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Stimulated Brillouin scattering (SBS) is a significant nonlinear optical phenomenon utilized across various fields. Its applications span optical sensing, microwave photonics, and all-optical signal processing. In the current information-driven era, the laser industry is imposing increasingly stringent demands on laser technologies, thus propelling integrable on-chip SBS devices into a pivotal research trajectory. Simultaneously, the quest for materials manifesting heightened SBS effects has emerged as a primary focal point in optical fiber transmission endeavors. Lithium niobate (LN) stands out as a promising nonlinear optical material endowed with numerous exemplary attributes. These encompass a high refractive index, fostering potent photon-phonon interactions, low loss characteristics, and high integration potential. Consequently, employing LN as a material for Brillouin lasers promises to enhance certain aspects of laser performance and enable more comprehensive research into Brillouin lasers. In this paper, a micro-ring waveguide structure with LN as the main material is constructed, and the forward gain of stimulated Brillouin scattering, the distribution of electric field in multiple modes and the maximum tunable range are further analyzed. The simulation results exhibit that the tunable forward SBS effect can be achieved in the LN optical waveguides, the maximum forward Brillouin gain can reach [image: image]. Additionally, the tunable phonon frequency can range from 1 GHz to 31 GHz, effectively doubling that of silicon ring waveguides and thus extending the range of phonon tunability. Therefore, the LN micro-ring waveguide structure provides a new reference direction for the construction of a new tunable laser and a new idea for the generation of lasers to find a Brillouin medium with high SBS effect.
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1 INTRODUCTION
The stimulated Brillouin scattering (SBS) effect is a third-order nonlinear effect, which is produced by the interaction of photons and phonons in a medium. It can be described as the nonlinear interaction of pump light and Stokes light through sound waves [1]. Scattering in silicon-based waveguides is mainly categorized into three types, namely, Rayleigh, Raman, and Brillouin scattering, and the phenomenon of nonlinear coupling is more pronounced in Brillouin scattering compared to the first two types of scattering. The SBS effect has a wide range of applications in optical sensing, microwave photonics, all-optical signal processing and other fields, and integrable on-chip SBS devices have also become a research hotspot. Scientists have begun to study the SBS effect of devices, so far, Whispering Gallery Resonator (WGR for short) devices and planar direct waveguide devices are the most common used to achieve forward stimulated Brillouin scattering (short for FSBS) microstructure devices. However, although WGR devices can produce strong Brillouin nonlinearity, it is difficult to integrate with silicon [2, 3]. The most common of planar straight waveguides is chalcogenide waveguides [4, 5], and their main disadvantage is the complexity of the fabrication process, so it is necessary to find new semiconductor materials to build new integrated optoelectronic devices at this stage.
Silicon stands out as an ideal fabrication platform for FSBS devices in the contemporary landscape. Due to the high hardness of silicon, it is difficult for sound waves to be guided in the SOI (silicon on insulation) waveguide, so the interaction between phonons and photons is suppressed, which in turn affects the SBS effect. To amplify the nonlinear effect within waveguide structures and achieve efficient FSBS outcomes within compact waveguide setups, novel configurations such as suspended waveguides, ring structures, and disc structures are being proposed. Among them, the ring waveguide obtains a higher forward Brillouin scattering gain and is more conducive to on-chip integration than the suspended waveguide structure, but the phonon tunable range of the silicon ring structure is smaller. Therefore, based on the structure of silicon ring waveguide, this paper proposes to replace silicon material with LN to further study the structure of ring waveguide. Micro-ring resonators [6] are one of the most common structures in the field of integrated optoelectronics, and the process of fabricating micro-ring resonators is simple and conducive to on-chip integration. At the same time, the use of micro-ring resonator in the experimental process can more easily control the transmission direction and path of light, which makes the operation simple, and the fault tolerance rate is high. So far, great results have been achieved in the research of silicon ring waveguides, which are widely used in optical filters [7–9], optical switches [10–12], and optical modulators [13–16].
