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Introduction

The third-order optical nonlinearity ( (3) ), describing four-wave mixing (FWM), self-phase modulation (SPM), third harmonic generation (THG) and other effects [START_REF] Leuthold | Nonlinear silicon photonics[END_REF][START_REF] Moss | New CMOS-compatible platforms based on silicon nitride and Hydex for nonlinear optics[END_REF][START_REF] Moss | Dispersion in the anisotropy for optical third harmonic generation in Si and Ge[END_REF][START_REF] Moss | Third harmonic generation as a structural diagnostic of ion implanted amorphous and crystalline silicon[END_REF][START_REF] Pelusi | High bit rate all-optical signal processing in a fiber photonic wire[END_REF][START_REF] Ta | Self-phase modulation-based integrated optical regeneration in chalcogenide waveguides[END_REF][START_REF] Ta'eed | All optical wavelength conversion via cross phase modulation in chalcogenide glass rib waveguides[END_REF][START_REF] Rochette | 2R optical regeneration: an all-optical solution for BER improvement[END_REF][START_REF] Tuniz | Two-photon absorption effects on Raman gain in single mode As2Se3 chalcogenide glass fiber[END_REF][START_REF] Lamont | Two Photon Absorption Effects on 2R Optical Regeneration[END_REF][START_REF] Moss | Ultra-high speed all-optical modulation via two-photon absorption in silicon-on-insulator waveguides[END_REF][START_REF] Lamont | Error-free wavelength conversion via cross-phase modulation in 5cm of As2S3 chalcogenide glass rib waveguide[END_REF], has formed the basis for all-optical signal generation and processing that have achieved far superior performance in speed and operation bandwidth than electronic approaches [START_REF] Corcoran | Green light emission in silicon through slow-light enhanced third-harmonic generation in photonic-crystal waveguides[END_REF][START_REF] Monat | Integrated optical auto-correlator based on third-harmonic generation in a silicon photonic crystal waveguide[END_REF][START_REF] Corcoran | Optical signal processing on a silicon chip at 640Gb/s using slow-light[END_REF]. As a fundamental (3) process, FWM has found a wide range of applications in wavelength conversion [START_REF] Ta | Self-phase modulation-based integrated optical regeneration in chalcogenide waveguides[END_REF][START_REF] Ta'eed | All optical wavelength conversion via cross phase modulation in chalcogenide glass rib waveguides[END_REF] , optical frequency comb generation [START_REF] Razzari | CMOS-compatible integrated optical hyper-parametric oscillator[END_REF][START_REF] Levy | CMOScompatible multiple-wavelength oscillator for on-chip optical interconnects[END_REF], optical sampling [START_REF] Koos | All-optical high-speed signal processing with silicon-organic hybrid slot waveguides[END_REF][START_REF] Hua | Optical Waveform Sampling and Error-Free Demultiplexing of 1.28 Tb/s Serial Data in a Nanoengineered Silicon Waveguide[END_REF], quantum entanglement [START_REF] Kues | On-chip generation of high-dimensional entangled quantum states and their coherent control[END_REF][START_REF] Reimer | Generation of multiphoton entangled quantum states by means of integrated frequency combs[END_REF] and many others [START_REF] Pasquazi | Sub-picosecond phase-sensitive optical pulse characterization on a chip[END_REF][START_REF] Foster | Siliconchipbased ultrafast optical oscilloscope[END_REF]. Implementing nonlinear photonic devices in integrated form offers the greatest dividend in terms of compact footprint, high stability, high scalability and mass-producibility [START_REF] Leuthold | Nonlinear silicon photonics[END_REF][START_REF] Moss | New CMOS-compatible platforms based on silicon nitride and Hydex for nonlinear optics[END_REF][START_REF] Salem | Signal regeneration using low-power four-wave mixing on silicon chip[END_REF]. Although silicon has been a leading platform for integrated photonic devices for many reasons [START_REF] Leuthold | Nonlinear silicon photonics[END_REF], including the fact that it leverages the well-developed complementary metal-oxide-semiconductor (CMOS) fabrication technologies [START_REF] Wu | Compact on-chip 1 × 2 wavelength selective switch based on silicon microring resonator with nested pairs of subrings[END_REF], its strong two-photon absorption (TPA) at near-infrared telecommunications wavelengths poses a fundamental limitation for devices operating in this wavelength region.

Other CMOS compatible platforms such as silicon nitride (SiN) and doped silica [START_REF] Moss | New CMOS-compatible platforms based on silicon nitride and Hydex for nonlinear optics[END_REF][START_REF] Wu | RF Photonics: An Optical Microcombs' Perspective[END_REF] have a much lower TPA, although they still suffer from intrinsic limitation arising from a much lower Kerr nonlinearity.

