < ωa/2πc < 0.5. In Figure 3b, the phononic and photonic odd bandgaps are over 0.398 < ωa/2πct < 0.655 (with the gap-to-midgap ratio of 48.8%) and 0.403 < ωa/2πc < 0.46 (with the gap-to-midgap ratio of 13.2%), respectively. A large photonic even bandgap in the frequency range between 0.37 and 0.392 can be also observed in the band structure. Although the photonic mode is divided into even and odd modes, the bandgaps of even and odd modes can appear in the same PXC structure, as shown in the photonic band structures. The investigation of surface modes in the next section is based on the unitcell with the above geometrical parameters.



In view of practical application, the photonic operating wavelength λ is about 1550 nm. If the central frequency of photonic bandgap is chosen as the operating frequency, for the photonic even (odd) mode the corresponding geometrical parameters are a = 656 (669) nm, r = 229.6 (234.15) nm, w = 590.4 (602.1) nm, and t = 262.4 (401.4) nm, respectively. In turn, the central frequency of the phononic bandgap corresponding to photonic even (odd) mode is 4.22 (4.6) GHz.




4. Surface Modes


In this work the PXC slab possesses the same upper and lower surfaces. Additionally, due to the structure symmetry with respect to the plane y = 0, all surface acoustic and optical bands appear in pairs. One surface mode is localized at the upper surface, and another one with the same frequency is localized at the lower surface. If the surface bands are at a distance from the light line (for light waves) and the bandgap edges, the upper and lower surface modes cannot couple to each other, because there are enough periods of the PXCs in the interior region, that is to say, with the upper surface geometrical parameters changing the upper surface bands vary, while the lower ones keep invariant. So, only the upper surface bands will be plotted in the band diagrams. The generation of SOWs is due to the total internal reflection and the PTBG effect. For SAWs we assume that the acoustic waves (elastic waves) in solids cannot radiate into the air region from the free surfaces. Additionally, due to the existence of the PNBG, they cannot propagate from the surface into the interior space. So, the SAWs here are different from the traditional SAWs (for example, Rayleigh wave) in PNCs, and the sound line will not be illustrated.



4.1. Phononic and Photonic Even Modes


We take the geometrical parameters of the unitcell as r = 0.35a, w = 0.9a, and t = 0.4a. As indicated previously, two methods are adopted here to tune the surface bands. At first, we change the additional layer thickness d and show the dispersion curves of the surface wave bands of phononic and photonic even modes in Figure 4. For PNCs, when d = 0 (alternately could be considered as τ = 0), four surface bands can be observed in the band structure. The lowest band is impractical because it is very close to the edge of the projected bulk mode and is not located in the bandgap. The other three bands move toward the upper bandgap edge as d increases and are out of the PNBG when d = 0.04a. Though these bands do not locate in the complete bandgap, the corresponding surface modes actually exist, as the modal distribution at point c shows. With the layer thickness d increasing, two surface acoustic bands gradually rise from the lower edge of the bandgap. Here we have to note that surface bands, e.g., the lower two surface bands with d = 0.12a, which appear in the complete bandgap, are preferable. Two SAW bandgaps exist with d = 0, where the upper one disappears when d reaches 0.04a. Then, only one large SAW bandgap appears when d varies from 0.04a to 0.16a. This bandgap becomes narrower with the increase of d owing to the rising of its lower edge (the lower surface band) and the invariance of its upper edge. The SAW bandgap covers the frequency ranges of 0.433 < ωa/2πct < 0.557 and 0.49 < ωa/2πct < 0.557 for d = 0.04a and d = 0.16a, respectively. For photonic case one, SOW band, which shifts toward lower frequencies with d increasing from 0 to 0.16a, can be found in the complete PTBG. The PTBG is divided into two SOW bandgaps by this SOW branch. However, this surface band is quite flat and then these two SOW bandgaps can be considered as an entire one (0.398 < ωa/2πc < 0.487), inside which a flat surface band bandwidth exists. In Figure 4c, the acoustic deformation modes at points a and b correspond to the z- and x-directional vibrations of the cylinder scatterers, respectively, and at point c correspond to the vibration of the connectors along the y-axis. From Figure 4d, we can see that point 1 is closer to the upper bandgap edge than point 2, and this makes more optical waves radiate into the interior region at point 1 than at point 2. This SOW band is a dielectric band, as most of the energy is confined in the silicon region. For the surface mode bands, both acoustic and optical waves can be highly localized near the surface and attenuate exponentially away from the surface, as the modal distribution confirms. It is noteworthy that joint surface bands and surface wave bandgaps are fundamental to the design of various PXC devices in order to simultaneously manipulate surface acoustic and optical waves.