In recent years, LN is a new semiconductor material, has attracted more and more attention, and researchers have studied it more and more deeply. LN has been the main material for nonlinear optics and has many excellent properties, such as a wide low-loss transparent window [17], high second-order nonlinearity [18]and broadband optical transmission. In 2020, Stanford University first reported an acousto-optic modulator based on thin-film LN (TFLN for short) acoustic surface waveguides [19], which reduces the processing difficulty of acoustic suspension structures. Then, based on the superior properties of LN, a LN on insulator (LNOI) platform was fabricated, which provided stronger light confinement, thereby improving the optical signal processing ability and enhancing the interaction between light and matter. LNOI has been used to build many photonic devices, including ultra-high-efficiency inverters [20, 21], high-Q micro resonators [22], and photonic crystal microcavities [23]. With the successful LNOI films on wafer-level insulating substrates and breakthroughs in micro-nano processing technology, the LNOI platform has shown significant advantages in large-scale high-speed optoelectronic device integration. Advances in microfabrication technology provide photonic integration with the potential for continued expansion of device diversity and integration scale.
In this paper, we construct a micro-ring waveguide structure with LN as the main material to further enhance the FSBS effect. First, by changing the waveguide width, the waveguide width to achieve the maximum Brillouin gain is found. Then, at the optimal waveguide width, the electric field distribution of the pump light, the maximum phonon tunable range, and the comparison of the results between different modes are further analyzed. The tunable range of 1–31 GHz, which is larger than that of the silicon ring waveguide structure, provides a new reference direction for the future research on tunable lasers. The LN waveguide is scattered forward towards Brillouin, coupling the light field in different optical spatial modes, which improves the integration of the on-chip Brillouin laser. At the same time, it also provides a new idea for finding a new Brillouin medium that can not only improve the SBS effect, but also have a large communication capacity.
2 THEORY MODEL
Brillouin scattering manifests as a nonlinear effect stemming from the interaction among pump light, Stokes light, and acoustic waves, as depicted in Figure 1. Simultaneously introducing pump and Stokes light into the medium generates a beat frequency signal, thereby initiating excitation of acoustic waves within the medium. Concurrently, the photo-elastic effect induced by the refractive index of the waveguide engenders periodic modulation. According to the direction of pump light and Stokes light can be divided into forward and backward Brillouin scattering, when the two directions are the same it is forward Brillouin scattering, and when the opposite is backward Brillouin scattering.
[image: Figure 1]FIGURE 1 | FSBS effect in the waveguide.
In 2012, Peter T. Rakich et al. theoretically demonstrated that the structural dimensions in nano-sized waveguides can also have a great effect on the intensity of the SBS, and the maximum value of the FSBS gain coefficient simulation results reaches [image: image], which is times larger than that of the conventional SiO2 fiber [24]. In 2015, Raphaël Van Laer et al. designed a partially suspended Si nanowire waveguide, and the FSBS gain coefficient of the Si nanowire waveguide measured in the experiments reached [image: image] [24]. The effect of the FSBS is significant in the miniature waveguide structure, so in this paper, we focus on investigating the FSBS of the LN ring waveguide structure effect.
In the Brillouin scattering process, under the condition of simultaneous conservation of momentum and energy, ignoring other nonlinear effects in the waveguide, the SBS coupled wave equations are obtained by solving the Maxwell’s equations satisfied by light during transmission and the Venastokes equations satisfied by electrostriction-induced sound waves [25]:
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[image: image]
[image: image]
where p is pump light; s is Stokes wave; [image: image] is the electric field vector; [image: image] is the wave density of the medium; [image: image] is nonlinear polarization; [image: image] is the extinction coefficient of sound wave; [image: image] is the Laplace operator; [image: image] is the intrinsic noise term used to describe the thermal excitation of the sound wave, where represents the electrostriction coefficient.
In the coupling process, the pump light will excite a variety of modes of light and transmission. When SBS is generated, N modes of pump light correspond to N modes of Stokes light, so according to the coupling Eqs 1-3, the expressions for pump light, Stokes wave and sound wave are respectively [25]:
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where [image: image] respectively are the amplitudes of pump light, Stokes wave and sound wave; [image: image] is the average medium density; [image: image] are the frequencies of pump light and Stokes wave respectively; [image: image] are the propagation constants of pump light, Stokes wave and sound wave, respectively; c. c. is complex conjugate. Eqs. 4–6 are substituted into the SBS coupled wave equation, and the distribution of Brillouin scattering spectra of each mode can be obtained.