The increasing demand for high performing nonlinear integrated photonic devices has motivated the search for highly nonlinear materials [START_REF] Koos | All-optical high-speed signal processing with silicon-organic hybrid slot waveguides[END_REF][START_REF] Autere | Nonlinear Optics with 2D Layered Materials[END_REF]. The superior Kerr nonlinearity of 2D layered materials such as graphene, graphene oxide (GO), black phosphorus and transition metal dichalcogenides (TMDCs) has been widely recognized and has enabled diverse nonlinear photonic devices with high performance and new functionalities [START_REF] Autere | Nonlinear Optics with 2D Layered Materials[END_REF][START_REF] Gu | Regenerative oscillation and four-wave mixing in graphene optoelectronics[END_REF][START_REF] Alexander | Electrically Tunable Optical Nonlinearities in Graphene-Covered SiN Waveguides Characterized by Four-Wave Mixing[END_REF][START_REF] Yang | Invited Article: Enhanced four-wave mixing in waveguides integrated with graphene oxide[END_REF][START_REF] Zheng | Black Phosphorus Based All-Optical-Signal-Processing: Toward High Performances and Enhanced Stability[END_REF][START_REF] Ji | Enhanced parametric frequency conversion in a compact silicon-graphene microring resonator[END_REF][START_REF] Long | Channel-selective wavelength conversion of quadrature amplitude modulation signal using a graphene-assisted silicon microring resonator[END_REF][START_REF] Feng | Enhanced optical Kerr nonlinearity of graphene/Si hybrid waveguide[END_REF][START_REF] Yamashita | Nonlinear optics in carbon nanotube, graphene, and related 2D materials[END_REF][START_REF] You | Nonlinear optical properties and applications of 2D materials: theoretical and experimental aspects[END_REF][START_REF] Zhang | Enhanced nonlinear opticalfigureof-merit at 1550nm for silicon nanowires integrated with graphene oxide layered films[END_REF][START_REF] Jia | Large and negative Kerr nonlinearity in PdSe2 dichalcogenide 2D films[END_REF]. In particular, tunable FWM in graphene-covered SiN waveguides has been demonstrated by electronically tuning the Fermi energy of graphene [START_REF] Alexander | Electrically Tunable Optical Nonlinearities in Graphene-Covered SiN Waveguides Characterized by Four-Wave Mixing[END_REF].

Owing to its ease of preparation and the tunability of its material properties, GO has received increasing interest as a promising member of the 2D material family [START_REF] Loh | Graphene oxide as a chemically tunable platform for optical applications[END_REF][START_REF] Zheng | In situ third-order non-linear responses during laser reduction of graphene oxide thin films towards on-chip non-linear photonic devices[END_REF][START_REF] Lin | A 90-nm-thick graphene metamaterial for strong and extremely broadband absorption of unpolarized light[END_REF][START_REF] Compton | Graphene oxide, highly reduced graphene oxide, and graphene: versatile building blocks for carbon-based materials[END_REF][START_REF] Ghofraniha | Graphene oxide photonics[END_REF][START_REF] Xu | Observation of Third-order Nonlinearities in Graphene Oxide Film at Telecommunication Wavelengths[END_REF]. Previously, we reported GO films with a giant Kerr nonlinearity (n2) of about 5 orders of magnitude higher than SiN [START_REF] Zheng | In situ third-order non-linear responses during laser reduction of graphene oxide thin films towards on-chip non-linear photonic devices[END_REF], and demonstrated enhanced FWM in doped silica waveguides and microring resonators (MRRs) integrated with GO films [START_REF] Yang | Invited Article: Enhanced four-wave mixing in waveguides integrated with graphene oxide[END_REF][START_REF] Wu | 2D Layered Graphene Oxide Films Integrated with Micro-Ring Resonators for Enhanced Nonlinear Optics[END_REF]. Unlike graphene, which has a metallic behavior with zero bandgap, GO is a dielectric with a distinct bandgap of 2.1-2.4 eV [START_REF] Loh | Graphene oxide as a chemically tunable platform for optical applications[END_REF][START_REF] Yang | Graphene-Based Multilayered Metamaterials with Phototunable Architecture for onChip Photonic Devices[END_REF].

This results in material absorption that is over 2 orders of magnitude lower than graphene [START_REF] Yang | Invited Article: Enhanced four-wave mixing in waveguides integrated with graphene oxide[END_REF] as well as negligible TPA in the telecommunications band [START_REF] Yang | Graphene-Based Multilayered Metamaterials with Phototunable Architecture for onChip Photonic Devices[END_REF][START_REF] Guo | Bandgap Tailoring and Synchronous Microdevices Patterning of Graphene Oxides[END_REF], both of which are highly desired for many nonlinear applications such as FWM. Moreover, by using a large-area, transfer-free, layer-by-layer GO coating method along with standard lithography and lift-off processes, we achieved GO film coating on integrated photonic devices with highly precise control of film thickness, placement and coating length [START_REF] Wu | Graphene Oxide Waveguide and Micro-Ring Resonator Polarizers[END_REF]. This overcomes a critical fabrication bottleneck in terms of layer transfer for 2D materials [START_REF] Lin | Chalcogenide glass-on-graphene photonics[END_REF] and marks an important step towards the eventual manufacturing of integrated photonic devices incorporated with 2D layered GO films.

In this paper, we report the integration of 2D layered GO films onto SiN waveguides -a CMOS-compatible platform that has been widely used for integrated nonlinear optics [START_REF] Moss | New CMOS-compatible platforms based on silicon nitride and Hydex for nonlinear optics[END_REF]. By using our GO fabrication techniques, both uniformly coated and patterned GO films are integrated on SiN waveguides with precise control of the film thickness, placement and coating length. Benefiting from the strong light-matter interaction between the SiN waveguides and the GO films with an ultrahigh Kerr nonlinearity and a relatively low loss, significantly improved FWM performance of the hybrid waveguides is achieved. We perform FWM measurements for different numbers of GO layers and at different pump powers, achieving a FWM conversion efficiency (CE) enhancement of ≈7.3 dB for a uniformly coated device with 1 layer of GO and ≈9.1 dB for a patterned device with 5 layers of GO. Both an improved FWM CE and bandwidth are achieved for the patterned devices compared to the uniformly coated devices. The influence of pattern length and position on FWM performance is also analysed. By fitting the experimental results with theory, the dependence of the n2 of the GO film on layer number and pump power is extracted, showing interesting physical insights about the evolution of the layered GO films from 2D monolayers towards quasi bulk-like behavior. Finally, we obtain an improvement in the effective nonlinear parameter (γ) of the hybrid waveguides by over a factor of 100. These results reveal the strong potential of integrating 2D layered GO films on SiN devices to improve the nonlinear optical performance.

