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Abstract: Intermodal four-wave mixing (FWM) processes have recently attracted significant24

interest for all-optical signal processing applications thanks to the possibility to control the25

propagation properties of waves exciting distinct spatial modes of the same waveguide. This26

allows, in principle, to place signals in different spectral regions and satisfy the phase matching27

condition over considerably larger bandwidths compared to intramodal processes. However, the28

demonstrations reported so far have shown a limited bandwidth and suffered from the lack of29

on-chip components designed for broadband manipulation of different modes. We demonstrate30

here a silicon-rich silicon nitride wavelength converter based on Bragg scattering intermodal31

FWM, which integrates mode conversion, multiplexing and de-multiplexing functionalities32

on-chip. The system enables wavelength conversion between pump waves and a signal located in33

different telecommunication bands (separated by 60 nm) with a 3dB bandwidth exceeding 70 nm,34

which represents the widest bandwidth ever achieved in an intermodal FWM-based system.35

1. Introduction36

Present optical transmission systems need to cope with an ever-growing demand for bandwidth37

to transmit the continuously growing amount of data generated across the world. A paradigm38

shift in optical networks and photonic devices will be required to tackle this challenge and39

increase the efficiency of the current wavelength division multiplexing (WDM)-based optical40

communication systems [1]. While techniques based on space division multiplexing hold41

significant promise [2–4], a complementary attractive route to increasing the capacity of optical42

networks comes from the observation that current systems make use of only a small portion43

of the wide low-loss bandwidth of silica optical fibers. In this regard, configurations that44

exploit optical wavelength bands outside the conventional C-band spectrum (1530 - 1565 nm)45



are currently being investigated [5, 6]. One particularly attractive option is represented by the46

use of the adjacent L- (1565 - 1625 nm) and U-bands (1625 - 1675 nm). Similarly to the47

C-band, in these new systems, the ability to generate, convert and manipulate optical signals is48

highly desirable. Third-order nonlinearity-based optical devices could be used to generate and49

convert wavelength components through well-studied parametric optical processes such as those50

based on four-wave mixing (FWM) [7]. Various demonstrations have already been reported51

for the realization of wavelength converters and synthesizers capable of operating over a broad52

wavelength range, mainly based on the use of integrated waveguides [8–10]. In general, most of53

these demonstrations have exploited nonlinear processes based on intramodal FWM, i.e. where54

all the waves propagate in the same optical spatial mode. More recently, integrated systems55

based on intermodal FWM (IM-FWM) processes, i.e. where the involved waves propagate in56

different spatial modes of the same waveguide, have been studied, and have shown considerable57

potential to respond to the requirements of next-generation communication systems. Indeed, the58

introduction of additional modes in nonlinear waveguides offers an extra degree of freedom in59

dispersion engineering to fulfil the required phase matching condition thanks to the possibility60

of tuning the characteristics of distinct spatial modes over the wavelengths of interest. This61

allows in principle for broadband operation in multiple spectral bands of the electromagnetic62

spectrum, even located hundreds of nanometers away from the pump source(s) [11, 12]. Several63

demonstrations of IM-based applications have already been shown, such as supercontinuum64

generation [13–15], comb generation [16,17], signal processing based on stimulated IM Brillouin65

scattering [18, 19], wavelength conversion [12, 20–24] and the realization of photon pair sources66

for quantum applications [25–27]. Most of these demonstrations made use of either degenerate67

or non-degenerate parametric amplification, where the idler generation is accompanied by the68

amplification of vacuum fluctuations, which inherently adds excess noise to the process [28, 29].69

However, in both the classical and quantum regimes, minimum excess noise is desirable since70

additional noise can result in higher bit-error rates in classical telecommunication systems71

and poor fidelity of translated quantum states in quantum systems [30, 31]. An alternative72

non-degenerate FWM process, termed Bragg scattering (BS) FWM, does not amplify vacuum73

fluctuations and, therefore, can in principle convert photons from the signal to the idler frequency74

without excess noise [30, 32]. Some promising wavelength converters implementing a BS-75

IM-FWM configuration have already been reported in the C- and L-bands using integrated76

waveguides [20, 21]. These first demonstrations showed the potential of the BS-IM-FWM77

process, however, their experimental implementations were complex and suffered from the lack78

of integrated components for manipulating the spatial shapes of the involved optical modes79

on-chip, eventually adding further losses to the whole system. As a consequence, this limited the80

conversion efficiency of the proposed devices, even when relatively high pump power levels were81

employed, and, ultimately, the achievable bandwidth due to the use of bulky off-chip components82

to manipulate the involved optical modes.83

In this paper, we present the design and experimental characterization of a fully-integrated and84

broadband wavelength converter based on the use of the BS-IM-FWM process implemented85

on a silicon-rich silicon nitride (Si-rich SiN) platform. The system integrates the whole set86

of functionalities required to perform frequency conversion on-chip in the IM regime, starting87

from three seeding waves (two pumps and one signal), which are coupled from an array of88

lensed single-mode optical fibers. This eliminates the requirement for external and bulky mode89

conversion, multiplexing, and demultiplexing elements, significantly reduces the insertion losses90

of the whole system, and eliminates the need of filtering out the optical pumps at the device91

output. The proposed device is capable of generating idler wavelengths covering the range 160092