Upon the incidence of pump light into the waveguide, upon satisfying the phase condition of Brillouin scattering, interaction between the light wave and the sound wave ensues, giving rise to the Brillouin gain spectrum (BGS). During the scattering process, numerous distinct modes emerge, subsequently enabling the calculation and analysis of stimulated Brillouin scattering gain across various modes. [image: image] refers to the overlap of the mode field distribution of the acousto-optic mode on the cross-section of the optical fiber, which can be expressed as:
[image: image]
In Eq. 7, [image: image] is the distribution of the Nth optical mode along the radius, and the formula is:
[image: image]
In Eq. 7, [image: image] is the distribution of the mth acoustic mode along the radius, the formula is:
[image: image]
By substituting Eqs 8 and 9 into Eq. 7, the overlap of the mode field distribution of the optical mode on the cross-section of the fiber can be obtained. Considering the superposition of optical modes, the calculation formula of BFS is as follows:
[image: image]
Eq. 10 calculates the frequency deviation between the pumped light and the scattered light, i.e., the frequency of the acoustic wave. When employing LN as a waveguide material, it is crucial to consider the impact of mechanical deformation, primarily due to its substantial refractive index. Mechanical deformation encompasses two key phenomena: the photoelastic effect (PE) and moving boundary scattering (MB). Given the large refractive index of the LN utilized in this experiment, there’s an increase in the Brillouin gain due to the enhanced Brillouin gain coefficient. Moreover, considering that the experiment employs nanometer-level waveguides, the boundary effect becomes more pronounced. Therefore, it is imperative to consider the influence of both the photoelastic effect (PE) and moving boundary scattering (MB) when calculating the Brillouin gain. The peak of Brillouin gain is:
[image: image]
where [image: image] is the angular frequency of the acoustic mode; [image: image] is the force of PE on the medium; [image: image] is the force of MB on the medium.
3 SIMULATION RESULTS
Based on the derivation of the correlation formula for forward Brillouin scattering, a ring-type waveguide structure using LN is proposed, as depicted in Figure 2. Figure 2A illustrates the schematic diagram of the LN ring waveguide, comprising an insulator single crystal base and a LN ring situated above it. Figure 2B presents the design of the annular waveguide structure, while Figure 2C showcases the photoacoustic interaction model within the annular cavity. During the installation process, light is entirely reflected within the annular waveguide cavity.
[image: Figure 2]FIGURE 2 | (A) Schematic diagram of LN ring waveguide (the top ring part is LN material). (B) Design diagram of the ring cavity and its parameters: t = 250nm, w = 100 nm-2,000 nm, LN radius corresponds to R = 500 nm. (C) A model of photo-acoustic interaction in an annular cavity.
In the experiment, the basic information of LN is first set. The density of LN is [image: image] , and the sound velocity is [image: image]. There is a big gap between the propagation speed of sound in LN and air. Its photonics tensors are [image: image], [image: image], [image: image], refractive index [image: image], and Poisson’s ratio 0.25 [26].
The total gain exhibits a relationship across waveguide widths ranging from 500nm to 2,000 nm, as depicted in Figure 3, where the total gain distribution is most dense and large at 1,500 nm, resulting in a Brillouin gain of [image: image]. The reason for this phenomenon is due to the combined effect of the electro strictive force and radiation pressure. At less than 1,500 nm, the role of the moving boundary effect decreases, and the photo elastic effect increases with the increase of the waveguide structure. At the same time, the gain value generated by the electro strictive force is larger than that generated by the radiation pressure, which leads to an increase in the total gain. And when the waveguide width is larger than 1,500 nm, the decrease of the moving boundary effect increases and exceeds the increase value of the photo elastic effect, which leads to the decrease of the total gain. In the subsequent experimental analysis of the LN ring waveguide, the phonon tunable range is chosen to be discussed based on a waveguide width of 1,500 nm.
[image: Figure 3]FIGURE 3 | Total gain at different waveguide widths.