Device fabrication and characterization

Device fabrication

Figure 1a shows the SiN waveguide integrated with a GO film, along with a schematic showing atomic structure of GO with different oxygen functional groups (OFGs) such as hydroxyl, epoxide and carboxylic groups. The fabrication process flow for the device in Figure 1a is provided in Figure 1b.

SiN waveguides with a cross section of 1.6 μm × 0.66 μm were fabricated via annealing-free and crack-free processes that are compatible with CMOS fabrication [START_REF] Dirani | Annealing-free Si3N4 frequency combs for monolithic integration with Si photonics[END_REF][START_REF] Demongodin | Ultrafast saturable absorption dynamics in hybrid graphene/Si3N4 waveguides[END_REF]. First, a SiN layer was deposited via low-pressure chemical vapor deposition (LPCVD) in two steps, with a 370nm-thick layer for each, so as to control strain and to prevent cracks. In order to produce highquality films, a tailored ultra-low deposition rate (< 2 nm/ min) was used. Waveguides were then formed via a combination of deep ultraviolet lithography and fluorine-based dry etching that yielded exceptionally low surface roughness. Next, a 3-μm thick silica upper cladding layer was deposited via high-density plasma-enhanced chemical vapor deposition (HDP-PECVD) to avoid void formation. To enable the interaction between the GO films and the evanescent field leaking from the SiN waveguides, the silica upper cladding was removed using a perfectly selective chemical-mechanical planarization (CMP) that left the top surface of the SiN waveguides exposed in air, with no SiN consumption and no remaining topography.

Layered GO films were coated on the top surface of the chip by a solution-based method that yielded layer-by-layer film deposition, as reported previously [START_REF] Yang | Invited Article: Enhanced four-wave mixing in waveguides integrated with graphene oxide[END_REF][START_REF] Yang | Graphene-Based Multilayered Metamaterials with Phototunable Architecture for onChip Photonic Devices[END_REF][START_REF] Wu | Graphene Oxide Waveguide and Micro-Ring Resonator Polarizers[END_REF]. Four steps for the insitu assembly of monolayer GO films were repeated to construct multilayer films. Our GO coating approach, unlike the sophisticated transfer processes employed for coating other 2D materials such as graphene and TMDCs [START_REF] Feng | Enhanced optical Kerr nonlinearity of graphene/Si hybrid waveguide[END_REF][START_REF] Liu | Enhanced optical Kerr nonlinearity of MoS_2 on silicon waveguides[END_REF][START_REF] Yang | Bottom-up Fabrication of Graphene on Silicon/Silica Substrate via a Facile Soft-hard Template Approach[END_REF], enables transfer-free and high-uniformity GO film coating over large areas (e.g., 4-inch wafers [START_REF] Yang | Graphene-Based Multilayered Metamaterials with Phototunable Architecture for onChip Photonic Devices[END_REF]), with highly scalable fabrication processes and precise control of the number of GO layers (i.e., GO film thickness). In addition to the uniformly coated devices, we selectively patterned GO films on SiN waveguides using standard lithography and lift-off processes. The chip was first spin-coated with photoresist and then patterned via photolithography to open a window on the SiN waveguides. Alignment markers, prepared by metal lift-off after photolithography and electron beam evaporation, were used for accurate placement of the opened windows on the SiN waveguides. Next, GO films were coated on the chip using the coating method mentioned above and patterned via a lift-off process. As compared with the drop-casting method that produces a GO film thickness of about 0.5 μm and a minimum size of about 1.3 mm for each step [START_REF] Guo | Bandgap Tailoring and Synchronous Microdevices Patterning of Graphene Oxides[END_REF], the combination of our GO coating method with photolithography and lift-off allows precise control of the film placement (deviation < 20 nm), size (down to 100 nm) and thickness (with an ultrahigh resolution of ≈2 nm). The precise deposition and patterning control, along with the large area coating capability, is critical for large-scale, highly precise and cost-effective integration of 2D layered GO films on-chip. Apart from allowing precise control of the size and placement of the GO films that are in contact with the SiN waveguides, the patterned GO films also enabled us to test the performance of devices having a shorter length of GO film but with higher film thicknesses, which provides more flexibility to optimize the device performance with respect to FWM CE and bandwidth.

Device characterization

Figure 2a shows a microscope image of a SiN waveguide patterned with 10 layers of GO, which illustrates the high transmittance and good morphology of the GO films. Figure 2b presents a scanning electron microscopy (SEM) image of a GO film with up to 5 layers of GO monolayers, clearly showing the layered film structure. Figure 2c shows the measured Raman spectra of a SiN chip without GO and with 10 layers of uniformly coated GO films. The successful integration of GO films is confirmed by the presence of the representative D (1345 cm -1 ) and G (1590 cm -1 ) peaks of GO [START_REF] Yang | Invited Article: Enhanced four-wave mixing in waveguides integrated with graphene oxide[END_REF][START_REF] Loh | Graphene oxide as a chemically tunable platform for optical applications[END_REF]. We fabricated and tested two types of GO-coated SiN waveguides: the first with either 1 or 2 layers of uniformly coated GO films and the second with 5 or 10 layers of patterned GO films.

