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Stimulated Brillouin scattering (SBS) lasers based on silicon waveguides with large SBS gain, have been widely used in frequency tunable laser emission, mode-locked pulse laser, low-noise oscillator, optical gyroscope, and other fields. However, current SBS lasers still need long waveguide lengths to realize Brillouin laser output, which increases the waveguide losses and is not conductive to be integrated. In this paper, we propose a silicon ring waveguide, in order to tune the frequency of the phonon field of SBS laser based on the silicon substrate of the ring cavity. The simulation results exhibit that the tailorable forward SBS effect is realized in the silicon-based optical waveguide with a large SBS gain up to 1.90 W-1m-1. Particularly, with the mutual restraint between photoelastic and moving boundary effects, the tunable phonon frequencies emitting from 1 to 15 GHz are realized through the conversion among higher order modes by modifying the widths of the ring cavity. Therefore, this silicon waveguide based on ring cavity will provide a new technical scheme for designing tunable SBS lasers by tuning the ring widths. In addition, this enhanced and broadband acoustic radiation will pave the way for hybrid integration in silicon-based optical waveguide, micro-electromechanical system, and CMOS signal processing technology.
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INTRODUCTION
Stimulated Brillouin scattering (SBS) effect is a third-order nonlinear effect, which is produced by the interaction of photons with phonons in the medium [1–3]. The SBS effect can be exploited to realize the conversion from optical waves (with higher frequency) to acoustic waves. Various applications based on the SBS effect, such as distributed sensing [4,5], slow light and fast light [6,22], microwave photonics [7–9], and narrow line width Brillouin lasers [10,11], have gained tractions and developped rapidly for decades. However, the realization of the SBS effect based on traditional waveguides such as optical fiber requires length of several kilometers, which makes the entire experimental device more complex and is not conducive to miniaturization and integration. The SBS effect can be realized by using microstructures; while the main reported platforms are micro resonant cavity, sulfur waveguide, and silicon-based waveguide, respectively.
If the optical gain generated by SBS exceeds the round-trip loss, SBS lasing will occur. Particularly, as a kind of nonlinear photo-acoustic coupling, the SBS effect is significant and can surpass Kerr and Raman interaction effects in most transparent media [12]. Due to the phonon dissipation induced by the substrate, the integrated silicon waveguide with enhanced Raman and Kerr nonlinearity tends to produce tiny SBS coupling. However, it is difficult for acoustic waves to be guided in a pure silicon on insulator (SOI) waveguide on account of the high intensity in silicon, i.e., the high speed of phonons. This will greatly inhibit the interaction between photons and phonons, which leads to a decrease of SBS effect in SOI. In order to excite the strong photon-phonon interaction in SOI, different structures of silicon-based optical waveguides were further proposed, including silicon ridge [13], suspended silicon waveguide membrane [14,15], silicon disk [16], silicon ring [17], and silicon bullseye [18]. Independent control of acoustic and optical characteristics is allowed, since optical and acoustic modes are limited by different physical mechanisms. SOI provides a stable platform for on chip nonlinear optical processing, which makes it effective in integrated system. Several structures have been fabricated in order to enhance the nonlinear effect, such as suspended waveguide, photonic crystal waveguide, ring waveguide, disk waveguide, and so on, so that the laser output based on forward stimulated Brillouin scattering (FSBS) can be realized in a smaller device size. However, the length of ridged waveguide is always several centimeters [19], which is not easy to be integrated and makes the processing of the target center and disk waveguide more complex. Therefore, there is still a need for a more local method to obtain enhanced SBS gain and high Q value in a limited area, especially for the forward Brillouin scattering in a compact-designed on-chip waveguide system.
In this paper, we demonstrate a Brillouin laser in silicon by using a ring guided wave forward Brillouin scattering (called stimulated multimode Brillouin scattering), in which the coupled light field is coupled in different optical spatial modes. By adjusting the ring width, the acoustic frequency is tuned and the SBS gain is increased. This work represents an imperative step in the field of designing SBS laser and paves the way for hybrid integration in silicon-based optical waveguide, micro-electromechanical system, and CMOS signal processing technology [6].