The electric and magnetic field distributions generated by the pump light when the waveguide width is 1,500 nm are shown in Figure 4A and Figure 4B, respectively, which show a high degree of symmetry in both the electric and magnetic fields of the pump light. And the arrows in Figure 4A indicate the direction of the electric field. In this experiment, the finite element method is used to analyze the waveguide length, which is divided into infinitesimal elements to analyze the change of the photoacoustic coupling rate in the waveguide structure. Finite element simulations are used to obtain the nonlinear Brillouin optical-acoustic coupling efficiency versus frequency curves for ring waveguides with different widths, where the ring waveguides generate multiple Brillouin resonances. As shown in Figure 4C, the frequency resonances are realized with the variation of the suspended waveguide dimensions. The red dashed star line in Figure 4C represents the acoustic frequency dispersion curves calculated satisfying the multi-order modes of Fabry-Perot, which are a function of the width of the ridged waveguide for each mode order m. The redder color indicates a large opto-mechanical coupling, and the dark blue color indicates zero opto-mechanical coupling. In Figure 4C, the spatial contours of the main photo elastic and motion boundary components of the radial respirator-like mechanical pattern in the entire ridged waveguide structure are also shown.
[image: Figure 4]FIGURE 4 | Based on the waveguide width of 1,500 nm: (A) Electric field distribution of pumped light. (B) Magnetic field distribution of pumped light. (C) Finite element simulation of the optical-acoustic coupling rate with cross-section width in an annular cavity structure, the red dashed line is the frequency calculated from Fabry-Perot’s multi-order modes. (D) Mode distributions of phonons with different eigenfrequencies.
Figure 4D shows the phonon vibration patterns of the acoustic modes at different frequencies, and the phonon vibration patterns all show a high degree of symmetry. Both the ring waveguide structure and the suspended waveguide structure have good spatial symmetry in the center. And the generated phonon frequencies have a very strong correlation with the Brillouin frequency shift. The change of the waveguide structure affects the phase matching conditions as well as the Brillouin resonance, which in turn affects the excited phonons. When the waveguide structure is turned into a completely spatially symmetric structure, not only does it solve the problem of chaotic phonon frequency generation, but it also improves the tunable range of phonon frequency. The waveguide structure is further optimized to ensure that it produces high Brillouin gain with good spatial symmetry, so that high frequency phonons can be excited.
The curves of nonlinear Brillouin photoacoustic coupling efficiency with frequency for ring waveguides of different widths are obtained by finite element simulation. The relationship between tunable phonon frequency, waveguide width and gain are plotted as shown in Figure 5. The gain is calculated according to Eq. 11. In the range of waveguide width w = 600–1,200 nm, the curves of resonant Brillouin resonators generated by multiple toroidal waveguides are plotted separately. By calculating the eigenfrequency and forward Brillouin scattering gain of each Brillouin active phonon mode, each trace satisfying the eigenfrequency is obtained. As shown in Figure 5, tunability to almost any frequency within 2.6–31 GHz is achieved within the allowable range of variation of the cavity dimensions. Since the acousto-optic coupling efficiency is proportional to the Brillouin gain, the total gain also decreases as the mode order is increased. As can be seen from the figure, the Brillouin gain is maximum when the mode is of first order, i.e., the acousto-optic coupling efficiency reaches its maximum value. And in the mode with large acousto-optic coupling efficiency, its phonon vibration pattern has good spatial symmetry and is well confined in the waveguide structure. This is since that the optical and acoustic fields are confined in the waveguide structure over a large area, which results in a significant overlap between the optical force density and the elastic displacement field. This greatly improves the acousto-optic coupling efficiency and increases the Brillouin gain.
[image: Figure 5]FIGURE 5 | The relationship between the total gain of the Brillouin-suspended laser and the frequency change with the waveguide width.
