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Abstract: We experimentally demonstrate enhanced spectral broadening of femtosecond optical 9 

pulses after propagation through silicon-on-insulator (SOI) nanowire waveguides integrated with 10 

two-dimensional (2D) graphene oxide (GO) films. Owing to the strong mode overlap between the 11 

SOI nanowires and the GO films with a high Kerr nonlinearity, the self-phase modulation (SPM) 12 

process in the hybrid waveguides is significantly enhanced, resulting in greatly improved spectral 13 

broadening of the femtosecond optical pulses. A solution-based, transfer-free coating method is 14 

used to integrate GO films onto the SOI nanowires with precise control of the film thickness. De- 15 

tailed SPM measurements using femtosecond optical pulses are carried out, achieving a broadening 16 

factor of up to ~4.3 for a device with 0.4-mm-long, 2 layers of GO. By fitting the experimental results 17 

with theory, we obtain an improvement in the waveguide nonlinear parameter by a factor of ~3.5 18 

and the effective nonlinear figure of merit (FOM) by a factor of ~3.8, relative to the uncoated wave- 19 

guide. Finally, we discuss the influence of GO film length on the spectral broadening and compare 20 

the nonlinear optical performance of different integrated waveguides coated with GO films. These 21 

results confirm the improved nonlinear optical performance for silicon devices integrated with 2D 22 

GO films. 23 

Keywords: Nonlinear optics; silicon photonics; graphene oxide; femtosecond optical pulses; self- 24 

phase modulation 25 

 26 

1. Introduction 27 

As one of the fundamental third-order (χ(3)) nonlinear optical processes, self-phase 28 

modulation (SPM) occurs when an optical pulse propagates through a nonlinear medium, 29 

where a variation of the medium refractive index caused by the Kerr effect brings about a 30 

phase alteration that results in a change in the pulse’s spectrum [1-3]. It has been widely 31 

studied and used as an applicable all-optical modulation technology for a variety of ap- 32 

plications such as broadband optical sources [4, 5], optical spectroscopy [6, 7], optical logic 33 

gates [8, 9], pulse compression [10, 11], optical diodes [12, 13], optical modulators / 34 

switches [14, 15], and optical coherence tomography [16, 17]. 35 

Implementing SPM devices in integrated platforms can provide attractive ad- 36 

vantages in achieving compact footprint, high stability, high scalability, and low-cost 37 

mass production [18-21]. Although silicon with a high Kerr nonlinearity has been a dom- 38 

inant device platform for integrated photonic devices [22-24], its strong two-photon ab- 39 

sorption (TPA) at near-infrared wavelengths results in a poor nonlinear figure-of-merit 40 

(FOM = n2 / (λβTPA), where n2 is the Kerr nonlinearity, βTPA is the two photon absorption 41 
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coefficient, and λ is the wavelength) [25], which poses an intrinsic limitation for the SPM 42 

performance in the telecom band. To address this, nonlinear integrated photonic devices 43 

have been developed based on other complementary metal-oxide-semiconductor (CMOS) 44 

compatible platforms such as silicon nitride (Si3N4) and high-index doped silica glass 45 

(Hydex), which have lower TPA and higher nonlinear FOMs in the telecom band. How- 46 

ever, their low Kerr nonlinearity (n2 = ~2.6 × 10−19 m2 W−1 and ~1.3 × 10−19 m2 W−1 for Si3N4 47 

and Hydex, respectively, over ten times lower than silicon [26, 27]) still limit the nonlinear 48 

efficiencies of Si3N4 and Hydex devices [28, 29].  49 

To overcome the limitations of the existing integrated platforms, the on-chip integra- 50 

tion of two-dimensional (2D) materials with ultrahigh Kerr nonlinearity has proven to be 51 

a promising approach. Enhanced SPM-induced spectral broadening has been observed in 52 

integrated waveguides incorporating graphene [30-32], MoS2 [33], WS2 [34], and graphene 53 

oxide (GO) [35]. Among these 2D materials, GO has exhibited a series of distinctive mate- 54 

rial properties and shows many advantages for implementing hybrid integrated photonic 55 

devices with excellent nonlinear optical performance. It has been reported that GO has a 56 

large Kerr nonlinearity (n2) that is about 4 orders of magnitude higher than silicon [36, 37] 57 

as well as a low linear absorption that is over 100 times lower than graphene at near infra- 58 

red wavelengths [38, 39]. Moreover, the GO film thickness, length, and position on inte- 59 

grated devices can be precisely controlled by using a facile solution-based, transfer-free 60 

coating method and CMOS-compatible film patterning techniques [40, 41]. Previously, we 61 

demonstrated enhanced SPM-induced spectral broadening of picosecond optical pulses 62 

in SOI nanowires integrated with 2D GO films, achieving a maximum spectral broadening 63 

factor (BF) of ~3.8 for a device with 2.2-mm-long, 2 layers of GO [35].  64 

In this paper, we report the experimental observation of significantly enhanced SPM- 65 

induced spectral broadening of femtosecond optical pulses after transmission through 66 