The length of the SiN waveguides was 20 mm, which was the same as the GO coating length for the uniformly coated devices. For the patterned devices, the GO films were coated at the beginning of the SiN waveguides and the coating length was 1.5 mm. Figure 3a depicts the insertion loss of the GO-coated SiN waveguides measured using a transverse electric (TE) polarized continuous-wave (CW) light with a power of 5 dBm. We employed lensed fibers to butt couple the CW light into and out of the SiN waveguides with inverse-taper couplers at both ends. The butt coupling loss was ≈5 dB per facet, corresponding to 0-dBm CW power coupled into the waveguides. of GO was ≈6.1 dB/cm, corresponding to an excess propagation loss of ≈3.1 dB/cm induced by the GO film. This is about a factor of 3 higher than reported for doped silica waveguides and mainly results from the higher mode overlap in the SiN waveguide reported here versus the much larger buried waveguides in doped silica [START_REF] Yang | Invited Article: Enhanced four-wave mixing in waveguides integrated with graphene oxide[END_REF][START_REF] Wu | Graphene Oxide Waveguide and Micro-Ring Resonator Polarizers[END_REF]. The loss reported here is also about 2 orders of magnitude smaller than SiN waveguides coated with graphene [START_REF] Alexander | Electrically Tunable Optical Nonlinearities in Graphene-Covered SiN Waveguides Characterized by Four-Wave Mixing[END_REF], reflecting the low material absorption of GO and its strong potential for the implementation of high-performance nonlinear photonic devices. In contrast to graphene that has a metallic behavior (e.g., high electrical and thermal conductivity) with zero bandgap, GO is a dielectric that has a large bandgap of 2.1-2.4 eV [START_REF] Loh | Graphene oxide as a chemically tunable platform for optical applications[END_REF][START_REF] Yang | Graphene-Based Multilayered Metamaterials with Phototunable Architecture for onChip Photonic Devices[END_REF], which results in low linear light absorption in spectral regions below the bandgap. In theory, GO films with a bandgap > 2 eV should have negligible absorption at near-infrared wavelengths. We therefore infer that the linear loss of the GO films is mainly due to light absorption from localized defects as well as scattering loss stemming from film unevenness and imperfect contact between the different layers. We note that the linear loss of the GO films is not a fundamental property. Therefore, by optimizing our GO synthesis and coating processes, such as using GO solutions with reduced flake sizes and increased purity, it is anticipated that the loss of our GO films can be further reduced. In Figure 3b, we label the slope rates of the curve at 1, 5 and 10 layers of GO, where we see that the propagation loss of the hybrid waveguides increases with GO layer number super linearly. This is a result of an increase in the contributions just outlined, as reported previously [START_REF] Yang | Invited Article: Enhanced four-wave mixing in waveguides integrated with graphene oxide[END_REF][START_REF] Wu | Graphene Oxide Waveguide and Micro-Ring Resonator Polarizers[END_REF].

FWM experiment

Figure 4 shows the experimental setup used to measure FWM in the GO-coated SiN waveguides. Two CW tunable lasers separately amplified by erbium-doped fiber amplifiers (EDFAs) were used as the pump and signal sources, respectively. In each path, there was a polarization controller (PC) to ensure that the input light was TE-polarized. The pump and signal were combined with a 3-dB fiber coupler before being coupled into the hybrid waveguide as device under test (DUT). A charged-coupled device (CCD) camera was set above the DUT for coupling alignment. An optical isolator was employed to prevent the reflected light from damaging the laser source. The signal output from waveguide was sent to an optical spectrum analyzer (OSA) with a variable optical attenuator (VOA) to prevent high-power damage. for the SiN waveguide patterned with 5 layers of GO, which is even higher than that for the uniformly coated waveguide with 1 layer of GO. This reflects the trade-off between FWM enhancement (which dominates for the patterned devices with a short GO coating length) and loss (which dominates for the uniformly coated waveguides with a much longer GO coating length) in the GO-coated SiN waveguides (see Section 4). Figure 5c shows the output signal/idler power versus wavelength detuning (i.e., wavelength spacing between pump and signal) for the uniformly coated device with 1 layer of GO and the patterned device with 5 layers of GO. The results for the bare SiN waveguide are also shown for comparison. The coupled pump power was 18 dBm, with the pump wavelength fixed at 1550 nm and the signal wavelength detuned from 1540 nm to 1560 nm. For all devices the output signal powers decreased with increasing wavelength detuning, which was caused by gain roll-off of the EDFA. The output idler power, on the other hand, decreased even more rapidly with wavelength detuning, and this was predominantly a result of decreased phase-matching.

As compared with the bare and uniformly coated SiN waveguides, the patterned devices showed a much broader FWM bandwidth with higher idler power on both edges, reflecting a wider FWM phase matching bandwidth for a shorter length of GO films as expected.