The probe used in the sweep has a nonlinear induction sideband etched into it. This allows clear signals to be observed that show a nonlinear Brillouin response. During the experiment, a radio frequency (short for RF) filter was used to detect the outlier of the high frequency probe signal. And the resulting RF power is integrated to obtain the spectrum in Figure 5. The g0total in Figure 5 is the same as in the Theory model above, meaning the total gain of forward Brillouin scattering. The quantitative analysis of the Brillouin nonlinearity reveals the Fano-like line shape produced by each Brillouin resonance, from which the magnitude of the Brillouin nonlinearity coefficient can be obtained. In the first-order mode, the acousto-optic coupling efficiency is maximized. Moreover, the acousto-optic coupling efficiency is proportional to the Brillouin gain, while the phonon mode diagram has good spatial symmetry in the mode with large acousto-optic coupling efficiency. In addition, we used a high-resolution RF spectrum analyzer (SA) to resolve the Stokes and inverse Stokes signal spectra while obtaining the data. This asymmetric line shape is caused by coherent interference between the Brillouin and the electronic Kerr nonlinearity of the waveguide. And the electronic Kerr nonlinearity intervenes at the Stokes and anti-Stokes frequencies due to the cross-phase modulation between the pump beam and the probe beam in the waveguide core.
With LN as the main material ring waveguide structure, the forward SBS nonlinear magnetization is measured to be more than 1,000 times stronger than any previous waveguide system. This novel waveguide geometry enables independent control of the phonon modes and the opto-mechanical drive, resulting in customizable Brillouin coupling over a very wide bandwidth. Simultaneous coupling to many transverse phonon modes produces relatively flat Brillouin gain over the entire 1–31 GHz frequency range. We have shown that due to coherent interference from the Kerr and Brillouin effects, structural tuning of 1–31 GHz phonon resonances with high quality factors produces tailorable nonlinear optical magnetization.
The conclusions obtained from the simulation experiments are completely idealized, and the conclusions obtained may be different if the external influences on the actual preparation of LN waveguides are considered. In the actual preparation of LN waveguides, the following aspects are mainly considered. First, because LN is a hard and chemically inert material, it is difficult to, etch LN. The etching method we chose was Inductively Coupled Plasma (ICP) etching, which uses physical ion bombardment and chemical reaction to etch materials. Second, the LN refractive index has a significant temperature dependence, which allows the phase matching to be thermally modulated, resulting in heat generation. We can use air cooling or water cooling with copper tube embedded outside the resonator cavity to dissipate and cool the working material of the laser. Or by designing an integrated external heat dissipation system, i.e., setting heat dissipation fins on the outer side wall of the laser cavity. This not only makes the temperature of the working substance decrease rapidly, but also improves the electro-optical conversion efficiency, and improves the stability and power of the laser output. At the same time, when preparing the waveguide, we do not choose to use ultrasonic vibration to clean the waveguide structure to prevent damage to the waveguide structure. Deionized water is generally used to slowly rinse the waveguide structure, and then leave it to air dry at room temperature. This further ensures the efficiency of the acousto-optic coupling and the accuracy of the SBS measurement in practice.
Furthermore, the phonons emitted by this hybrid photon-phonon system are highly controllable. It can be realized in the form of coherent information transfer through traveling wave processes, thus complementing the latest cavity optomechanical systems. Simulation results show that the tunable FSBS effect is realized in a LN ring waveguide with a maximum FSBS gain of [image: image], and the tunable phonon frequency from 1–31 GHz is realized (about twice that of a silicon ring waveguide) is achieved. Tunable lasers have seen considerable development in recent years and have very bright application prospects. It can be expected that the performance of tunable lasers in fiber optic communication light sources will be further improved, and the market share will gradually increase. Therefore, the novel ring waveguide structure constructed in this experiment will provide a new reference direction for subsequent research.
4 CONCLUSION
In this paper, we introduce a novel waveguide structure built upon a micro-ring configuration utilizing LN as the primary material. The primary objective of this design is to induce a more pronounced SBS effect. As a new dielectric material, LN has a broad research prospect in the field of optics. The use of LN as a material for tunable lasers mainly utilizes its excellent properties such as better electro-optic effect, photo elastic effect and acousto-optic effect. Simulation results show that the LN micro-ring waveguide structure has a large phonon tunable range, which can realize a more stable Brillouin gain in the range of 1–31 GHz. At the same time, it also has a large forward Brillouin gain, with a maximum forward Brillouin gain of [image: image]. This result provides a new direction for the construction of a new tunable brillouin laser and adapts to the need for integrated on-chip SBS devices. Meanwhile, LN as the main material of the laser can reduce the waveguide loss and provides a reference value for the Brillouin effect in optical fiber transmission.
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