- 1678 nm starting from a seeding signal at 1600 nm, with an experimentally measured 3dB93

bandwidth greater than 70 nm, by utilizing optical pumps located in the wavelength range 154094

- 1616 nm. To the best of the authors’ knowledge, this represents the widest bandwidth ever95



achieved in a multimode FWM-based device.96

2. Bragg scattering intermodal FWM scheme97

A general illustration of the BS-FWM process is shown in Fig. 1 (a). As can be seen, BS-FWM98

enables the generation of blue- and red-shifted copies (𝐼𝐵𝑆,𝑏 and 𝐼𝐵𝑆,𝑟 idlers, respectively) of99

the seeding signal (𝑆) through a scattering process induced by an intensity grating caused by100

the interference between the two pumps (𝑃1 and 𝑃2). The values of the idler frequencies are101

determined by the energy conservation law, i.e. they appear at 𝜔𝑆 ± Δ𝜔, where 𝜔𝑆 stands for102

the signal frequency and Δ𝜔 is the frequency difference between the two pumps. As in any103

FWM-based process, efficient conversion is ensured only when the interacting waves satisfy the104

phase matching condition. This can generally be achieved only for one idler at a time, and, in105

most cases, the other non-phase-matched idler represents an unwanted by-product of the nonlinear106

process. In the case of single-mode waveguides, phase matching is commonly accomplished107

by carefully designing the waveguide geometry to engineer the group velocity dispersion [33].108

Specifically, in order to achieve efficient BS FWM, the waveguide needs to exhibit zero dispersion109

at the half-distance between the average frequency of the signal–idler pair and that of the pair of110

pumps [30, 34]. However, in the IM regime, the phase matching condition gives rise to different111

requirements. An illustrative schematic of the operating principle to satisfy the phase matching112

condition in the BS-IM-FWM configuration is illustrated in Fig. 1 (b) [20, 35, 36], which shows113

the inverse group velocity (𝐼𝐺𝑉) curves of two distinct spatial modes supported in a multimode114

waveguide as a function of the angular frequency 𝜔. The inverse group velocity is defined as115

𝐼𝐺𝑉 = 𝑣−1
𝑔 = 𝑛𝑔/𝑐, where 𝑣𝑔 is the group velocity, 𝑛𝑔 is the group index and 𝑐 is the speed of116

light in vacuum.117

In our simulations and experiments, 𝑃1 and 𝑃2 were placed into the fundamental TE-polarized118

waveguide mode (𝑇𝐸00), while the signal 𝑆 and the generated idlers 𝐼𝐵𝑆,𝑏 and 𝐼𝐵𝑆,𝑟 were in the119

first-order TE-polarized horizontal mode (𝑇𝐸10). Considering the 𝐼𝐵𝑆,𝑟 idler, phase matching is120

ensured when the following equation is fulfilled [20]:121

−𝛽0 (𝜔𝑃1) + 𝛽1 (𝜔𝑆) + 𝛽0 (𝜔𝑃2) − 𝛽1 (𝜔𝐵𝑆,𝑟 ) = 0, (1)

where 𝛽0 (𝜔) and 𝛽1 (𝜔) are the propagation constants of the 𝑇𝐸00 and 𝑇𝐸10 modes at the122

angular frequency 𝜔, respectively, and 𝜔𝑃1, 𝜔𝑃2, 𝜔𝑆 and 𝜔𝐵𝑆,𝑟 stand for the angular frequencies123

of pump 1, pump 2, signal and red-shifted BS idler, respectively. Eq. (1) can be rewritten as:124

𝛽0 (𝜔𝑃1) − 𝛽0 (𝜔𝑃1 − Δ𝜔) = 𝛽1 (𝜔𝑆) − 𝛽1 (𝜔𝑠 − Δ𝜔) (2)

Under the assumption of a small frequency detuning (Δ𝜔 ≈ 0), Eq. (2) shows that phase125

matching is satisfied when the derivative function of the propagation constant in one mode (𝛽0),126

which is its 𝐼𝐺𝑉 , evaluated at the 𝑃1 frequency 𝜔𝑃1, is equal to the derivative function of the127

propagation constant in the other mode (𝛽1), calculated at the signal frequency 𝜔𝑆 . Therefore,128

any possible frequency combinations to achieve phase matching across the two modes (or various129

modes, in case higher order modes are also considered) can be found by the crossing of any130

horizontal line drawn on the 𝐼𝐺𝑉 curves of Fig. 1 (b). For a greater Δ𝜔 detuning, if 𝑃2 is131

tuned towards shorter frequencies, 𝜔𝐵𝑆,𝑟 moves in the same direction, and it is still possible to132

draw an upshifted horizontal line crossing the two 𝐼𝐺𝑉 curves at the new average frequencies133