Theoretical analysis and discussion

FWM theory

We used the theory from Refs. [START_REF] Yang | Invited Article: Enhanced four-wave mixing in waveguides integrated with graphene oxide[END_REF][START_REF] Shiming | Performance Evaluation of Nondegenerate Wavelength Conversion in a Silicon Nanowire Waveguide[END_REF][START_REF] Liu | Dispersion engineering of a siliconnanocrystalbased slot waveguide for broadband wavelength conversion[END_REF] to model the FWM process in the GO-coated SiN waveguides. Assuming negligible depletion of the pump and signal powers due to the generation of the idler, the coupled differential equations for the degenerate FWM process can be expressed as [START_REF] Lin | Ultrabroadband parametric generation and wavelength conversion in silicon waveguides[END_REF][START_REF] Liu | Dispersion engineering of a silicon-nanocrystal-based slot waveguide for broadband wavelength conversion[END_REF]]

dAp(z)=-αp Ap(z )+ jγp [|Ap(z)|2+2|As(z)|2+2|Ai(z)|2]Ap(z) dz 2 + j2γpA * p(z)As(z)Ai(z)exp(j∆βz)
(1)

dA s (z)=-α s As(z) + jγ [|A (z)| 2 +2|Ap(z)| 2 +2|Ai(z)| 2 ]As(z) dz 2 s s + jγsA * i (z)A 2 p(z)exp(-j∆βz) (2) dAi(z)=-αi Ai(z) + jγi [|Ai 2+2|Ap(z)|2+2|As(z)|2] Ai(z) (z)| dz 2 + jγiA * s(z)A 2 p(z)exp(-j∆βz) (3)
where Ap,s,i are the amplitudes of the pump, signal and idler waves along the z axis, which we define as the light propagation direction, αp,s,i are the linear losses, Δβ = βs + βi -2βp is the linear phase mismatch, with βp,s,i denoting the propagation constants of the pump, signal and idler waves, and γp,s,i are the waveguide nonlinear parameters. In our case, where the wavelength detuning range was small (≤ 10 nm), we assumed that the linear loss and the nonlinear parameter are constant, i.e., αp =αs = αi = α, γp = γs = γi = γ.

Since the bandgaps of SiN (5 eV [START_REF] Moss | New CMOS-compatible platforms based on silicon nitride and Hydex for nonlinear optics[END_REF]) and GO (2.1-2.4 eV [START_REF] Loh | Graphene oxide as a chemically tunable platform for optical applications[END_REF][START_REF] Yang | Graphene-Based Multilayered Metamaterials with Phototunable Architecture for onChip Photonic Devices[END_REF]) are much larger than the TPA bandgap (1.6 eV) in the telecommunications band, we neglected nonlinear loss induced by TPA of SiN and GO in Eqs. ( 1) -(3). In our previous Z-scan measurements [START_REF] Zheng | In situ third-order non-linear responses during laser reduction of graphene oxide thin films towards on-chip non-linear photonic devices[END_REF][START_REF] Xu | Observation of Third-order Nonlinearities in Graphene Oxide Film at Telecommunication Wavelengths[END_REF], we observed saturable absorption (SA) behavior (with loss decreasing with light powera trend that is opposite to TPA) for the GO films as a result of using optical pulses with higher peak powers (> 10 W). In our FWM experiment, we did not observe any SA phenomenon for the hybrid waveguides. This is probably because the peak powers of the CW light were much lower (< 0.15 W, the power in the GO films was even lower given the mode overlap with GO). 

Figures 6a, b depict the insertion loss of the GO-coated SiN waveguides versus input CW

power (after excluding the butt coupling loss). There was small but observable increase in the insertion loss with input CW power for the GO-coated waveguides. In contrast, we could not observe any obvious changes for the bare (uncoated) waveguide. This indicates that the change in the insertion loss of the hybrid waveguides was induced by the GO films. We also note that the power-induced loss changes were not permanentwhen the CW power was reduced the measured insertion loss recovered to that at low power in Figure 3a, with the measured insertion loss being repeatable. This phenomenon is similar to that observed from GO-coated doped silica waveguides and can be attributed to the photo-thermal changes of GO films [START_REF] Wu | Graphene Oxide Waveguide and Micro-Ring Resonator Polarizers[END_REF][START_REF] Chong | Photo-induced reduction of graphene oxide coating on optical waveguide and consequent optical intermodulation[END_REF]. The absorbed CW power generated heat and increased the temperature of the hybrid waveguides, which temporarily modified some OFGs in the GO films. The photo-thermal induced changes in the OFGs could modify both the linear loss and n2, and depend on the average CW power. This is distinct from TPA-induced loss that occurs instantaneously and depends on peak power.

Since the time response for photo-thermal changes is slow, we accounted for the powerdependent loss of the GO films by using the measured loss versus CW power in 

) 4 
where L is the length of the SiN waveguide (i.e., 20 mm). For the patterned devices, the waveguides were divided into bare SiN (without GO films) and hybrid (with GO films) segments with different α, γ and βp,s,i. The FWM differential equations in Eqs. ( 1) -(3) were solved for each segment, with the output from the previous segment as the input for the subsequent segment. 