THEORY MODEL
In the process of SBS effect, the pump light with frequency wp interferes with the Stokes light with frequency ws (ws < wp), resulting in a light force distribution that varies with time and space; while the beat frequency produces the phonon signal with frequency Ω. In SBS process, the phase matching condition should be satisfied, that is, the conservation of momentum and energy should be satisfied as follows [18],
[image: image]
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where, [image: image] , [image: image] and [image: image] is phonon frequency, pump frequency, and Stokes wave frequency, respectively. Given the propagation direction of Stokes wave, SBS can be divided into backward stimulated Brillouin scattering (BSBS), and FSBS. During the progress of FSBS, pump wave and Stokes wave are transmitted in the same direction; while in the BSBS, they are transmitted in the reverse direction. Light waves can have an initial optical mode (in mode coupling) or different optical modes (inter mode coupling). In this paper, we only focus on the coupling between modules in forward SBS.
It is assumed that the electric field distribution of the pump pulse and Stokes pulses satisfies the following relationships:
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Using the small signal approximation, assuming that the pump power in the waveguide is greater than the Stokes signal power, the coupling between the pump light and the Stokes signal light should meet the following requirements:
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where, [image: image] and [image: image] are the power of pump light and Stokes light, [image: image] is the linear loss of light wave, [image: image] and [image: image] are the nonlinear loss coefficient caused by two-photon absorption and the nonlinear loss coefficient caused by free carrier absorption, respectively. In Eq. 6, g is the SBS gain coefficient, which can be expressed by Lorentz model as follows:
[image: image]
where, [image: image] is the eigenfrequency satisfied by the um eigenequation of the acoustic mode without considering the acoustic loss. [image: image] is the loss coefficient of acoustic mode considering the acoustic loss, which depends on the mechanical quality factor [image: image], and shall meet the following relationship:
[image: image]
where the subscript m is the m-order acoustic mode (m = 1,2,3...).
Considering the acoustic loss, the peak value of SBS gain spectrum can be simplified as follows:
[image: image]
where, vgs, [image: image] and [image: image] are light group velocity, conductivity, and density, respectively. [image: image] is the sum of the optical forces of pump light and Stokes light. It is assumed that, [image: image] and [image: image] integrally covers the entire waveguide cross-sectional area. It is the overlap integral between the total optical force and the single m-order optical eigenmode, which represents the optical mechanical coupling strength in the silicon-based waveguide on the silicon substrate.
The acoustic displacement field is caused by the total optical force and should meet the phase matching conditions of Eq. 1 and Eq. 2. In order to calculate um, the elastic loss can be neglected in isotropic medium, and the ideal acoustic equation should satisfy as follows:
[image: image]
where, Cijkl represents photoelastic tensor, ui and fi are displacement component and total light force of phonon field, respectively. The equation is the derivative along the j-th space direction of j, in which [image: image]. When there is no driving force fi in Eq. 10, the displacement component umi of phonon field in different modes can be obtained. Hybrid acoustic wave (HAW), including shear wave and longitudinal displacement component excited in waveguide structure.
To further clarify Eq. 9, Eq. 9 can be rewritten as:
[image: image]
where, [image: image] represents the influence of optomechanical coupling on GM; while [image: image] is the influence of other factors (including light group velocity, material quality factor, light energy flow, and phonon energy flow) on Gm, where, [image: image], [image: image]. From the two parameters in the above expression, we can see that in the waveguide structure, the angular frequency, the speed of group light wave, the energy flow of light wave and phonon wave, and the factors of waveguide material are all related to COTm.