(𝜔𝑃1 − Δ𝜔/2 and 𝜔𝑆 − Δ𝜔/2), provided that each 𝐼𝐺𝑉 curve is a frequency-shifted replica of134

the other. Conversely, the 𝐼𝐵𝑆,𝑏 idler component, even though it satisfies the energy conservation135

principle as 𝐼𝐵𝑆,𝑟 , is shown to not satisfy the phase matching condition in the reported example136

because it is only possible to draw an oblique line to cross the two 𝐼𝐺𝑉 points at the new137

average frequencies. As the 𝑃2 detuning to lower frequencies increases, 𝐼𝐵𝑆,𝑏 moves further138

away from phase matching. It should be noted that if the 𝑃1 frequency is tuned to higher139



Fig. 1. (a) Dual-pump BS FWM working principle. When two pumps (𝑃1 and 𝑃2)
and a seeding signal (𝑆) are input into a third-order nonlinear waveguide, BS FWM
can occur under the assumption that the phase matching condition is fulfilled. In this
scenario, photons are scattered from the signal 𝑆 to two idlers (𝐼𝐵𝑆,𝑏 and 𝐼𝐵𝑆,𝑟 ), with
a simultaneous energy exchange between the two pumps. The solid arrows indicate
the loss (down) and gain (up) of the photon energy, while the dashed arrows indicate
the direction of the energy exchange for the 𝐼𝐵𝑆,𝑟 (red) and 𝐼𝐵𝑆,𝑏 (blue) cases. (b)
Graphical illustration of the phase matching mechanism for the BS-IM-FWM scheme.
If 𝑃1 and 𝑃2 are placed in the 𝑇𝐸00 mode and the signal and idlers in the 𝑇𝐸10 mode of
a multimode waveguide, the phase matching condition can be satisfied and retained if it
is possible to draw a horizontal line that crosses the IGV curves of the two considered
modes at the average frequencies (yellow dots in the figure) of the two pumps and of
the signal and one idler (either 𝐼𝐵𝑆,𝑏 or 𝐼𝐵𝑆,𝑟 ).

𝜔 values, the opposite scenario holds true: a broadband operation can be achieved for 𝐼𝐵𝑆,𝑏,140

whereas 𝐼𝐵𝑆,𝑟 quickly moves away from phase matching as Δ𝜔 increases. The presented phase141

matching mechanism can be exploited to efficiently suppress one idler component to achieve a142

unidirectional FWM process, as already demonstrated in [20]. Interestingly, this scheme can be143

applied to any pair of supported waveguide modes. When a higher order mode is considered, the144

frequency separation between the pumps and the signal-idlers can be further increased. Therefore,145

provided that the 𝐼𝐺𝑉 curves of the considered modes meet the criteria described above, the146

phase matching condition can still be satisfied even for extremely large pump-to-signal frequency147

detuning values. The described properties of the BS-IM-FWM differ significantly from the ones148

of the single-mode case and pose less stringent requirements on the engineering of the dispersion149

and dispersion slope profiles of the waveguide, thus providing more flexibility on the design of150

wavelength converters, especially when a large wavelength detuning is desirable.151

3. Nonlinear multimode waveguide design152

The nonlinear multimode waveguide was designed for our in-house Si-rich SiN platform,153

consisting of a Si-rich SiN strip waveguide surrounded by a silicon dioxide (SiO2) cladding.154

This material platform allows excellent dispersion engineering control and precise tuning of155

the propagation characteristics of the supported modes by varying the waveguide geometry and156



the refractive index of the core material itself, which can be controlled by changing the Si-rich157

SiN deposition conditions [37]. In addition, the material can be engineered to show a high158

Kerr coefficient with no two-photon absorption (TPA)-related losses in the telecommunication159

bands [38]. Fig. 2 shows the cross-section of the designed waveguide (6.1 𝜇𝑚 width × 310160

nm height) and the simulated group index 𝑛𝑔 curves as a function of wavelength 𝜆 for the first161

two considered modes (𝑇𝐸00 and 𝑇𝐸10). The refractive index of the Si-rich SiN core material162

(Si𝑥N𝑦) was set equal to 2.41 at 1550 nm by adjusting the silicon content within the silicon163

nitride host matrix in the deposition process [37]. The waveguide cross-section was engineered to164

achieve the phase matching condition between the 𝑇𝐸00 and 𝑇𝐸10 modes at wavelengths 𝜆𝑇𝐸00 =165

1540 nm and 𝜆𝑇𝐸10 = 1600 nm, respectively. In our experiments, the two pumps 𝑃1 and 𝑃2 were166

placed in the 𝑇𝐸00 mode, while the signal 𝑆 and the generated idlers were in the 𝑇𝐸10 mode. As167

can be seen from Fig. 2, the nonlinear multimode waveguide was designed so that the two 𝑛𝑔168

curves, which are proportional to the IGV curves, are a frequency-shifted replica of each other to169

ensure a wide conversion bandwidth.170

Fig. 2. Numerically simulated group index 𝑛𝑔 for the first two horizontal modes 𝑇𝐸00
and 𝑇𝐸10 as a function of wavelength 𝜆 and sketch of the cross-section of the Si-rich
SiN multimode waveguide employed in this work (note that dimensions are not to
scale).

