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We investigate theoretically mid-infrared (MIR) generation via difference frequency generation in multimode AlGaAs-on insulator (AlGaAs-OI) waveguides. The large refractive index difference between the AlGaAs core and the silica cladding shrinks the modes size down to the sub-μm2 scale, and, together with AlGaAs strong second-order nonlinear polarization, empowers strong nonlinear effects. As a result, efficient MIR generation is obtained in few-cm long waveguides with sub-μm2 transverse section, where higher order modes are exploited to achieve the phase-matching condition. These observations suggest that multimode AlGaAs-OI waveguides could represent a novel promising platform for on-chip, compact MIR sources.
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1 INTRODUCTION
Mid-infrared (MIR) optical sources are key tools in a diverse range of fields spanning medicine, defence, and environmental gas sensing (Pitruzzello and Krauss, 2018; Tognazzi et al., 2021). Today, quantum cascade lasers (QCLs) represent a compact and versatile technology for MIR generation with performance peaking in the range from 4 to 10 μm (Yao et al., 2012). Shorter wavelengths can be achieved in rare Earth-doped silica, fluoride, and chalcogenide fiber lasers (Richardson et al., 2010; Sanghera et al., 2009; Fortin et al., 2015). Compared to QCL, these lasers allow high-output CW power but this comes at the expenses of increased bulkiness.
Highly nonlinear crystals bring a good compromise between wide MIR tunability and compactness. The light-matter interaction in these crystals leads to the conversion of an input pump frequency into a different frequency via second - or third - order nonlinear processes. Today, commercial lithium-niobate (LiNbO3) few-cm long waveguides are widely employed for MIR generation through difference frequency generation (DFG) (Kuma et al., 2013; Büchter et al., 2009; Kishimoto et al., 2016).
DFG is a second-order nonlinear process where a pump and a seed beam respectively at frequencies ωp and ωs interact to give rise to a new beam, the idler, at the frequency ωi = ωp − ωs. In the DFG process, one pump photon is converted into a seed photon and an idler photon (Saleh and Teich (1991)), leading to seed amplification and idler generation as represented in Figure 1.
[image: Figure 1]FIGURE 1 | Sketch of the DFG process in a rectangular AlGaAs waveguide fully embedded in a SiO2 cladding. An intense pump (blue) and a weak seed (green) at the waveguide input interact inside the waveguide, leading to seed amplification and idler generation (red).
In order for the process to be efficient, it must be phase-matched. Several phase-matching schemes have been developed and have been incorporated into crystals and small devices alike; these range from the heating of the crystal (Lee et al., 2005; Luo et al., 2018) to quasi phase-matching schemes such as periodic poling (Franken and Ward, 1963; Yamada et al., 1993).
Compared to LiNbO3, Aluminum gallium arsenide exhibits some key features (Celebrano et al., 2021). Indeed, AlGaAs has a larger quadratic susceptibility d14 ≈ 50 pm/V for AlGaAs at 1,550 nm (Carletti et al., 2015; Yang et al., 2007), whereas d33 ≈ 25 pm/V for LiNBO3 at 1,550 nm (Schiek and Pertsch, 2012). This reduces the length over which efficient nonlinear conversion is achieved, and then ultimately the crystal size, implying to a more compact final device. Furthermore, AlGaAs refractive index is substantially larger than the one of LiNbO3, being [image: image]3 for AlGaAs at telecommunication wavelengths (Adachi (1985)), whereas ∼ 2.2 for LiNbO3 (Smith et al. (1976)). This leads to extremely efficient mode confinement in AlGaAs on insulator (AlGaAs-OI) waveguides with silica cladding, reducing the modal area down to fractions of μm2. These features, along with a relatively low two-photon absorption (TPA) (Villeneuve et al. (1993)), make the recently developed AlGaAs-OI platform an appealing prospect for efficient nonlinear conversion (Xie et al., 2020; May et al., 2019, 2021).