SIMULATION RESULTS
As shown in Figure 1A, the Brillouin silicon laser system is made of a silicon wafer on a single crystal insulator, which is composed of a ring-shaped silicon runway resonance cavity. In the whole device, the light is fully reflected in the ring-shaped waveguide cavity. The design diagram of the ring cavity Brillouin laser is shown in Figure 1B. The silicon thickness is t = 250 nm, and the ring width is w = 500–2000 nm. The displacement field related to each phase matched Brillouin active waveguide mode is shown in Figure 1C. In the forward mode Brillouin scattering on the ring cavity, the phase matching condition satisfying m = 0 is shown in Eqs 1, 2. This multimode waveguide provides low loss guidance for different types of spatial modes [with their own propagation constants k1 (red line) and k2 (blue line)], resulting in different high quality factor (Qm) cavity modes with slightly different free spectral range (FSR). The phase matching condition shall meet the matching of energy and frequency as shown in Figure 1C. Under the condition of ks > 0 and kp > 0, since the same propagation direction of the pump and Stokes pulses, these two values are very close. Therefore, the wave vector size of the phonon wave will be quite small, which causes the axial displacement of the phonon field to be extremely weak and the lateral displacement to dominate. In order to allow the phonon field to interact with the photon field long enough, the transverse phonon mode must be well confined to the waveguide medium. Therefore, the ring structure has been fabricated in Figure 1A. Most of the silicon is exposed to the air with a small part connected to the silicon dioxide. Since the refractive index of silicon differ widely with that of air, the light field has been restricted effectively. At the same time, owing to the higher speed of sound in silicon than that in air, the leakage of phonons is also effectually prevented. Besides, traditional waveguide media, such as optical fibers, have a long limitation on the transverse phonon field. This is why only BSBS can be observed in ordinary fiber waveguides. Meanwhile, the mutual conversion of electric field distribution with different modes can generate multi-mode transmission spectrum with multiple characteristic frequencies. As shown in Figure 1D, when the pump light excites the silicon ring waveguide, the Stokes signal light and the acoustic signal with beat frequency signal will be generated. The frequency detuning of the pump wave and Stokes wave results in the mismatch of the wave vector k, caused by the dispersion of the waveguide mode.
[image: Figure 1]FIGURE 1 | (A) Structural diagram of micro ring cavity system. (B) Design drawing of ring cavity: t = 250 nm, w = 100 nm, Si radius corresponding to R = 5 µm. (C) Schematic diagram of the optical dispersion diagram. The optical resonance is represented by discrete points (black and blue) along the overall dispersion curve. The lower arrow indicates the resonance optical transition from pump light (kp) to Stokes light mode (ks) due to SBS. (D) When the optical frequency matches the mechanical acoustic mode, the phase matching and energy conservation of Stokes process are described by the photon density of state (PDOS) and the acoustic frequency Ω.
Due to the two edge constraint mechanisms of electrostriction effect and moving boundary effect, circular waveguide resonators with different width can be analyzed, as shown in Figure 2A. Because the refractive index of silicon at 1,550 nm is particularly high, the transverse size and thickness of floating ring structure can reach several hundred nanometers. The distribution of the pump electric field is shown in Figure 2B. In the process of forward SBS effect, the strong constraint on photon wave and elastic phonon wave also increases the disturbance of photoelastic effect (PE) and moving boundary effect (MB). Figure 2C shows the dispersion curves of all acoustic modes satisfying the phase matching condition of forward scattering between modes of Eqs 1, 2. As shown in Figure 2C, a red color indicates a larger photo mechanical coupling (dark blue indicates zero photo mechanical coupling). It is worthy to note that the existence of quasi band gap (the frequency range of phonon waves with high reflectivity) not only limits the acoustic mode to the position towards the edge of the disk, but also increases the optical mechanical coupling and optical mode due to the large overlap between δεrr. In Figure 2C, we also show the spatial profile of the main photoelastic and moving boundary components of the radial breathing sample mechanical mode in the whole circular cavity structure. Although there is a symmetrical fracture in the z-direction (the grating strut is along the bottom of the disk), which results in a radial ur and a vertical uz displacement coupling, there is no significant difference in the origin of the optomechanical coupling. These analyses can be easily applied to other crystals and composites to form a target cavity. All mechanical modes coupled to TE optical mode by PE and MB perturbations are calculated using Eq. 3. The corresponding spectrum is normalized such that its peak height is proportional to the total optomechanical coupling rate. Clearly only one mode family, namely the breathing mode, is dominant in this case. Assuming that the phonon wave is limited by the width of the ring and the velocity of the longitudinal wave V1 in the silicon disk, the frequencies of different modes of phonon waves can be estimated. Multiple orders of the acoustic modes are given by Ωp = pVl/(2w), where Vl = 9,660 m/s, and p is the integer representing the order of the mode. The red dotted lines in Figure 2C represent these estimated frequency dispersion curves as a function of the ring width of the order p in each mode. The correct design of ring and acoustic mode sequence can be used to enhance photo-acoustic coupling or automatically cancel photo-acoustic coupling. As shown in Figure 2D, when the waveguide width is 1,750 nm, there are six acoustic modes (m = 6) in the ring cavity under the photoelastic effect and moving boundary effect. In particular, the efficiency of optomechanical coupling between the first-order acoustic breathing mode and the optical mode is improved. In this case, because the maximum strain component almost completely overlaps with the optical mode, a large coupling efficiency can be achieved.