SOI nanowires integrated with 2D GO films. We fabricate GO-coated SOI nanowires with 67 

precise control of the GO film thicknesses and coating length. SPM measurements are per- 68 

formed using femtosecond optical pulses. The GO-coated waveguides show more signif- 69 

icant spectral broadening than the uncoated SOI nanowire, achieving a maximum BF of 70 

~4.3 for a device with 2 layers of GO. We also fit the experimental results with theory and 71 

obtain improved waveguide nonlinear parameter by up to ~3.5 times and the nonlinear 72 

FOM by ~3.8 times. Finally, we discuss the influence of GO film’s length on the spectral 73 

broadening and compare the nonlinear optical performance of different integrated wave- 74 

guides incorporating GO films. These results confirm the strong potential of integrating 75 

2D GO films to improve the nonlinear optical performance of silicon photonic devices. 76 

2. Device and Characterization  77 

Figure 1a shows a schematic of a GO-coated SOI nanowire waveguide with a mono- 78 

layer GO film. The bare SOI nanowire has a cross-section of 500 nm × 220 nm, which was 79 

fabricated on an SOI wafer with a 220-nm-thick top silicon layer and a 2-μm-thick buried 80 

oxide (BOX) layer via CMOS-compatible fabrication processes. First, 248-nm deep ultra- 81 

violet photolithography was employed for defining the waveguide layout on photoresist 82 

and then the layout was transferred to the top silicon layer by using inductively coupled 83 
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plasma etching. Next, a 1.5-μm thick silica upper cladding layer was deposited using 84 

plasma enhanced chemical vapor deposition (PECVD), followed by opening a window on 85 

it down to the BOX layer via photolithography and reactive ion etching processes. Finally, 86 

the 2D layered GO film was coated onto the SOI nanowires by using a solution-based 87 

method that enabled transfer-free and layer-by-layer film coating, as reported previously 88 

[39-42]. Compared to the sophisticated film transfer processes used for other 2D materials 89 

like graphene and TMDCs [32, 33, 43], our GO coating method shows advantages in 90 

achieving highly scalable fabrication, precise control of the layer number (i.e., film thick- 91 

ness), and conformal film attachment onto integrated devices [37, 41]. Figures 1b-i and b- 92 

ii show a schematic cross section and the transverse electric (TE) mode profile of the GO- 93 

coated SOI nanowire in Figure 1a, respectively. The interaction between the waveguide 94 

evanescent field and the GO film with an ultrahigh Kerr nonlinearity enables enhanced 95 

SPM process in the hybrid waveguide and hence improved spectral broadening of optical 96 

pulses after propagation through it.  97 

 98 

Figure 1. (a) Schematic illustration of a GO-coated SOI nanowire with a monolayer GO film. (b-i) 99 

Schematic illustration of the cross section and (b-ii) the corresponding TE mode profile of the GO- 100 

coated SOI nanowire in (a). (c) Microscope image of an SOI chip uniformly coated with a monolayer 101 

GO film.  102 
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Figure 1c presents a microscope image of an SOI chip uniformly coated with a mon- 103 

olayer GO film, showing the good morphology, high uniformity, and high transmittance 104 

of the coated GO film. The opened window on the silica upper cladding allows for the 105 

control of the GO film’s length and position. Based on our previous measurements [35, 38, 106 

39], the GO film thickness shows a near linear relationship at small (< 100) layer numbers, 107 

with thickness for each GO layer being ~2.0 nm. For the GO-coated SOI nanowires used 108 

in the following SPM measurements, the measured film thicknesses for 1 and 2 layers of 109 