In this article, we explore this platform for efficient MIR generation through DFG theoretically and numerically. One of the major issues of the phase-matching condition is resolved by exploiting higher order guided modes in multimode waveguides. Indeed, while keeping the cross-section size smaller than 1 μm2, we can still find several guided modes thanks to the high-index contrast between the AlGaAs core and the SiO2 cladding. By playing on the AlxGa1−xAs composition (percentage of Aluminum x) and the geometry of the waveguide, it is possible to find a structure with different modes at the seed, idler, and pump frequencies whose propagation constants satisfy the phase-matching relation.
The multimode approach has successfully been applied to second harmonic generation (SHG) in waveguides where typically nonrectangular geometries (e.g. M-shaped) assist the phase-matching (Chowdhury and McCaughan (2000); Oster and Fouckhardt (2001); Moutzouris et al. (2003); Abolghasem et al. (2009); Dong et al. (2006); Ducci et al. (2004); Han et al. (2010); Ishikawa and Kondo (2009); Hong et al. (2018); Luo et al. (2018)). On the other hand, DFG for MIR generation has been relatively unexplored so far. Early works by Fiore et al. (1998) used selectively oxidized AlGa-AlAs waveguides to produce birefringent phase-matching. Advancements in the field were later shown by Logan et al. (2013) who proposed a multilayer AlGaAs waveguide to achieve efficient DFG and Stievater et al. (2014) who successfully employed subwavelength GaAs waveguide suspended in air. These seminal works involve a rather complicated geometry, which may be difficult to fabricate or handle. On the contrary, in this article, we focus on the basic rectangular geometry, which relaxes the fabrication complexity and simplifies the light coupling into the waveguide. Specifically, we investigate the nonlinear conversion efficiency achieved via DFG by taking into account the major related impairments, which are represented by linear losses, concurrent third-order nonlinear processes, modal differential group velocity, and finally the damage threshold that put a limit on the amount of pump power that can be coupled into the waveguide.
2 THEORETICAL ANALYSIS
AlGaAs has a zincblende structure. One of the most common cut directions is along the waveguide axis. In this case the second-order nonlinear tensor exhibits 3 main contributions d14 = d25 = d36 = deff (Kuo and Fejer (2018)). Consequently at the idler and pump frequencies the following relations hold true for the second-order nonlinear polarization P(2) as a function of the electric field E:
[image: image]
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where a ≠ b ≠ c = {x, y, z} and ϵ0 is the vacuum permittivity. An equation similar to Eq. (1)(a) holds true for the seed by exchanging ωs and ωi. It is evident that the nonlinear polarization is boosted by the presence of a large longitudinal (z) component of the modes in play, as outlined by Poulvellarie et al. (2020). This is only achieved when at least one of the waveguide transverse dimensions is of the order of λp/ncore or smaller, λp being the pump wavelength and ncore the AlGaAs refractive index. We simulate the propagation of light into the waveguide via two separate approaches, namely finite element method (FEM), and coupled amplitude equations (CAEs).
In the first case, we solve Maxwell’s equations using the finite-element-method solver of the commercial software COMSOL Multiphysics (Gandolfi et al. (2020a,b, 2021); Ronchi et al. (2021); Rocco et al. (2021)):
[image: image]
where ωn = ωp,s,i is one of the three frequencies into play and k0 the free space wave number. The three equations for the pump, the seed, and the idler are coupled through the nonlinear polarization terms appearing on the right-hand side, defined in Eq. (1). Details of the numerical model are reported in the Appendix.
In the case of CAEs, we assume the total electromagnetic field E(ωn), H(ωn) oscillating with frequency ωn is coupled to one guided mode of the waveguide and is factorized as follows:
[image: image]
Here [image: image] and [image: image] represent respectively the transverse electric and magnetic field vectors of the mode, whereas An(z) and βn are respectively the corresponding slowly varying amplitude and the propagation constant. The mode is normalized so that the integral of the Poynting vector along the propagation direction z is unitary, namely [image: image]. According to this normalization, |An|2(z) indicates the total power at position z and at frequency ωn.