[image: Figure 2]FIGURE 2 | (A) A model of photo-acoustic interaction in an annular cavity, in which the thickness of the silicon layer is 250 nm and the radius of the annular cavity is 10 μm. (B) The electric field distribution of the pump light when the width is w = 1,750 nm. (C) The finite element simulation of the change of the photo-acoustic coupling rate with the section width in the annular cavity structure, and the red dotted line is the frequency calculated according to the multi-order mode of Fabry Perot. (D) When the width is 1,750 nm, the pattern distribution of each sub mode (red dot) that satisfies the phase matching determined in c is shown. Each mode (m = 1, 2, ..., 6) is marked according to the pattern index c.
On the other hand, for the coupling between the third-order breathing mode and the surrounding TE mode, there is a competition between photoelastic effect and moving boundary effect. The product of boundary and volume has the opposite phase to the geometry, which leads to the self-cancellation effect. In addition, in the mode forward scattering state, a simple ring cavity is not enough to limit the elastic phonon wave to the edge of the ring [20]. discussed a method of using the target core structure to limit the phonon wave to the edge of the disk [20].
By finite element simulation, the curve of the nonlinear Brillouin optical acoustic coupling efficiency with frequency of the ring waveguide with different width is obtained. The resonant Brillouin generated by multiple ring waveguides as shown in Figure 3, is w = 0.5, 0.75, 1.0, 1.25, 1.5 and 1.75 μm, respectively. The characteristic frequency of each Brillouin active phonon mode (pentagram star) can be calculated with the change of waveguide size w, and each trace satisfying the characteristic frequency can be obtained. Each waveguide has a resonant mode marked with mode index m.
[image: Figure 3]FIGURE 3 | The relationship between the coupling efficiency and the frequency in the Brillouin ring laser with the variation of waveguide width w.
As can be seen from Figure 3, each waveguide will generate a series of regular interval Brillouin resonance, clear signal can be observed, showing nonlinear Brillouin response. As shown in Figure 2C, only the phonon mode with uniform displacement symmetry relative to the waveguide core can produce effective Brillouin coupling due to the spatial symmetry of optical force distribution. When the Brillouin spectrum changes with the waveguide size, different resonance features are color coded (red, blue, green, etc.) to indicate the mode order of each phonon resonance (first, second, third, etc.). As shown in Figure 4, the change in cavity size allows for precise brucellian resonance at almost any frequency from 1 to 15 GHz, enabling unprecedented nonlinear tunability. For example, when the cavity size w changes from 1,750 to 500 nm, the first-order acoustic mode (m = 1) resonates (red). In this case, because the maximum strain component overlaps the optical mode to almost the same degree, a large coupling efficiency can be achieved. The acoustic frequency changes from 3.2 to 9.3 GHz, at which a strong Brillouin resonance occurs.
[image: Figure 4]FIGURE 4 | The contribution of different effects to SBS gain coefficient in the process of stimulated Brillouin scattering when waveguide width w = 1,750 nm, including the contribution of moving boundary effect (black short line), radiation pressure effect (red short line), and the whole Brillouin gain (blue short line).
In order to accurately determine the Brillouin nonlinear coefficient GSBS with respect to the intrinsic Kerr nonlinear coefficient GK and the nonlinear free carrier dispersion coefficient GFC, the nonlinear coupled amplitude equation is formulated as: the power forms of Stokes and anti-Stokes line shapes are derived. Because SBS is a kind of resonance effect, its nonlinear coefficient presents a Lorentz shape centered on each Brillouin active phonon mode. In contrast, the electron Kerr nonlinearity is non resonant at the wavelength of 1,550 nm, resulting in a frequency independent nonlinear coefficient. As Wang et al. did in the fiber-based study [21], the frequency-dependent interference between Kerr and Brillouin effects produced an asymmetric (Fano like) alignment. It should be noted that our simulations are quite different, resulting in a different set of coupled amplitude equations. In addition, under our simulated conditions, the nonlinear free carriers in silicon are the reason for the different order of Stokes and anti-Stokes, and the influence of the nonlinear background is greater for frequencies below 2 GHz. When the free carrier effect decays at high frequency, the 16 GHz Kerr response is used as a reference to determine the amplitude of Brillouin nonlinear coefficient. Using the resonance characteristics in Figure 3, the size of the Brillouin nonlinear coefficient GSBS can be obtained. According to the electron Kerr nonlinear effect, the interference at Stokes and anti-Stokes frequencies is caused by the cross phase modulation between the pump beam and the probe beam in the silicon waveguide core.