FWM analysis

β2L
where β2 is group-velocity dispersion (GVD) and L is the interaction length. In Eq. ( 5), the FWM bandwidth is inversely proportional to the square root of the product of β2 and L, i.e., reducing β2 or L increases the FWM bandwidth. The increased bandwidth for the patterned device resulted mainly from the shorter GO coating length. A small contribution arose from better phase matching due to a slightly enhanced anomalous dispersion for the hybrid waveguides (with β2 ≈ -1.05 × 10 -25 s 2 m -1 for the hybrid waveguide with 10 layers of GO calculated by FDTD simulations) versus the uncoated SiN waveguide (with β2 ≈ -1.0 × 10 -25 s 2 m -1 ). These effects complement the strong Kerr nonlinearity of the layered GO films, which is the dominant cause of enhanced FWM in the hybrid waveguides. This reflects the trade-off between γ and loss in the hybrid waveguides, which both increase with GO layer number. Figure 7c plots the CE of the hybrid waveguides as a function of GO coating length. Similar to the trend with GO layer number, the maximum CE is obtained for intermediate GO coating lengths, reflecting a trade-off where the Kerr nonlinearity enhancement dominates for short GO coating lengths while the loss increase dominates for longer lengths. Figure 7d shows the CE of the hybrid waveguides as a function of GO coating position. In contrast to the trend in Figures 7b,c, the hybrid waveguide with GO films at the beginning (i.e., pattern position = 0) has the greatest CE. This is expected since the pump power in the GO film is highest at the start of the waveguide and decreases as the GO segment moves further along the waveguide. Clearly this effect gets smaller with decreasing propagation loss of the bare waveguide, being much lower (< 0.5 dB) for doped silica waveguides (with a propagation loss of 0.24 dB/cm [START_REF] Yang | Invited Article: Enhanced four-wave mixing in waveguides integrated with graphene oxide[END_REF] ) versus the SiN waveguides (with a propagation loss of ≈3 dB/cm) studied here. where λ is the pump wavelength, D is the integral of the optical fields over the material regions, Sz is the time-averaged Poynting vector calculated using COMSOL Multiphysics, n0 (x, y) and n2 (x, y) are the linear refractive index and n2 profiles over the waveguide cross section, respectively. This work was performed in the regime close to degeneracy where the three FWM frequencies (pump, signal, idler) were close together compared with any dispersion in n2 [START_REF] Yang | Invited Article: Enhanced four-wave mixing in waveguides integrated with graphene oxide[END_REF].

Nonlinear parameter ( γ ) of the hybrid waveguides and n2 of the GO films

We therefore used n2 instead of the more general third-order nonlinearity (χ (3) ) in our analysis.

The values of n2 for silica and silicon nitride used in our calculations were 2.60 × 10 -20 m 2 /W

[2] and 2.61 × 10 -19 m 2 /W, respectively, the latter obtained by fitting the experimental results

for the bare SiN waveguide. Note that γ in Eq. ( 6) is an effective nonlinear parameter weighted not only by n2 (x, y) but also by n0 (x, y) in the different material regions, which is more accurate for high-index-contrast hybrid waveguides studied here as compared with the theory in Refs. [START_REF] Yang | Invited Article: Enhanced four-wave mixing in waveguides integrated with graphene oxide[END_REF][START_REF] Donnelly | Ultra-large nonlinear parameter in graphene-silicon waveguide structures[END_REF]. Most of the power is confined to the SiN waveguide (88.3% and is constant within 0.2%) and the mode overlap with the GO films is small (< 1%). This is not surprising given the difference in volume between the bulk SiN waveguide and the ultrathin 2D GO film. The mode overlap with GO film increases with GO layer number, leading to an increased loss and γ for the hybrid waveguide with thicker GO films.

Figure 9c shows n2 versus layer number for the GO films at fixed pump powers of 12 dBm and 18 dBm. The n2 values, although slightly lower than graphene [START_REF] Guo | 2D Layered Materials: Synthesis, Nonlinear Optical Properties, and Device Applications[END_REF][START_REF] Jia | Highly nonlinear BiOBr nanoflakes for hybrid integrated photonics[END_REF], are nonetheless over four orders of magnitude higher than SiN and agree reasonably well with our previous measurements [START_REF] Yang | Invited Article: Enhanced four-wave mixing in waveguides integrated with graphene oxide[END_REF][START_REF] Zheng | In situ third-order non-linear responses during laser reduction of graphene oxide thin films towards on-chip non-linear photonic devices[END_REF][START_REF] Xu | Observation of Third-order Nonlinearities in Graphene Oxide Film at Telecommunication Wavelengths[END_REF][START_REF] Wu | 2D Layered Graphene Oxide Films Integrated with Micro-Ring Resonators for Enhanced Nonlinear Optics[END_REF]. Such a high n2 for the GO films highlights their strong Kerr nonlinearity not only for FWM but also other third-order ( (3) ) nonlinear processes such as SPM and cross phase modulation (XPM), and possibly even enhancing (3) for THG and stimulated

Raman scattering [START_REF] Corcoran | Green light emission in silicon through slow-light enhanced third-harmonic generation in photonic-crystal waveguides[END_REF][START_REF] Pasquazi | Sub-picosecond phase-sensitive optical pulse characterization on a chip[END_REF][START_REF] Xu | Observation of Third-order Nonlinearities in Graphene Oxide Film at Telecommunication Wavelengths[END_REF][START_REF] Nielsen | Giant nonlinear response at a plasmonic nanofocus drives efficient four-wave mixing[END_REF]. We observe that n2 (both at 12 dBm and 18 dBm) decreases with GO layer number, similar to the trend observed for layered WS2 films measured by a spatial-light system [START_REF] Torres-Torres | Third order nonlinear optical response exhibited by mono-and few-layers of WS 2[END_REF]. In our case, this was probably a result of an increase in inhomogeneous defects within the GO layers as well as imperfect contact between the multiple GO layers. We also note that the rate of decrease in n2 with GO layer number decreases for thicker GO films, reflecting the transition of the GO film properties towards bulk properties, with a thickness independent n2.