By considering this specific mode and wavelength configuration, the bandwidth of the BS-IM-171

FWM process in terms of conversion efficiency (CE) for both 𝐼𝐵𝑆,𝑏 and 𝐼𝐵𝑆,𝑟 was numerically172

calculated as a function of the pump and signal wavelength detuning. The CE was defined173

as CE = 𝑃𝐼 (𝐿𝑀𝑀 ) / 𝑃𝑆 (𝐿𝑀𝑀 ), where 𝑃𝐼 (𝐿𝑀𝑀 ) is the optical power of the 𝐼𝐵𝑆,𝑏 or 𝐼𝐵𝑆,𝑟174

idlers and 𝑃𝑆 (𝐿𝑀𝑀 ) is the signal 𝑆 power evaluated at the output of the nonlinear multimode175

waveguide (with length 𝐿𝑀𝑀 ), respectively. The two waveguide modes and their dispersion176

profiles were numerically calculated using a Finite Difference Eigenmode (FDE) solver from177

MODE Solutions𝑇𝑀 (Ansys Inc.). For the Si-rich SiN core, the refractive index profile was178

experimentally acquired via infrared (IR) spectroscopic ellipsometry measurements performed on179

the bulk material employed in this work, while the data reported by Palik were used for the SiO2180

cladding [39]. The numerically simulated modal effective index profiles and mode overlap factors181

were used for nonlinear wave propagation simulations based on the fourth-order Runge-Kutta182

method [40]. Further details about the coupled equations used to model the BS-IM-FWM process183

can be found in [21]. The nonlinear Kerr coefficient was set to 𝑛2 = 1.56 · 10−18 m2/W, which184

was experimentally measured as described in [37], while the nonlinear waveguide length was185

set equal to 𝐿𝑀𝑀 = 1 cm. A propagation loss coefficient 𝛼 = 2.3 dB/cm was considered. In186

these simulations, the wavelength of 𝑃1 was kept fixed at 1540 nm, while the wavelengths of 𝑃2187



and signal 𝑆 were varied. In all cases, the total pump power level was kept at 27.6 dBm (24.6188

dBm per pump), while the signal power was set at 8 dBm, as in the nonlinear experiments. Fig.189

3 reports the normalized CE results from the numerical simulations for the 𝐼𝐵𝑆,𝑏 and 𝐼𝐵𝑆,𝑟 in190

panels (a) and (b), respectively. By considering a signal-detuning close to zero (corresponding to191

the signal set close to the nominal designed wavelength 𝜆𝑆 = 1600 nm), an (almost) constant192

CE level can be obtained for 𝐼𝐵𝑆,𝑟 even for extremely large 𝑃2 detuning values (> 80 nm). On193

the other hand, 𝐼𝐵𝑆,𝑏 is hindered in this scenario, and phase matching is only achieved over a194

significantly narrower 𝑃2 detuning range compared to the 𝐼𝐵𝑆,𝑟 case. In addition, Fig. 3 (b)195

also shows that even for 𝑃2 detuning values as large as 30 nm, the conversion process to 𝐼𝐵𝑆,𝑟 is196

(almost) insensitive to the signal wavelength for a signal-detuning bandwidth of ≈ 18 nm around197

𝜆𝑆 = 1600 nm, with no significant degradation in CE (< 1 dB variation).198

Fig. 3. Simulated BS-IM-FWM normalized CE for different 𝑃2 and 𝑆 detuning values
for (a) 𝐼𝐵𝑆,𝑏 and (b) 𝐼𝐵𝑆,𝑟 . The 𝑃1 wavelength was set equal to 𝜆𝑃1 = 1540 nm for all
the considered cases. The phase matching wavelength for the signal 𝑆 is 𝜆𝑆 = 1600 nm
(which corresponds to a signal-detuning equal to zero).

The fabrication tolerances of the nonlinear multimode waveguide were then evaluated to199

estimate the impact of dimension variations on the position of the phase-matched signal wavelength200

relative to the nominal design value of 1600 nm. By considering a ± 30 nm variation of the201

waveguide width and thickness, a shift of approximately ∓ 1 nm and ± 9 nm in the position of the202

phase-matched signal wavelength was found, respectively, showing good fabrication tolerance.203

As discussed in the previous section, the use of higher-order modes would allow, in principle,204

to achieve an even larger separation between the pumps and signal-idler pairs. For example,205

considering the multimode waveguide cross-section used in this work (6.1 𝜇𝑚 width × 310 nm206

height), by setting the two pumps in the 𝑇𝐸00 mode with 𝑃1 fixed at 1540 nm, the phase-matched207

signal wavelength would move to ≈ 1730 nm and ≈ 2110 nm when the 𝑇𝐸20 and 𝑇𝐸30 modes are208

used for the signal-idler pairs, respectively. In this work, we limited our device implementation209

to the 𝑇𝐸00 and 𝑇𝐸10 modes since the use of higher-order modes would require an additional210

dedicated design of the different components for mode conversion and manipulation at longer211

wavelengths, which may be of interest for future studies targeting mid-infrared (MIR) frequency212

generation.213



4. Device layout and working principle214

A schematic layout of the full device and its working principle is shown in Fig. 4. The system215

consists of five different blocks: input section, mode converter and multiplexer (mode-MUX),216

nonlinear multimode waveguide, mode converter and demultiplexer (mode-DEMUX) and output217

section. In the input section, inverted taper-based edge couplers (ECs) were designed to efficiently218

couple signals incoming from lensed single-mode polarization-maintaining (PM) optical fibers.219