By following the steps outlined in Kolesik and Moloney (2004), we obtain the following system of coupled equations for the amplitudes:
[image: image]
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An equation similar to Eq. (4a) holds true for the seed by exchanging indices s and i. Here, Δβ = βp − βs − βi is the phase mismatch term, whereas αn (n = {p, s, i}) represents the linear losses, which are typically induced by absorption and scattering due to inhomogeneities and imperfections (e.g. surface roughness). The overlap coefficient [image: image] is calculated as follows:
[image: image]
where
[image: image]
and the function u(x, y) is 1 inside the core and 0 otherwise.
Differently from Kolesik and Moloney (2004), in Eq. (4a) we also include the self-phase modulation (SPM) terms that are related to the third-order nonlinearity. Indeed, in addition to a large second-order nonlinear response, AlGaAs also possesses a strong third-order nonlinear response that modifies the phase of the waves and may substantially broaden their spectra. The SPM coefficient reads γn = (n2(ωn)ωn)/(cAeff (ωn)), where n2 (ωn) and Aeff are respectively the nonlinear refractive index and the modal effective area at frequency ωn (Agrawal (2013)), with n2 ∼ 3 × 10–17 W/m2 at 1,550 nm for AlGaAs (Boyd (2008)).
3 RESULTS
Dimensions tuning to achieve the phase-matching condition. To maximize the DFG efficiency we should identify the waveguide dimensions and modes that allow us to achieve the phase-matching condition Δβ = 0. However, the choice of the geometry and of the involved modes depend on the wavelengths into play. Here we restrict the pump wavelength to the C + L telecommunication spectral region (1,535–1,600 nm), where a vast selection of optical sources is available. We fix the aluminum content to x = 25%, which is in line with recent literature (May et al. (2019, 2021)) as it keeps TPA low in the C + L band where the wavelength of the intense pump lies (see Adachi (1985) for the corresponding refractive index). Note, however, that similar results to those discussed in this article may be obtained for different choices of aluminum content, with 20% < x < 30%.
Moreover, we aim to generate an idler in the MIR region between 3,000 nm and 4,000 nm. As previously mentioned, at least one waveguide dimension should be of the order of λp/ncore or lower to boost the second-order nonlinear polarization. We then set the waveguide thickness in the range 240–300 nm. For such a small thickness the higher order modes at the targeted MIR wavelengths (3,000–4,000 nm) are weakly confined, leading to a low overlap coefficient [image: image] and then poor DFG efficiency. To avoid this issue, we choose the fundamental TE00 mode for both the seed and the idler. Under all these conditions, it turns out that phase-matching is possible only for a pump coupled to the TM01 mode. Note however that this mode is well confined for the pump wavelengths under analysis (1,535–1,600 nm).
Figure 2A shows the pump and idler wavelengths that satisfy the phase-matching condition Δβ = βp − βs − βi = 0 for a rectangular waveguide with a fixed thickness of Ly = 265 nm, and width Lx varying from 1,000 to 1,600 nm (colored lines). The propagation constants βp,s,i are calculated through a mode solver. It should be noted that the seed wavelength is fixed via the relation ωs = ωp − ωi.
[image: Figure 2]FIGURE 2 | Phase-matching diagrams. The colored lines denote the pump and idler wavelengths where the phase-matching condition Δβ = βp − βs − βi =0 occurs. (A) Ly =265 nm kept fixed, Lx varying from 1 to 1.6 μm. The green and yellow circles indicate the case Lx = 1.2 μm (case 1) and 1.6 μm (case 2), respectively, for a pump of 1,550 nm (B) Lx =1.2 μm kept fixed, Ly varying from 240 to 300 nm.