In the optical waveguide structure on silicon substrate, the linear sum of all the overlapping integrals between a single optical force (fn) and a single m-order acoustic eigenmode in the process of optical mechanical coupling can be expressed as follows:
[image: image]
It is worth noting that the contribution of a single overlapping integral depends on the light force, and their relative phases are directly affected by the interference effect. In order to calculate Eq. 9 and obtain the SBS gain coefficient in the nanometer optical waveguide, we need to consider two main factors: the electrostrictive force and the radiation pressure, namely FTotal = FPE + FMB. Electrostriction is the secondary response of mechanical strain excited by external electric field. The i-th component of the electrostrictive force is defined as:
[image: image]
where, [image: image] is the electrostrictive tensor, which can be expressed as:
[image: image]
where, [image: image] is the element of photoelastic tensor, [image: image] and [image: image] are the relative permittivity and vacuum permittivity, respectively. Since common materials used in integrated photonics have either cubic crystalline lattice (e.g., silicon) or are isotropic (e.g., silica glass), and most waveguide structures are fabricated to be aligned with the principal axes of the material, we consider the crystal structure of the waveguide material to be symmetric with respect to plane x = 0, plane y = 0, and plane z = 0, Therefore, pijkl is zero if it contains odd number of a certain component. In the contracted notation, Eq. 15 can be written as:
[image: image]
The electrostrictive force is given by the divergence of electrostrictive tensor. In a system consisting of domains of homogeneous materials, electrostrictive forces can exist inside each material (producing an electrostriction body force), and at interfaces where discontinuous stresses are present (yielding an electrostrictive pressure). From the divergence of Eq. 16, the electrostrictive body force become FPEei(qx-Ωt), with vector components:
[image: image]
The gradient of [image: image] radiation pressure is not equal to the boundary of zero. It can be derived from the Maxwell stress tensor (MST) between materials 1 and 2, which can be expressed as:
[image: image]
For the waveguide with constant horizontal direction, only the transverse component of the force can contribute to the SBS gain coefficient.
This strong photon phonon coupling is produced by a constructive combination of PE force and nanometer radiation pressure. Large radiation pressure induced coupling represents new forms of boundary induced Brillouin nonlinearity and boundary mediated Brillouin coupling in subwave length structure. This novel waveguide geometry can independently control the phonon mode and the driving force of the opto mechanical system, thus creating a customizable Brillouin coupling over a wide bandwidth. The simulation results show that the tunable forward SBS effect is realized in the silicon-based optical waveguide with a larger SBS gain of 1.90 W-1m-1, The higher SBS gain excites high-power phonons, as a result, the tunable phonon frequency from 1 to 15 GHz is realized.
CONCLUSION
In this contribution, we have developed a waveguide system on silicon substrate, and proposed a Brillouin laser with ring cavity waveguide structure. By using the larger refractive index and better photoelastic component of silicon material, the tuning of SBS acoustic field signal frequency were realized by adjusting the ring section width and enhancing the forward SBS effect of main drive. Multi physical field simulation demonstrates that the strong photon phonon coupling is produced by the constructive combination of PE force and nanometer radiation pressure. The emergence of large radiation pressure induced coupling represents new forms of boundary induced Brillouin nonlinearity and boundary mediated Brillouin coupling in subwavelength structure. This novel waveguide geometry can independently control the phonon mode and the driving force of the optomechanical system, thus creating a customizable Brillouin coupling over a wide bandwidth. According to the radiation pressure effect and the boundary moving effect, the SBS laser with the ring cavity structure shows a larger SBS gain (up to 1.90 W-1 m-1), which is 100 times of the reported SBS gain. Coupled to massive transverse phonon modes, a relatively flat Brillouin gain can be generated over the entire 1–15 GHz frequency range. Therefore, the photon-phonon conversion based on Brillouin nonlinear effect can be realized through guiding and manipulating the phonons emitted by Brillouin on chip. This work opens up new possibilities in the field of CMOS and MEMS by the mixing of Brillouin device physics with silicon photons [22].
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