GO are ~2.0 nm and ~ 4.2 nm, respectively.  110 

3. Loss Measurements 111 

Figure 2 shows the experimental setup employed for both loss and SPM measure- 112 

ments using GO-coated SOI nanowires. Two laser sources were employed, including a 113 

continuous-wave (CW) laser and a femtosecond fiber pulsed laser (FPL) that can generate 114 

nearly Fourier-transform limited femtosecond optical pulses (pulse duration: ~180 fs, rep- 115 

etition rate: 60 MHz) centered at a wavelength of ~1556.6 nm. After the laser source, an 116 

optical isolator was used to prevent the reflected light from damaging it. The power and 117 

polarization of the input light were adjusted by a variable optical attenuator (VOA) and a 118 

polarization controller (PC), respectively. We injected TE polarized light into the device 119 

under test (DUT) for both the loss and SPM measurements because it supports much 120 

stronger in-plane interaction between the waveguide evanescent field and the 2D GO film 121 

as compared with the out-of-plane interaction [39, 44]. The light was coupled into and out 122 

of the DUT by using inverse-taper couplers at both ends of the SOI nanowires, which were 123 

butt coupled to lensed fibers with a coupling loss of ~5 dB per facet. 124 

For the loss measurements, two optical power meters, i.e., OPM 1 and OPM 2, were 125 

used to measure the power of the light before and after passing the DUT. The losses of the 126 

uncoated and GO-coated SOI nanowires were measured by using both the CW laser and 127 

the femtosecond FPL. The corresponding results measured by FPL are shown in Figure 3. 128 

The total length of the SOI nanowires (including the segments with and without silica 129 

cladding) was 3 mm, and the length of the opened window was 0.4 mm. Unless otherwise 130 

specified, the powers of CW light and femtosecond optical pulses used for loss and SPM 131 

measurements in this paper indicates the powers coupled into the waveguide after ex- 132 

cluding the fiber-to-chip coupling loss. 133 
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 134 

Figure 2. Experimental setup for measuring loss and SPM of GO-coated SOI nanowires. CW laser: 135 

continuous-wave laser. FPL: fiber pulsed laser. PC: polarization controller. VOA: variable optical 136 

attenuator. OPM: optical power meter. DUT: device under test. CCD: charged-coupled device. OSA: 137 

optical spectrum analyzer. 138 

We first measured the insertion losses of the uncoated and GO-coated SOI nanowires 139 

with 1 and 2 layers of GO using a CW light with a power of ~0 dBm. According to our 140 

measurements with the bare SOI nanowire, its propagation loss was ~0.4 dB/mm. The 141 

propagation losses of the hybrid waveguides with 1 and 2 layers of GO were ~2.4 dB/mm 142 

and ~3.9 dB/mm, corresponding to excess propagation losses of ~2.0 dB/mm and ~3.5 143 

dB/mm induced by the GO films, respectively. These values are higher than those of GO- 144 

coated Si3N4 and Hydex waveguides [38, 40], mainly due to the much stronger GO mode 145 

overlap in the GO-coated SOI nanowires. The excess propagation loss induced by GO is 146 

about two orders magnitude lower than the excess propagation loss induced by graphene 147 

in graphene-coated SOI nanowires [32, 45], reflecting the low loss of GO compare to gra- 148 

phene and its great potential for implementing nonlinear photonic devices requiring high 149 

optical powers.  150 

Figure 3a depicts the power-dependent excess insertion loss of the GO-coated and 151 

uncoated SOI nanowires (EIL, defined as the additional insertion loss) versus the coupled 152 

peak power of femtosecond optical pulses. The input peak power ranges from 98 W to 160 153 

W, corresponding to an average input power range of 1.1 mW ‒ 1.7 mW. By measuring 154 

the loss using a CW light with an average power in the same range, we did not observe 155 

any obvious power-dependent variations of the insertion losses of the hybrid waveguides, 156 

reflecting that the photo-thermal changes in the GO films were negligible in this power 157 

range [38, 39]. For the bare SOI nanowire (N = 0), the EIL increases with peak power 158 
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primarily due to the TPA and free carrier absorption of silicon [46]. For the GO-coated SOI 159 

nanowires, the measured EIL is slightly lower than that for the uncoated SOI nanowire, 160 

with more obvious difference for the device with 2 layers of GO compared to the device 161 

with 1 layer of GO. This reflects that in the hybrid waveguides there exists saturable 162 

absorption (SA) induced by the GO films, which has also been observed in our previous 163 

work [35]. Figure 3b depicts the SA-induced excess propagation loss (∆SA) extracted from 164 

Figure 3a after excluding the excess propagation loss induced by the bare SOI nanowire. 165 

The negative values of ∆SA reflect that the SA-induced loss decreases with the peak 166 

power, showing an opposite trend to TPA where the loss increases with light power [25, 167 