A two-fiber array (FA) was used to simultaneously couple the two pumps (𝑃1 and 𝑃2) into port 1220

of the device and the signal (𝑆) into port 2. The ECs were connected to the mode-MUX through221

bent single-mode waveguides. The mode-MUX comprised a multimode interference (MMI)222

coupler, a 90◦ phase shifter (PS) and a sinusoidal-profile symmetric Y-junction (overall footprint223

of the mode-MUX: 4 𝜇𝑚 × 121 𝜇𝑚). The mode-MUX was designed according to the following224

working principle [41, 42]: a 𝑇𝐸00 mode input from port 1 was equally split by the MMI and a +225

90◦ phase shift was induced between the modes propagating through the MMI upper and lower226

output arms. Afterwards, the PS introduced a – 90◦ phase shift between the mode propagating227

through the upper arm relative to the mode propagating through the lower arm, eliminating the228

phase difference between the two optical modes. Hence, two in-phase 𝑇𝐸00 modes reached229

the symmetric Y-junction and underwent conversion into the fundamental 𝑇𝐸00 mode of the230

multimode waveguide. Conversely, a 𝑇𝐸00 mode coupled into port 2 was also equally split by the231

MMI, but, in this case, a – 90◦ phase shift was induced between the modes propagating through232

the MMI upper and lower output arms. Therefore, after propagating through the PS section,233

two out-of-phase (180◦ overall phase shift) 𝑇𝐸00 modes reached the symmetric Y-junction and234

underwent conversion to the 𝑇𝐸10 mode of the multimode waveguide. In this manner, the two235

pumps coupled in from port 1 excited the 𝑇𝐸00 mode of the multimode waveguide, while the236

signal coupled in from port 2 excited the 𝑇𝐸10 mode. The BS-IM-FWM process then occurred237

in the multimode waveguide (length 𝐿𝑀𝑀 = 1 cm, whole device length = 1.14 cm) with the238

generation of 𝐼𝐵𝑆,𝑏 and 𝐼𝐵𝑆,𝑟 idlers in the 𝑇𝐸10 mode. Next, a mode-DEMUX and output section239

performed the reciprocal operation of the input section and mode-MUX. The two residual pump240

waves were maintained in the 𝑇𝐸00 mode and coupled out from port 3, while the signal and idler241

waves in the 𝑇𝐸10 mode were converted to the 𝑇𝐸00 mode by the mode-DEMUX and coupled242

out from port 4. As at the side of the input, a two-fiber array was used to simultaneously couple243

out all the waves from the two output ports. It is worth noticing that this configuration allowed244

separating the signal and idler waves from the two optical pumps, therefore eliminating by design245

the requirement to filter the high-power pumps out from the desired signals. The geometrical246

dimensions of the designed device are listed in APPENDIX A.247

Fig. 4. Schematic layout and working principle of the fully-integrated intermodal
FWM-based wavelength converter. 𝑃1: pump 1, 𝑃2: pump 2, 𝑆: signal, MMI:
multimode interference coupler, PS: phase shifter, Y-junct: Y-junction, mode-MUX:
mode converter and multiplexer, wg: waveguide, mode-DEMUX: mode converter and
demultiplexer.



5. Fabrication248

The proposed device was fabricated on a 200 mm Si wafer with a 3 𝜇𝑚 thermally grown oxide249

layer as a starting substrate. The 310 nm thick Si-rich SiN device layer, with a refractive index of250

2.41 at 1550 nm, was deposited at a low processing temperature (350 ◦C) using an NH3-free251

plasma enhanced chemical vapour deposition (PECVD) process, as detailed in references [37,43].252

Afterwards, the test structures were patterned with a 248 nm deep-UV (DUV) lithography253

tool using a 680 nm thick positive tone resist mask with a 60 nm thick bottom anti-reflection254

coating (BARC). The BARC layer was included to reduce the sidewall roughness generated255

by the back-reflected light during the lithography process, which can have a detrimental effect256

on the propagation losses of the fabricated devices. The pattern was then transferred onto the257

Si-rich SiN layer by means of an inductively coupled plasma (ICP) etching process using an258

SF6:C4F8 chemistry with an etching depth of 310 nm. The resist mask was then removed using259

an O2 plasma process and a RCA-1 cleaning step. Finally, a 2 𝜇𝑚 thick PECVD SiO2 layer was260

deposited as cladding. Fig. 5 shows a schematic diagram of the device along with scanning261

electron microscope (SEM) images of the top-view of the MMI (Fig. 5 (a)), PS and Y-junction262

(Fig. 5 (b)) sections of the device and an optical microscope image of the full mode-DEMUX263

and output section (Fig. 5 (c)).264

Fig. 5. Schematic layout of the fabricated device along with top-view SEM images
of (a) the MMI, (b) PS and Y-junction sections of the mode-MUX and (c) an optical
microscope image of the full mode-DEMUX and output section.