As the termination parameter τ varies, the dispersion curves of the surface wave bands of phononic and photonic even modes are shown in Figure 5. We change τ from 0.05 to 0.2 with a step of 0.05. From τ = 0.05, the thin connectors between the cylindrical scatterers at the upper surface no longer exist, and these scatterers can be regarded as individual resonators for the case of a PNC. One surface acoustic band appears in the complete PNBG and goes up with τ increasing, as displayed in Figure 5a. Moreover, this surface band is quite flat and corresponds to the locally resonant mode of the resonators, as shown by the deformation pattern in Figure 5c. The resonators at the upper surface vibrate almost in yz-plane, while the rest parts of the structure are still. Similar to the acoustic mode, there is one optical surface band appearing in the complete PTBG, and this band rises slightly as τ increases. From the modal distribution in Figure 5d, it can be seen that the maximum magnetic field locates at the top of the second row of the PXC slab, and that the optical waves attenuate away from this region. This surface band is an air band, as most of the energy concentrates in the air region. Additionally, from Figure 5 it is obviously seen that single phononic/photonic guided mode exists inside the bandgap, so that the intermodal coupling can be neglected.



In Figure 5a the surface acoustic bands are flat, as we indicated previously; the flatness of the bands implies a small value of the group velocity. Slow wave effects can significantly enhance the AO coupling, light-matter interaction for sensing, and the nonlinear effects in PXC structures [38,39,40]. The group velocity is defined as


    v g  =   d ω   d k     



(1)




In the photonic case, it is customary to consider the group index given by ng = c/vg. In parallel, we can define an equivalent group index in the phononic case as ng = ct/vg. Another criterion for evaluating the performance of the slow wave effect is group velocity dispersion (GVD). A large GVD can lead to serious distortion and broadening of the pulse along a waveguide due to the dispersion of the spectral components with different speeds. In addition, pulse broadening can lower the peak intensity of a pulse and then reduce the nonlinear effects. The GVD can be estimated from the dispersion relations through the definition as follows


   GVD =    d 2  k   d  ω 2      



(2)




Considering the practical application requirement, we should take the GVD value lower than 104a/2πc2 [41,42]. The group index and GVD as functions of the frequency for the surface acoustic band marked with yellow color in Figure 5a are shown in Figure 6. The group index curve displays a U-shape with a minimum value of 20, which means the group velocity is more than 20 times less than the speed of the bulk transverse wave in silicon. It is noted that the GVD condition (–104a/2πct2 < GVD < 104a/2πct2) is satisfied in the frequency range of 0.43 < ωa/2πct < 0.44, where the group index varies from 20 to 47. However, in the same geometrical configuration no surface optical band with a small group velocity can be obtained.



Figure 7 plots the phononic and photonic band structures with the termination parameter τ = 0.8–0.9. This PXC structure is similar to that with an additional layer, and may be considered as covering a thin layer with different shapes at the surface. For both phononic and photonic crystals, one surface band, whose frequency increases with τ increasing, appears in the bandgap. Furthermore, simultaneously large phononic and photonic bandgaps of the surface waves can be obtained. For instance, with τ being 0.9, the PNBG takes the frequency range of 0.438 < ωa/2πct < 0.558 (gap-to-midgap ratio = 24.1%), while two PTBGs take those of 0.398 < ωa/2πc < 0.436 (gap-to-midgap ratio = 9.1%) and 0.442 < ωa/2πc < 0.486 (gap-to-midgap ratio = 9.5%), respectively. The variations of the group index and GVD with the frequency for the surface optical band marked with yellow in Figure 7b are illustrated in Figure 8. As the frequency increases, the absolute value of the group index first decreases to the minimum value of 29 and then increases. With a small GVD, the corresponding group index is between 29 and 30.5. Unfortunately, only the SOWs can be slowed down with these surface parameters, while the slow wave effects are not significant for the SAWs.



For the phononic and photonic even modes, the surface waves propagating along the surface of truncated PXC slabs are investigated in this section. The results show that the bandgaps for surface waves can be tuned by changing the surface parameters. The acoustic and optical single-modes can be simultaneously achieved by adjusting the surface geometrical parameters. For the slow wave effect, it is hard to realize simultaneously slow sound and light by simple modification of the surface structures.




4.2. Phononic and Photonic Odd Modes


We take the geometrical parameters of the unitcell as follows, r = 0.35a, w = 0.9a, and t = 0.6a. At first, the effect of d on the surface acoustic and optical waves in the PXC slab is investigated, see Figure 9. There are five surface acoustic bands in the PNBG when d is 0, see Figure 9a. These surface bands go upward as d increases; among them, the upper three bands disappear, with d reaching 0.04a. Moreover, another two bands generate from the bottom of the PNBG and also rise up with the increase of d. For all of these surface parameters, one or two SAW bandgaps can be observed. The acoustic energy is highly confined at the surface region because SAWs cannot propagate into the second row of the PXC slab, as shown by the displacement field in Figure 9c. For the photonic case, three SOW bands appear when d = 0 and drop down with d increasing. The PTBG is separated by these surface bands into two or three SOW bandgaps. The lower tow branches fall below the lower PTBG edge when d reaches 0.04a and 0.12a, respectively. Additionally, from d = 0.12a one can see the presence of a single SOW mode in the PTBG. It can be seen from Figure 9d that more optical energy penetrates into the air region at point I, while most of the energy is confined in silicon at points II and III. So, the surface band corresponding to point I is an air band, and the other two corresponding to points II and III are dielectric bands.



