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Abstract

Enhanced four-wave mixing in silicon nitride waveguides integrated with 2D graphene oxide (GO) films is experimentally

demonstrated. We achieve a high conversion efficiency improvement of ˜7.3 dB for a 2-cm-long waveguide with monolayer GO

film.
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Abstract: Enhanced four-wave mixing in silicon nitride waveguides integrated with 2D 

graphene oxide (GO) films is experimentally demonstrated. We achieve a high conversion 

efficiency improvement of ~7.3 dB for a 2-cm-long waveguide with monolayer GO film.  

1. Introduction 

Four wave mixing (FWM), a fundamental third-order nonlinear optical process [1-3], has been widely 

applied to all-optical signal generation and processing [4,5]. Efficient FWM has been demonstrated in III-V 

platforms such as GaAs and AlGaAs [4], and in CMOS (Complementary Metal Oxide Semiconductor) compatible 

platforms including silicon, silicon nitride, and high index doped silica glass [5, 6]. Despite silicon being a leading 

platform for integrated photonic devices, its strong two-photon absorption (TPA) in the telecom band near 1550nm 

significantly limits its nonlinear performance [5]. Other CMOS compatible platforms such as silicon nitride and 

high index doped silica have much weaker TPA, although they face limitations in terms of FWM efficiency since 

their Kerr nonlinearity (n2) is over an order of magnitude lower than silicon [6]. The quest for high-performance 
nonlinear integrated photonic devices has motivated the use of highly nonlinear materials on chips to overcome 

the limitations of existing platforms.  

Recently, the giant Kerr nonlinear response of two-dimensional (2D) materials such as graphene, 

graphene oxide (GO), black phosphorus, and transition metal dichalcogenides (TMDCs) has been widely 

recognized and exploited to implement diverse nonlinear photonic devices with high performance and new 

capabilities [7-9]. Due to its ease of preparation as well as the tunability of its material properties, GO has become 

a highly promising member of the 2D material family [9]. Recently, we reported GO films with a giant Kerr 

nonlinear response about 4 orders of magnitude higher than that of silicon  and demonstrated enhanced four-wave 

mixing (FWM) in doped silica waveguides and MRRs integrated with GO films [10, 11]. In this paper, we report 

significantly improved FWM performance for Si3N4 waveguides incorporated with 2D GO film. Owing to strong 

mode overlap between the integrated waveguide and the GO films that have a high Kerr nonlinearity and low loss, 

the FWM efficiency is significantly improved. We perform FWM measurements for different pump powers and 
numbers of GO layers, achieving up to ~7.3 dB enhancement in the FWM conversion efficiency (CE) for a 2-cm-

long waveguide integrated with 1 layer of GO. These results confirm the improved FWM performance of Si3N4 

waveguides incorporating 2D GO films. 

2. Device fabrication and characterization 

Figure 1(a) shows a schematic of the GO-coated Si3N4 waveguide, with a cross section of 1.6 μm × 0.66 

μm. The integrated waveguide is surrounded by silica, except that the upper cladding is removed to enable coating 
the waveguide with GO films. The GO films, with a thickness of 2 nm per layer, were coated on the top of the 

integrated waveguide in order to allow for the light-material interaction with the evanescent field leaking from 

the waveguide. According to our previous measurements [10-12], the Kerr coefficient of GO is on the order of 

10-15 to 10-14 m2/W, which is slightly lower than that of graphene (~10-13 m2/W) [12], but still orders of magnitude 

higher than Si3N4 (~10-19 m2/W). An image of the integrated waveguide incorporating 10 layers of GO is shown 

in Fig. 1(b), which illustrates that the morphology is of high quality, leading to a high transmittance of the GO 

film on top of the integrated waveguide. Figure 1(c) shows a scanning electron microscope (SEM) image of a 2D 

layered GO film on a silica substrate, with up to 5 layers of GO.  

 
Fig. 1. (a) Schematic illustration of hybrid waveguides integrated with GO. (b)Image of hybrid integrated waveguide with 10 layers of GO. 

(c) SEM image of the five-layer GO structure 
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     The integration of GO onto the waveguide is confirmed by Raman spectra in Fig. 2 (a) with the representative 

D and G peaks of GO. Figure 2(b) shows the thickness of GO films versus the layer number characterized by 

atomic force microscopy. The total insertion loss of the integrated waveguides with different numbers of GO films 

under different input powers is depicted in Fig. 2 (c). The propagation loss of the bare waveguide and the 
waveguide with a monolayer of GO was ~3 dB/cm and ~6 dB/cm, respectively, which are shown in Fig. 2 (d), 

corresponding to an excess propagation loss of ~3 dB/cm/layer induced by the GO film. This is about 2 orders of 

magnitude lower than silicon waveguides coated with graphene [13]. The insertion loss slightly increases with the 

input CW power, which is mainly induced by photo-thermal effects of the GO films at higher powers [14-16].  
3. FWM experiments 

We used the experimental setup shown in Fig. 3(a) to perform FWM measurements in the GO hybrid 
integrated waveguides. The FWM spectra of a 2-cm-long integrated waveguide without GO and with 1 layer and 

2 layers of GO are shown in Fig. 3(b). For comparison, we kept the same pump power of ~26 dBm before the 

input of the waveguide, which corresponded to ~21 dBm pump power coupled into the waveguide. It can be seen 

that although the hybrid integrated waveguide had an additional propagation loss of ~7.4 dB, it clearly shows an 

enhanced CE of 7.3 dB as compared with the same waveguide without GO. The CE for various pump powers 

coupled to the waveguide without GO and with 1 layer and 2 layers of GO are shown in Fig. 3(c). One can see 

that as the pump power increased, the CE increased with no obvious saturation for all samples, which reflects the 

low nonlinear absorption of both the Si3N4 and the GO layers in the telecommunications band. These hybrid 

integrated devices offer a powerful solution to implement high performance nonlinear photonic devices, thus 

holding great promise for future ultra-high-speed all-optical information processing. 
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