The input and output facets were prepared by dicing, a type of mechanical sawing that uses265

diamond grit-impregnated blades, traditionally employed to separate individual dies from a wafer.266

Through careful selection of blade composition and cutting parameters, ductile removal of optical267

materials can be achieved, resulting in sub-nanometer roughness [44]. High-quality facets with268

negligible chipping and delamination of material layers were produced in a single step with no269

requirement for time-consuming polishing [45]. The coupling losses per facet between a lensed270

single-mode PM optical fiber (spot diameter of 3.5 𝜇𝑚) and the inverted taper-based EC were271

assessed to be 1.4 dB, while the propagation losses of the nonlinear multimode waveguide were272

measured to be equal to 2.3 dB/cm at 1550 nm.273

6. Experimental results274

The linear performance of the full device was initially evaluated. Fig. 6 shows the measured275

fiber-to-fiber transmission curves between the two input ports (1,2) and output ports (3,4).276

Considering the transmission curves between ports 1 to 3 (input: 𝑇𝐸00, multimode waveguide:277

𝑇𝐸00, output: 𝑇𝐸00) and ports 2 to 4 (input: 𝑇𝐸00, multimode waveguide: 𝑇𝐸10, output: 𝑇𝐸00), a278

minimum fiber-to-fiber loss of ≈ 5 dB was measured around 1580 nm, with a maximum variation279

lower than 2 dB in the measured wavelength range 1535 - 1650 nm. The unwanted transmission280



between crossing input-output ports (ports 1 to 4 and ports 2 to 3) was also measured, resulting281

in a minimum loss value of 17 dB. Overall, the device shows a crosstalk value lower than – 10282

dB between direct and crossing port-to-port transmissions in the measured wavelength range.283

Considering the individual components, the full device bandwidth and crosstalk performance are284

ultimately limited by the spectral response of the tapered 90◦ PS, which also represents the element285

more sensitive to fabrication imperfections. In order to reduce the device crosstalk and expand286

the operational bandwidth, the use of subwavelength grating PSs could be considered. These287

structures have also shown greater robustness to fabrication errors compared to conventional288

devices, as already demonstrated in previous works [46, 47].289

Fig. 6. Linear characterization of the full device: measured transmission curves as a
function of wavelength for the different combinations of input-output ports.

Nonlinear measurements were then carried out using the setup shown in Fig. 7. The continuous290

wave (CW) optical pumps (𝑃1 and 𝑃2) were generated using two PM tunable laser sources (TLSs)291

followed by two PM Erbium-doped fiber amplifiers (EDFAs). The pumps, after passing through292

two optical isolators, were coupled together with a 50:50 PM fiber coupler and sent to port 1 of293

the integrated device. The signal (𝑆) was generated using a third PM TLS and directly sent to294

port 2 of the integrated device. At the device output, the two residual pumps on port 3 along with295

the signal and idlers on port 4 were collected and sent to an optical spectrum analyzer (OSA)296

using an optical switch. One input and one output FA with two lensed PM optical fibers each297

were used to couple the signals in and out of the device.298

Fig. 7. Sketch of the experimental setup used in the nonlinear experiments. 𝑃1: pump
1, 𝑃2: pump 2, 𝑆: signal, EDFA: Erbium-doped fiber amplifier, FA: fiber array, OSA:
optical spectrum analyzer. The inset shows a microscope image of the optical coupling
between the input FA and the on-chip integrated device.

Two different sets of nonlinear experiments were performed using a total pump power of 27.6299

dBm (24.6 dBm per pump) and a signal power of 8 dBm coupled into the chip. In the first set of300



measurements, the first pump 𝑃1 was set at 1540 nm (as in the numerical simulations), while the301

wavelength of the second pump 𝑃2 was scanned from 1542 to 1616 nm in order to characterize302

the pump-to-pump detuning bandwidth of the BS-IM-FWM process for both the 𝐼𝐵𝑆,𝑏 and 𝐼𝐵𝑆,𝑟303

idlers. According to the previously presented numerical simulations, the signal 𝑆 was placed at304

1600 nm in order to ensure phase matching with 𝑃1. Fig. 8 (a) reports the CE measured for the305

𝐼𝐵𝑆,𝑏 (blue squares) and 𝐼𝐵𝑆,𝑟 (red diamonds) idlers as a function of the pump-to-pump detuning306

Δ𝜆𝑃𝑃 .307

Fig. 8. (a) Experimentally measured CE for the 𝐼𝐵𝑆,𝑟 (red diamonds) and 𝐼𝐵𝑆,𝑏 (blue
squares) idlers and corresponding numerically simulated CE (red and blue dashed
lines, respectively) as a function of the 𝑃2 detuning with 𝑃1 and 𝑆 wavelengths fixed at
1540 and 1600 nm, respectively. (b) Experimentally measured CE for the 𝐼𝐵𝑆,𝑟 idler
as a function of the signal wavelength 𝜆𝑆 for a 𝑃2 detuning of 2 nm (red diamonds,
pump-to-pump detuning Δ𝜆𝑃𝑃 = 2 nm) and 30 nm (green squares, Δ𝜆𝑃𝑃 = 30 nm)
and corresponding numerically simulated CE (red and green dashed lines, respectively),
with 𝑃1 wavelength fixed at 1540 nm.