From Figure 2A we observe that phase-matching for an idler in the MIR band 3,000–4,000 nm can be achieved either by varying the pump wavelength or the waveguide width. In particular, for a fixed idler wavelength, a variation of tens of nanometers in the waveguide width can be easily compensated by shifting the pump wavelength a few nanometers. This makes the system robust against inaccuracies at fabrication stage. On the other hand, Figure 2B displays the phase-matching trend for a fixed width of 1,200 nm and a varying thickness. In this case, variations as small as 20 nm in the thickness result in a shift of the pump wavelength as large as 100 nm. Therefore, unless having at disposition a pump source tunable over a bandwidth ≫ 100 nm, an error of ±10 nm in the thickness may compromise the phase-matching and then drastically reduce the conversion efficiency. Based on the results in Figure 2, we now fix the pump wavelength at 1,550 nm and select two widths from Figure 2A for further study: 1,200 nm and 1,400 nm will be referred to as case 1 and case 2. The corresponding wavelengths that yield phase-matching are summarized in Table 1.
TABLE 1 | Summary of the waveguide dimensions and the pump, seed and idler wavelengths for the two selected cases.
[image: Table 1]FEM simulations of Eq. (2) are compared to the CAEs (Eq. (4a)) for the parameters outlined in case 1. The CAEs are then simulated for both case 1 and 2 whilst varying the loss between 0 dB/cm to 5 dB/cm. For the sake of simplicity, here we consider that all the waves have the same loss coefficient (αP = αS = αI). Note that prior to the numerical solution of Eq. (4a), we evaluate the overlap coefficient [image: image] by computing the relevant modes at the wavelengths of interest via a mode solver, namely for case 1: TM01 (pump) at 1550nm, TE00 (seed) at 2,693 nm, and TE00 (idler) at 3,652 nm; for case 2: TM01 (pump) at 1550nm, TE00 (seed) at 2,881 nm, and TE00 (idler) at 3,355 nm.
Comparison between FEM and CAEs. For our analysis, we use an input pump power Pp = |Ap (0)|2 = 1 W, whereas Ps = |As (0)|2 = 1 mW for the seed. Figure 3A shows a comparison between FEM and CAEs simulations for case 1 and in the absence of losses (αp = αs = αi = 0). The two approaches exhibit very similar results, thus validating the CAEs model that is less computationally demanding and order of magnitudes faster than FEM simulations. In particular, only few seconds are required for solving the CAEs model, whereas several hours are requested to solve the FEM model. Figure 3B shows the profiles of the modes at the seed, idler, and pump wavelength. Figure 3C reports the maps of the electric field norm for the seed, idler, and pump. We define the optimal length Lopt as the propagation length for which the pump conversion (and, hence, the idler generation) is maximized (for the case displayed in Figure 3A, Lopt = 1.7 cm). The larger the pump power, the faster the conversion from the pump to the idler therefore reducing the optimal length. Increasing values of losses reduce the average pump power, which in turn increases the optimal length, as reported in Figure 4A.
[image: Figure 3]FIGURE 3 | (A) Comparison FEM (crosses) versus CAEs (solid lines) simulations for case 1 (Lx =1,200 nm, Ly =265 nm, λp =1,550 nm, λs =2,693 nm, and λi =3,652 nm) in the absence of losses. The two methods provide very similar results. Lopt =1.75 cm indicates the propagation length where maximum pump conversion is achieved. (B) Intensity of the modal electric fields in the xy plane for the TE00 seed (i), TE00 idler (ii), and TM01 pump (iii). (C) Electric field calculated from FEM simulations at the seed (i), idler (ii), and pump (iii) frequencies over the xz plane.
[image: Figure 4]FIGURE 4 | (A) Optimal waveguide length vs loss coefficients where the phase-matching condition Δβ = 0 is satisfied. (B) Idler power generated in cases 1 and 2, for a 1 W, 1,550 nm wavelength pump over a range of seed wavelengths and loss values of the waveguide, where propagation length is set to the optimal length displayed in (A). The idler wavelength is obtained by the relation ωi = ωp − ωs. (C) Full-width-half-maximum versus loss coefficient for the bands illustrated in panel (B).