Figure 10 displays the dependences of the group index and GVD with the normalized frequency for the surface acoustic and optical bands marked with yellow color in Figure 9a,b. For the phononic case, a U-shape in the group index curve is exhibited, and around the normalized frequency ωa/2πct = 0.6405, the group index remains approximately constant (ng = 39). Meanwhile, the corresponding absolute value of GVD is between 0 and 8×103a/2πct2. In Figure 10b, there is a flat region in the group index curve for a wide frequency range between 0.427 and 0.431, where the group index and GVD for the optical waves are smaller than −8.6 and 4×103a/2πc2, respectively. Additionally, in this case, simultaneously slow SAWs and SOWs with a small GVD can be achieved, which is different from those cases discussed in Section 4.1, where only acoustic or optical waves can be slowed down.



The variations of the surface mode branches with the termination parameter τ are illustrated in Figure 11. Two flat SAW bands are exhibited in the PNBG, among which the upper one shifts toward the lower frequency as τ increases, while the lower one behaves conversely. The vibration modes corresponding to these bands are locally resonant modes. The vibration mode at point E shows almost the swing of the resonators in the yz-plane, and at point F the resonators vibrate in the yz-plane as well as twist slightly on the y-axis, as plotted in Figure 11c. As the slopes of both surface acoustic bands are very low, it can be inferred that these bands possess high group indices. There are two SOW bands appearing in the PTBG when τ = 0.05. Both of them move up as τ increases and the upper one moves out of the PTBG when τ = 0.15. The PTBG is separated by these bands into two or three SOW bandgaps. The lower and upper bands are dielectric and air bands, respectively. The optical energy is well localized in the upper surface region at points IV and V, as depicted in Figure 11d. When τ varies from 0.8 to 0.9, the bands and bandgaps of the surface acoustic and optical modes can be observed in the band structures, as shown in Figure 12. The behaviors of these surface modes are similar to those in Figure 9 and will not be discussed in detail.




4.3. Phononic, Photonic Even and Odd Modes


The dispersion curves of the photonic odd modes with the geometrical parameters r = 0.35a, w = 0.9a, t = 0.4a, d = 0.04a (a), and τ = 0.2 (b) are shown in Figure 13. We have indicated that in the same PXC slab, dual phononic and photonic even surface modes can appear in the bandgaps, see Figure 4 and Figure 5. Although with these geometrical parameters the photonic odd bandgap is not as large as that of the even mode, the bands and bandgaps of the surface optical odd modes exist with two different surface configurations, as illustrated in Figure 13. Moreover, the modal distributions show the electric field attenuates fast away from the structure surface. Consequently, we indicate that simultaneous presences of surface acoustic, optical even, and odd modes can be achieved in the same PXC slab.





5. Conclusions


The opening of simultaneous phononic and photonic bandgaps in PXC slabs with veins is theoretically studied. Dual large bandgaps of phononic and photonic even/odd modes can be obtained over a wide range of geometry parameters, which provides good tolerance for the technological realization and flexibility of designing this PXC structure. Based on these large bandgaps, simultaneous guidance of SAWs and SOWs along the surface of truncated PXC slabs is demonstrated. The bandgaps of surface waves, as well as the surface bands, can be tuned effectively through changing the surface geometrical parameters. Moreover, the acoustic and optical single-modes can be simultaneously achieved by properly adjusting the surface geometrical parameters, which is beneficial for the waveguide applications. Slow wave effects with small GVD for the SAW or/and SOW are found. For the phononic and photonic even modes, the slow wave effects for the SAW of SOW can be realized. However, for the phononic and photonic odd modes, the SAW and SOW can be simultaneously slowed down, where the acoustic and optical group velocities as small as ct/40 and c/10 are predicted, respectively. The PXC slabs can be applied for the design of highly sensitive parallel sensors or the integration of PXC devices.