In Figure 9d, we plot n2 for the GO films as a function of pump power coupled into the hybrid waveguides, which shows a very slight change in n2 with power that is reversible. Unlike the monotonic decrease in n2 with GO layer number that we observe, the power dependent change in n2 shows very slight oscillations. This is similar to that observed from FWM in GOcoated MRRs [START_REF] Wu | 2D Layered Graphene Oxide Films Integrated with Micro-Ring Resonators for Enhanced Nonlinear Optics[END_REF], and can be attributed to the power-sensitive (reversible) photo-thermal changes of GO [START_REF] Wu | Graphene Oxide Waveguide and Micro-Ring Resonator Polarizers[END_REF][START_REF] Chong | Photo-induced reduction of graphene oxide coating on optical waveguide and consequent optical intermodulation[END_REF] as well as self-heating and thermal dissipation in the multiple GO layers.

The power-dependent change in n2 we obtained here is much smaller than that from GO-coated MRRs [START_REF] Wu | 2D Layered Graphene Oxide Films Integrated with Micro-Ring Resonators for Enhanced Nonlinear Optics[END_REF], which is perhaps not surprising since the light intensity in MRRs is much higher due to the resonant enhancement of the optical field.

We verified that all measurements (insertion loss and CE) were repeatable, reflecting the fact that no permanent changes in the material properties of the GO films occured. Previously [START_REF] Zheng | In situ third-order non-linear responses during laser reduction of graphene oxide thin films towards on-chip non-linear photonic devices[END_REF][START_REF] Lin | A 90-nm-thick graphene metamaterial for strong and extremely broadband absorption of unpolarized light[END_REF][START_REF] Zheng | Highly efficient and ultra-broadband graphene oxide ultrathin lenses with three-dimensional subwavelength focusing[END_REF][START_REF] Lin | Structured graphene metamaterial selective absorbers for high efficiency and omnidirectional solar thermal energy conversion[END_REF], we demonstrated that the material properties of GO can be permanently modified by direct laser writing with high power femtosecond laser pulses. This is distinct from the nonpermanent photo-thermal changes we observe here. Finally, we compare these results with a previous demonstration of enhanced FWM in doped silica waveguides integrated with layered GO films [START_REF] Yang | Invited Article: Enhanced four-wave mixing in waveguides integrated with graphene oxide[END_REF]. Table I compares relevant parameters for doped silica and SiN waveguides incorporated with 2D GO films, where we see that the two waveguides were quite different. For this work, the excess propagation loss in the hybrid SiN waveguides induced by the GO film was much higher due to the significantly increased mode overlap with the GO film. On the other hand, this also resulted in a significantly increased γ for a) n 0 of WG : linear refractive indices of the bare waveguides.

the GO-SiN hybrid waveguides. Mode overlap is an important factor for optimizing the tradeoff in nonlinear optical performance between the Kerr nonlinearity and loss when integrating 2D layered GO films onto integrated photonic devices. According to our simulations, the FWM CE can be further improved by redesigning the cross section of the SiN waveguide to optimize the mode overlap, particularly for SiN waveguides having a lower height (i.e., SiN film thickness) of < 400 nm. This is significant, given the stress-induced cracking observed for thick SiN films [START_REF] Pfeiffer | Photonic Damascene process for integrated high-Q microresonator based nonlinear photonics[END_REF]. In contrast to the doped silica waveguides that employed only uniformly coated GO films, here we find that the use of patterned GO films can result in a more significant improvement in FWM CE due to a better balance between loss and Kerr nonlinearity as well as a much broader FWM bandwidth. Finally, there is significant potential to reduce the intrinsic linear loss of the GO films, which is not fundamental as it is for graphene, and this represents the greatest opportunity to improve the nonlinear device performance.

Conclusion

We demonstrate improved FWM efficiency in SiN waveguides integrated with 2D layered GO films arising from an enhanced Kerr nonlinearity. SiN waveguides with both uniformly coated and patterned GO films are fabricated with precise control of the film thickness, placement and coating length. We perform FWM measurements for samples with different numbers of GO layers and at different pump powers, achieving up to ≈7.3 dB CE enhancement for a uniformly coated device with 1 layer of GO and ≈9.1 dB for a patterned device with 5 layers of GO. As compared with the uniformly coated devices, both improved FWM CE and bandwidth are achieved for the patterned devices. The influence of pattern length and position on the FWM performance are also analysed. By fitting the experimental results with theory, we obtain up to 100 times improvement in the nonlinear parameter for the hybrid waveguides as well as the change of GO's third-order nonlinearity with layer number and pump power. This work demonstrates that integrating 2D layered GO films onto SiN devices can effectively transform SiN into a viable and highly performing nonlinear photonic platform, which we believe could play an important role in integrated nonlinear optics well beyond the FWM process studied here.

Figure 1 .

 1 Figure 1. (a) Schematic illustration of GO-coated SiN waveguide. Inset shows the schematic atomic structure of GO. (b) Schematic illustration showing the fabrication process flow for the device in (a).

  Figure 2d plots the GO film thickness as a function of GO layer number measured by atomic force microscopy. The plots show the average of measurements on three samples and the error bars reflect the variations. The GO film thickness shows a nearly linear relationship with the layer number, with a thickness of ≈2 nm on average for each layer.

Figure 2 .

 2 Figure 2. (a) Microscope image of a SiN waveguide patterned with 10 layers of GO. (b) SEM image of a GO film including 5 layers of GO. The numbers refer to the number of layers for that part of the image. (c) Raman spectra of a SiN chip without GO and with 10 layers of GO. Insets show the corresponding microscope images. (d) Measured GO film thickness versus layer number. Insets show the microscope images of an uncoated SiN waveguide and the same waveguide coated with 10 layers of GO.