Figure 4B displays the pump-to-idler conversion efficiency at the end of the waveguide versus the seed wavelength and the loss coefficient, when the waveguide length Lwvg = Lopt. As expected, a peak of conversion is observed in correspondence of the phase-matching condition (seed wavelength ∼ 2,693 nm and ∼ 2,881 nm in cases 1 and 2, respectively). Moreover, we note that in both cases a loss coefficient of 5 dB/cm annihilates the DFG. For losses in the range 2–3 dB/cm (May et al., 2021), pump-to-idler efficiency of 7-16% can be achieved instead, with a bandwidth of ∼ 5 nm in case 2, as depicted in Figure 4C. Large conversion up to ∼ 30% is achieved if the waveguide losses are further decreased down to ∼ 1 dB (Pu et al. (2016); Ottaviano et al. (2016)).
Experimental scenario. At conclusion of this section, it is worth discussing a possible experimental scenario based on the parameters proposed above. First, it should be noted that a 1 W pump power roughly corresponds to a power density of Pp/A = 0.31 GW/cm2 and 0.27 GW/cm2 for cases 1 and 2, respectively, where A is the cross-section surface of the waveguide. While a CW beam with such a power density is likely to damage the waveguide, pulses a few-hundred picoseconds wide are not (Nikogosyan, 2005; Garg et al., 2003). Nevertheless, if we employ a pulsed pump, the generated idler itself will occur as short pulses of about the same duration even in the presence of a continuous-wave seed. The differential inverse group velocity (ΔIGV) among the TM01 mode at the pump wavelength and the TE00 mode at the idler wavelength will cause a relative time delay ΔT = LwvgΔIGV that may compromise the temporal overlap of the two pulses, and then the efficiency of the DFG, whenever ΔT is comparable with the pulse duration of the pump and the idler. We have however verified that in our simulations the ΔIGV is of the order of 4 × 10–9 s/m, which correspond to a time delay of tens of picoseconds. This does not impair the DFG dynamics as long as the pump pulse width is hundreds of picoseconds or more.
It is worth noting that for such a pulse width, SPM has little to no effect. More precisely, SPM induces a nonlinear phase accumulation that can shift the phase-matching condition, and that occurs in both CW and pulsed regime. We have verified that this effect is negligible for pump powers up to 1W. In addition, SPM leads to spectral broadening and pulse reshaping in the pulsed regime, which can be simulated by adding dispersion terms (e.g. group velocity dispersion + third-order dispersion) to Eq. (4a). However, our simulations show that for pump peak powers of 1W and pulse widths [image: image] ps there is no significant spectral broadening nor pulse reshaping.
4 CONCLUSION
In this article we have explored theoretically the possibility of developing tiny on-chip MIR optical sources based on DFG in AlGaAs-OI waveguides. By focusing on a basic rectangular geometry, phase-matching is not achievable when pump, seed, and idler are all coupled to the fundamental mode. However, it can be achieved when resorting to higher order modes. The large core-to-cladding refractive index difference along with the strong nonlinear polarization response leads to effective DFG in waveguides as short as a few cm and with sub-μm2 cross-section. For example, we have shown that in a 1.7 cm long waveguide with 265 × 1,200 nm2 cross-section pumped by a TM01-beam at wavelength 1,550 nm and seeded by a TE00-beam at wavelengths around 2,693 nm, it is possible to generate a MIR-idler around 3,652 nm with a pump-to-idler conversion efficiency up to 15% when linear losses are 2 dB/cm. The relatively low-damage threshold of AlGaAs as well as the concurrent and substantial third-order nonlinearity put a constraint on the pump power. We have seen however that few-hundreds picosecond pump sources with Watt-level peak power represent a viable solution that is not impaired by the pump-idler differential group velocity. All our results have been confirmed by FEM simulations that validate the fast simulation model based on CAEs.
It is worth noting that our analysis is not exhaustive. The maximum output MIR (idler) power ([image: image] W in Figure 3) in our analysis is limited by the relatively low pump power and is lower than in QCLs where several watts can be achieved. However, we believe an optimal search over the waveguide dimensions as well as the pump and seed power and wavelengths would increase the maximum conversion. More complex schemes, like arrays of coupled waveguides, may further raise the output power.