A small CE decrease for increasing Δ𝜆𝑃𝑃 can be observed for 𝐼𝐵𝑆,𝑟 , with a 3dB pump-to-pump308

detuning bandwidth of 72 nm, corresponding to an idler generated in the range 1602 - 1678 nm.309

Conversely, as expected, a much narrower 3dB pump-to-pump detuning bandwidth of ≈ 20 nm310

was measured for 𝐼𝐵𝑆,𝑏. Numerical simulations were carried out by considering the pump power311

values used in the experiments and the measured propagation losses of the multimode waveguide,312

with the results reported in Fig. 8 (a) (blue and red dashed lines for 𝐼𝐵𝑆,𝑏 and 𝐼𝐵𝑆,𝑟 , respectively)313

showing a good agreement with the experimental results. The decrease of the experimentally314

measured 𝐼𝐵𝑆,𝑟 CE observed for the greater Δ𝜆𝑃𝑃 detuning values can be mainly attributed to315

the linear transfer function of the full device (see ports 2 to 4 curve in Fig. 6, which shows a316

decreasing transmission for longer wavelengths in the L- and U-bands). Three examples of optical317

spectra measured at port 4 are reported in Fig. 9 (a), (b) and (c) for 𝑃2 detuning values of 2, 26318

and 76 nm, respectively. As can be seen, an almost constant power level for 𝐼𝐵𝑆,𝑟 was recorded319

for the three different 𝑃2 detuning values. Despite the total pump power being significantly (≈ 20320

dB) higher than the signal power at the chip input, the power level measured at port 4 for the321

two pumps, 𝑃1 and 𝑃2, is comparable to that of the signal 𝑆, since most of the power of the two322

pumps is sent to port 3. It is also noteworthy that, for small 𝑃2 detuning values (e.g. Fig. 9 (a)323

and (b)), intra-modal FWM components are also generated (𝑖1 and 𝑖2), which result from the324

degenerate FWM process among the two pumps (both of them placed in the 𝑇𝐸00 mode).325

In the second measurement campaign, the signal-detuning bandwidth was evaluated: 𝑃1 and326



Fig. 9. Optical spectra measured at port 4 for 𝑃2 detuning values Δ𝜆𝑃𝑃 of (a) 2 nm,
(b) 26 nm and (c) 76 nm. The wavelengths of 𝑃1 and 𝑆 are set at 1540 nm and 1600
nm, respectively.

𝑃2 were initially placed at 1540 and 1542 nm (Δ𝜆𝑃𝑃 = 2 nm), respectively, while the signal327

wavelength was varied between 1550 and 1650 nm. Using this wavelength setting, the CE values328

for the 𝐼𝐵𝑆,𝑟 idler were measured. The results are reported in Fig. 8 (b) (red diamonds) and329

show no significant CE decrease, even for a large signal-detuning of ±50 nm relative to the330

predicted central signal wavelength of 1600 nm. The experiments were then repeated placing331

𝑃1 and 𝑃2 at 1540 and 1570 nm (Δ𝜆𝑃𝑃 = 30 nm), respectively, and the resulting CE values332

for the 𝐼𝐵𝑆,𝑟 idler are reported in Fig. 8 (b) (green squares). In this configuration, the phase333

matching was not retained across the entire range of scanned signal wavelengths, and a 3dB334

signal-detuning bandwidth of ≈ 25 nm was measured, centered at around 1600 nm. Even in this335

case, the experimental results are in good agreement with numerical simulations (see Fig. 8 (b),336

red and green dashed lines for pump-to-pump detuning values of 2 nm and 30 nm, respectively),337

confirming that the nonlinear multimode waveguide showed a low dispersion value. This enabled338

flexible positioning of the signal at wavelengths relatively far from the perfect phase matching339

position (≈ 1600 nm), without a significant CE reduction.340

7. Conclusions341

In this work, we presented the design, fabrication and characterization of a fully-integrated,342

IM-FWM-based wavelength converter realized on a Si-rich SiN platform. The wavelength343

converter was designed to operate using a dual-pump BS-IM-FWM configuration that employed344

the first two horizontal spatial modes (𝑇𝐸00 and 𝑇𝐸10) of a multimode waveguide. The choice345

of the Si-rich SiN material provided an additional degree of freedom in the waveguide design346

compared to standard platforms thanks to the possibility of carefully controlling the refractive347



index of the deposited layers. In addition, it allowed us to perform nonlinear experiments348

with relatively high CW pump power levels (> 27 dBm), with no sign of detrimental TPA-349

and free carrier absorption (FCA)-related losses [37, 38]. The whole set of mode conversion,350

multiplexing and demultiplexing functionalities were performed on-chip, with the input/output351

signals coupled in/out from the chip using two arrays of two lensed single-mode PM optical fibers352

each. This significantly simplified the experimental setup compared to previous demonstrations353

of intermodal nonlinearities [12, 20, 21], reduced the insertion losses of the whole system, and354

removed the requirement to filter out the optical pumps at the output of the device. The system was355

designed to convert a seeding L-band signal to longer wavelengths by employing optical pumps356

located in the C- and L-bands. A 3dB bandwidth for the conversion process exceeding 70 nm was357

demonstrated, showing the possibility of generating idler components covering the whole U-band.358