In the present work, we especially focus our study on tuning the SAW and SOW bands, as well as the surface mode bandgaps. We do not further change the configuration of the PXC slab surface to improve the slow wave effects of these surface bands. As numerous attempts have been devoted to slow down light or sound in the PTC [43] or PNC [44,45] structures, it can be inferred that by finely tuning the geometrical parameters, the improvement of simultaneously slow sound and light can be realized in this kind of PXC structure. We believe the PXC surface waveguides can be adopted to study the optomechanical/acousto-optical interaction between the photonic and phononic guided modes [46,47,48]. The development of the waveguides supporting the propagation of slow photons and phonons at the same time may result in the enhancement of the photon-phonon interaction. Additionally, the optomechanical coupling in the surface waveguides could be compared with that in the standard silicon waveguides. Last but not least, these results may potentially stimulate additional design rules for new topological insulators in optomechanics [49,50].
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Figure 1. Diagram of the 2D phoxonic crystals (PXC) slab (a) and the corresponding Brillouin zone (b). The structural geometry is described by the lattice constant a, circle radius r, hole width w, and slab thickness t. Schematic sketch of the truncated PXC slab for the surface modes (c) and enlarged diagram of the upper surface region (d). Two surface parameters, i.e., the adding layer thickness d and termination parameter τ, are used to tune the surface modes. 
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Figure 2. Variations of the gap-to-midgap ratio of phononic (top row), photonic even (middle row), and odd (bottom row) modes as functions of cylinder radius r and hole width w with different slab thicknesses. The results of three slab thicknesses t = 0.4a (left column), 0.6a (middle column), and 0.8a (right column) are plotted. 
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Figure 3. Band structures of phononic and photonic modes, where the geometrical parameters are r = 0.35a, w = 0.9a, (a) t = 0.4a, and (b) t = 0.6a. Red and blue dotted lines denote the photonic even and odd modes, respectively. 
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Figure 4. Dispersion curves of the surface wave bands of phononic (a) and photonic even (b) modes for different d, where d increases from 0 to 0.16a with a step of 0.04a. The cyan and gray areas represent the projected bulk modes and light cone, respectively. (c) Displacement field distributions and deformed patterns corresponding to different phononic surface bands. (d) Magnetic field (HZ) distributions at plane z = 0 corresponding to different photonic surface bands. 
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Figure 5. Dispersion curves of the surface wave bands of phononic (a) and photonic even (b) modes for different τ, where τ increases from 0.05 to 0.2 with a step of 0.05. The cyan and gray areas represent the projected bulk modes and light cone, respectively. (c) Displacement field distributions and deformed patterns corresponding to different phononic surface bands. (d) Magnetic field (HZ) distributions at plane z = 0, corresponding to different photonic surface bands. 
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Figure 6. Variations of the group velocity and group velocity dispersion (GVD) with the frequency for the surface acoustic waves (SAW) band marked with yellow color in Figure 5a. Blue and red lines denote the group index and the GVD, respectively. 
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Figure 7. Dispersion curves of the surface wave bands of phononic (a) and photonic even (b) modes for different τ, where τ increases from 0.8 to 0.9 with a step of 0.05. The cyan and gray areas represent the projected bulk modes and light cone, respectively. 
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Figure 8. Variations of the group velocity and GVD with the frequency for the surface optical waves (SOW) band marked with yellow color in Figure 7b. Blue and red lines denote the group index and the GVD, respectively. 
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Figure 9. Dispersion curves of the surface wave bands of phononic (a) and photonic odd (b) modes for different d, where d increases from 0 to 0.16a with a step of 0.04a. The cyan and gray areas represent the projected bulk modes and light cone, respectively. (c) Displacement field distributions and deformed patterns corresponding to different phononic surface bands. (d) Electric field (EZ) distributions at plane z = 0 corresponding to different photonic surface bands. 
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Figure 10. Variations of the group velocity and GVD with the frequency for the SAW (a) and SOW (b) bands marked with yellow color in Figure 9. Blue and red lines denote the group index and the GVD, respectively. 
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Figure 11. Dispersion curves of the surface wave bands of phononic (a) and photonic odd (b) modes for different τ, where τ increases from 0.05 to 0.2 with a step of 0.05. The cyan and gray areas represent the projected bulk modes and light cone, respectively. (c) Displacement field distributions and deformed patterns corresponding to different phononic surface bands. (d) Electric field (EZ) distributions at plane z = 0 corresponding to different photonic surface bands. 
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Figure 12. Dispersion curves of the surface wave bands of phononic (a) and photonic odd (b) modes for different τ, where τ increases from 0.8 to 0.9 with a step of 0.05. The cyan and gray areas represent the projected bulk modes and light cone, respectively. 
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Figure 13. Dispersion curves of the surface wave bands of photonic odd mode, where the geometrical parameters are r = 0.35a, w = 0.9a, t = 0.4a, d = 0.04a (a), and τ = 0.2 (b), respectively. The cyan and gray areas represent the projected bulk modes and light cone, respectively. (c) Electric field (EZ) distributions at plane z = 0 corresponding to different photonic surface bands. 
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