To conclude with, we believe the results discussed in this work shed a light on the bright potential of the AlGaAs-OI platform for the development of a new generation of extremely compact, on-chip MIR sources.
APPENDIX: COMSOL MULTIPHYSICS MODEL
In this section we describe the FEM model developed with COMSOL Multiphysics. The waveguide was modeled with a block of width Lx, thickness Ly, and length Lz—representing the core, surrounded by a much bigger block, of width Lclad, thickness Lclad, and length Lz— mimicking the cladding.
The refractive index of Al0.25Ga0.75As (Adachi (1985)) and SiO2 (Agrawal (2013)) were assigned to the core and cladding, respectively.
The solution of the model relies on two steps.
(i) We computed the waveguide modes at the pump, the seed, and idler wavelengths. This is done by solving a 2D problem on a cross-sectional plane of the waveguide. In this way, we evaluated the electric field profile of the modes TE00 (for the seed and the idler) and TM01 (for the pump) and their propagation constants βn (n = p, s, i).
(ii) We introduced three Electromagnetic Waves, Beam Envelopes physics to address the equations ruling the pump, the seed, and the idler (Eq. (2)). In a nutshell, since the modes propagation constants are known from the previous step of the computation, it is possible to factorize the electric field as: [image: image], where [image: image] is a slowly varying function (Mizuyama (2018)). COMSOL Multiphysics solves [image: image] (n = p, s, i), and the discretization of the spatial domain may be short enough to follow the variations of the envelope function, but not so short to follow the spatial oscillations of electric field. This fact considerably reduced the computational burden, because the spatial discretization to follow the envelope may be much coarser than the light wavelength.
The external polarizations, defined in Eq. 1 and appearing on the right-hand side of Eq. (2), were assigned only in the core domain, because χ(2) is negligible in the material composing the cladding (i.e. SiO2).
The electric field of the computed modes is mainly confined along the waveguide. Lclad was chosen large enough to have the external boundary truncating the cladding where the electric field is negligible. Hence, the external boundary of the computation domain does not alter the results. For the sake of solving the model, scattering boundary conditions were applied on the external faces of the cladding.
The waveguide modes were excited by means of ports, placed at the beginning of the waveguide. At the other side of the waveguide, a matched boundary condition was applied to truncate the domain without spurious reflections (i.e. this boundary condition allows the outflow of the light from the simulation domain as if the waveguide continued indefinitely after the end of the considered domain).
To perform the two aforementioned steps for the solution of the model, we introduced two studies in COMSOL Multiphysics. (i) To excite the desired modes for the pump, the seed, and the idler, we added a study with three boundary modes analysis steps (one for every wavelength that has to be considered). In each study step, the effective refractive index of the mode to be launched in the waveguide is provided. For this computation, the frequency imposed in the Electromagnetic Waves, Beam Envelopes nodes is dictated by the solver. By running this study, we compute the electric field profile (in the planes of the ports) of the desired modes and their propagation constants.
(ii) To compute the electric field in all the waveguide, another study is necessary. This study has to compute only the envelope function of the electric field, since the propagation constant of the modes, the electric field profiles, and phases are known from the previous study. The second study has a frequency domain study step. The frequencies to be provided in the Electromagnetic Waves, Beam Envelopes nodes have to be set as user defined: in each Electromagnetic Waves, Beam Envelope node the user has to write the correct frequency (of pump, seed, or idler).
We used this approach to study the waveguide of dimensions Lx = 1,200 nm and Ly = 265 nm (case 1 in Figure 2). To compute the desired modes with a good precision, we chose Lclad = 6Lx. This is a good compromise to obtain the modes with the effective refractive index close to the target value and to limit the computational burden. Also the mesh size in the plane of the ports was optimized. In particular, the mesh size in the core domain was smaller than λp/20, whereas in the cladding the mesh was kept finer in the region close to the core, where the electric fields are not negligible. The mesh developed on the ports plane was swept along the waveguide length, setting 5 mesh nodes every 1 mm along the waveguide length. These settings for the mesh were necessary to achieve the model convergence and to obtain a reasonable result.
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