Figure 3 .

 3 Figure 3. (a) Measured insertion loss of SiN waveguides with uniformly coated and patterned GO films. (b) Propagation loss of the hybrid waveguides extracted from (a). The slope rates (SRs) of the curve at points I, II and III are 3.1, 4.7 and 5.5 dB/cm/layer, respectively. In (a) and (b), the results for the bare SiN waveguide (i.e., the GO layer number is 0) are also shown for comparison.

Figure 3b shows the

  Figure3bshows the propagation loss of the SiN waveguides coated with different numbers

Fig. 4 .

 4 Fig. 4. Experimental setup for testing FWM in the GO-coated SiN waveguides. EDFA: erbrium-doped fibre amplifier, PC: polarization controller, DUT: device under test, OSA: optical spectrum analyser, CCD: chargedcoupled device and VOA: variable optical attenuator.

Figure 5a -

 5a Figure 5a-i shows the experimental FWM optical spectra for the SiN waveguides uniformly

Figure 5b shows the

  Figure5bshows the measured CE versus pump power for the uniformly coated and patterned

Figure 5 .

 5 Figure 5. FWM experimental results. (a) FWM optical spectra. Insets show zoom-in view around the signal and idler. (b) CE versus pump power coupled into the waveguides. In (a) and (b), (i) shows the results for SiN waveguides uniformly coated with 1 and 2 layers of GO and (ii) shows the results for SiN waveguides patterned with 5 and 10 layers of GO. (c) Power variations of the output signal and idler when the pump wavelength was fixed at 1550 nm and the signal wavelength was detuned around 1550 nm for the uniformly coated device with 1 layer of GO and the patterned device with 5 layers of GO. In (a)-(c), the corresponding results for the bare SiN waveguide (GO-0) are also shown for comparison. In (b) and (c), the solid lines are merely guides to the eye.

Figure 6 .

 6 Figure 6. Measured insertion loss of SiN waveguides with (a) uniformly coated and (b) patterned GO films versus input CW power. The results for the bare SiN waveguide (GO-0) are also shown for comparison.

  Figures 6a, b to calculate α of the hybrid waveguides in Eqs. (1) -(3). Note that there were the same overall CW powers coupled into the waveguides (assuming the idler power could be neglected) for a single CW light with 15-21 dBm power in Figures 6a, b and two CW lights (pump and signal with the same power) with 12-18 dBm power for each in Figures 5a, b. The dispersions βp,s,i in Eqs. (1) -(3) were calculated by Lumerical FDTD commercial mode solving software using the refractive index n and extinction coefficient k of layered GO films measured by spectral ellipsometry. By numerically solving Eqs. (1) -(3), the FWM CE was calculated via CE (dB) = 10 × log10[|Ai(L)| 2 /|As(0)| 2 ] (

Figure 7a shows the

  Figure7ashows the experimental and theoretically calculated CE as a function of wavelength

Figure 7 .

 7 Figure 7. (a) Measured (data points) and fit (dashed curves) CE versus wavelength detuning for the bare SiN waveguide (GO-0), the uniformly coated device with 1 layer of GO (GO-1) and the patterned device with 5 layers of GO (GO-5). (b)-(d) Calculated CE as functions of GO layer number, coating length and coating position, respectively. WG: waveguide. The yellow data points show the experimental results. For comparison, the coating length in (b) and (d) is 1.5 mm, the GO layer number in (c) and (d) is 5, and the GO coating position in (b) and (c) is at waveguide beginning.

Figures 7b-d show

  Figures 7b-d show the CE of the hybrid waveguides calculated from Eqs. (1) -(4). We

Figure 8

 8 Figure8shows the nonlinear parameter γ of the hyrbid waveguides with different numbers of

Figure 8 .

 8 Figure 8. Nonlinear parameter (γ) of GO-SiN hybrid waveguides (normalized to γ of the bare SiN waveguide) versus number of GO layers for high (18 dBm) and low (12 dBm) pump powers. WG: waveguide.

Figure 9 .

 9 Figure 9. (a) TE mode profiles for the SiN waveguides (i) without GO and (ii) with 10 layers of GO. (b) Mode overlap with GO versus GO layer number for the hybrid waveguides. (c) n2 of layered GO films versus GO layer number at fixed pump powers of 12 dBm and 18 dBm. (d) n2 of layered GO films versus pump power for the hybrid waveguides with different numbers of GO layers.

Figure 9a shows

  Figure9ashows the TE mode profiles for the SiN waveguides without GO and with 10 layers

  ofn WG0 a) dimension (Waveguide μm) (PLdB/cmWG b)) EPL(dB/cmGO-1 )c ) (WγWG -1 m d -) 1 ) (γWhybrid -1 m -e 1 )) n(2m of GO 2 GOGO-10:167.14-1: 13.14 1.281.41×10×10 -1-14 4 workThis b) PLWG: propagation loss of the bare waveguides without GO films. c) EPLGO-1: excess propagation loss induced by GO for the hybrid waveguides with 1 layer of GO. d) γWG: nonlinear parameters of the bare waveguides. e) γhybrid: nonlinear parameters of the hybrid waveguides with 1 layer (GO-1) and 10 (GO-10) layers of GO. f) Only hybrid waveguides with 1-5 layers of GO were characterized.

Table I . Performance comparison of doped silica and SiN waveguides integrated with 2D layered GO films.
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