This represents, to the best of the authors’ knowledge, the widest bandwidth ever demonstrated359

for an IM-FWM-based device. The maximum value of the CE was measured to be equal to360

≈ – 41 dB, mainly limited by the current Si-rich SiN material losses and the relatively short361

length (1 cm) of the nonlinear multimode waveguide employed in our particular implementation.362

Comparable CE values were reported in IM-FWM-based wavelength converters implemented in363

multimode silicon waveguides using CW optical pumps [21–23]. Further improvements in the364

material quality and fabrication process will result in a significant reduction of the propagation365

losses of our material, thus enabling the utilization of longer nonlinear multimode waveguides366

and thereby achieving higher CE values. In this regard, we previously reported CE values367

as high as – 15 dB using a BS-IM-FWM scheme in a Si-rich SiN platform with a different368

material composition (refractive index of 2.54 at 1550 nm) thanks to the use of a 4 cm long369

nonlinear multimode waveguide (propagation losses equal to 0.95 dB/cm at 1550 nm), with370

off-chip optical mode manipulation [20]. Additionally, the implementation of longer low-loss371

nonlinear waveguide sections would allow the use of lower pump power levels compared to the372

relatively high ones used in this work (27.6 dBm total pump power). One attractive route for373

the material optimization is represented by the use of high-temperature (> 1000 ◦C) thermal374

annealing processes, which have been widely exploited to significantly decrease the losses of375

stoichiometric silicon nitride (Si3N4, refractive index of ≈ 2 at 1550 nm), resulting in waveguide376

propagation losses lower than 0.05 dB/cm [38,48]. These techniques have already proven to be377

effective even for Si-rich SiN platforms slightly enriched in the silicon content (refractive index of378

2.07 at 1550 nm) compared to Si3N4, with measured propagation losses as low as 0.4 dB/cm [49].379

In conclusion, the demonstrated device shows the potential of the BS-IM-FWM phase matching380

scheme and marks a noteworthy advancement towards the realization of a fully-integrated,381

highly-tunable frequency synthesizer capable of operating within optical bands with hundreds of382

nanometers separation. It is worth noting that, when compared to other IM nonlinear processes,383

the BS-IM-FWM configuration has the potential to convert photons from the signal to the384

newly generated idler frequencies without excess noise, entailing far-reaching implications for385

both classical telecommunications and quantum systems. Appropriate adaptation of the design386

of the integrated mode-MUX and -DEMUX devices would allow the nonlinear multimode387

waveguide to operate with higher-order spatial modes, potentially leading to the realization of388

compact and tunable MIR sources. These developments could hold profound implications across389

a diverse spectrum of technological applications, encompassing gas sensing [50], molecular390

spectroscopy [51], medicine and biology [52], free space telecommunication [53] and quantum391

optics [54].392

8. APPENDIX A: INTEGRATED DEVICE DIMENSIONS393

Fig. 10 shows a schematic view of the left side of the designed integrated system with the394

parameter names used to indicate the device dimensions. The right side of the device, not shown395

in the figure, is a mirrored copy of the left side and has the same dimensions. Table 1 reports the396



full list of the device geometrical parameters and their respective values.397

Fig. 10. Schematic view of the left side of the integrated wavelength converter with the
parameter names used to indicate the device dimensions. MMI coupler: multimode
interference coupler, PS: phase shifter, MM waveguide: multimode waveguide.

Table 1. Device geometrical parameters. SM waveguide: single-mode waveguide,
MMI coupler: multimode interference coupler, PS: phase shifter, MM waveguide:
multimode waveguide.

Component Parameter Value

SM waveguide Width Wg 0.5 𝜇𝑚

Input section Edge coupler tip We 0.228 𝜇𝑚

Edge coupler length Le 125 𝜇𝑚

Input separation Lf 250 𝜇𝑚

MMI coupler Taper length La 18.5 𝜇𝑚

Access width Wa 1.5 𝜇𝑚

Gap G 1 𝜇𝑚

MMI length LMMI 39.8 𝜇𝑚

MMI width WMMI 3.85 𝜇𝑚

90◦ Phase shifter PS width WPS 0.69 𝜇𝑚

PS length LPS 5.2 𝜇𝑚

Y-junction Stem width WT 1 𝜇𝑚

Arm length LY 28.64 𝜇𝑚

MM waveguide Taper length LT 200 𝜇𝑚

Waveguide length LMM 1 cm

Waveguide width WMM 6.1 𝜇𝑚
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