47, 48]. In our measurements, we also note that the change in the loss of the hybrid 168 

waveguides was not permanent, and the measured EIL in Figure 3a was repeatable. 169 

 170 

Figure 3. (a) Measured excess insertion loss (EIL) of GO-coated SOI nanowires versus input power 171 

of optical pulses. (b) Excess propagation loss induced by the SA (∆SA) versus peak power of input 172 

optical pulses. In (a) − (b), the results for uncoated (N = 0) and hybrid SOI nanowires coated with 1 173 

and 2 layers of GO (N = 1, 2) are shown for comparison. The data points depict the average of 174 

measurements on three samples and the error bars illustrate the variations among the different 175 

samples.  176 

4. SPM Measurements 177 

In the SPM measurements, we used the same FPL and the same fabricated devices as 178 

those used for loss measurements in Section 3 to measure the SPM-induced spectral 179 

broadening of femotosecond optical pulses. As shown in Figure 2, the input optical pulses 180 

generated by the FPL were coupled into the DUT, and the output signal was then sent to 181 
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an optical spectrum analyzer (OSA) to observe the spectral broadening. The 182 

corresponding results are shown in Figure 4.   183 

Figure 4a shows the normalized input and output spectra of femotosecond optical 184 

pulses after going through the bare and GO-coated SOI nanowires. The peak power of the 185 

input picosecond optical pulses was kept the same at ∼160 W. Due to the high Kerr 186 

nonlinearity of silicon, the output spectrum after passing the uncoated SOI nanowire 187 

shows obvious spectral broadening than the input pulse spectrum. For the hybrid device 188 

with 1 layer of GO, the output spectrum shows more significant spectral broadening than 189 

the bare SOI nanowire, and the device with 2 layers of GO shows more significant spectral 190 

broadening than the device with 1 layer of GO. This reflects enhanced SPM induced by 191 

the high Kerr nonlinearity of the GO films and the strong GO mode overlap in the GO- 192 

coated SOI nanowires.   193 

Figures 4b and 4c show the output spectra after propagation through the hybrid 194 

waveguides with 1 and 2 layers of GO measured using femtosecond optical pulses with 195 

different peak powers, respectively. We chose 6 different input peak powers ranging from 196 

98 W to 160 W ‒ the same as those in Figure 3. As expected, the spectral broadening of the 197 

output spectrum becomes more significant as the peak power increases.   198 

 199 

Figure 4. SPM experimental results. (a) Normalized spectra of optical pulses before and after prop- 200 

agation through the GO-coated SOI nanowires with 1 and 2 layers of GO at an input peak power of 201 

∼160 W. (b) – (c) Optical spectra measured at different input peak powers for the hybrid waveguides 202 

with 1 and 2 layers of GO, respectively. (d) BFs of the measured output spectra versus input peak 203 

power for the hybrid waveguides with 1 and 2 layers of GO. In (a) – (d), the corresponding results 204 

for the uncoated SOI nanowires (N = 0) are also shown for comparison. 205 

To quantitatively analyze and compare the spectral broadening of femtosecond op- 206 

tical pulses in these waveguides, we calculated the BFs for the measured output spectra 207 

defined as [31, 35, 49]:  208 

BF=
∆ωrms

∆ω0
                                (1) 209 
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where ∆ω0 and ∆ωrms are the root-mean-square (RMS) spectral widths of the input and 210 

output signals, respectively.  211 

Figure 4d shows the BF for the GO-coated SOI nanowires as a function of the peak 212 

power of femtosecond optical pulses. The results for the bare SOI nanowire are also shown 213 

for comparison. As can be seen, the BF for the hybrid waveguides is higher than that of 214 

the bare waveguide, and the BF for the hybrid waveguide integrated with 1 layer of GO 215 

is lower than that for the device with 2 layers of GO, showing agreement with the results 216 

in Figure 4a. The BF increases with the input peak power, which is consistent with the 217 

results in Figures 4b and 4c. At the peak power of ~160 W, a maximum BF of ~4.3 is 218 

achieved for the hybrid waveguide with 2 layers of GO. 219 

5. Theoretically Analysis and Discussion 220 

According to the theory in Refs. [32, 35, 46], we modeled the SPM process in the GO- 221 

coated SOI nanowires as follows: 222 

∂A

∂z
= -

iβ
2

2

∂2A

∂t2  + iγ |A|2A - 
1

2
iσμNcA - 

1

2
α A                     (2) 223 

where i = √1, A(z, t) is the slowly varying temporal pulse envelope along the propagation 224 

direction z of the waveguide, β2 is the second-order dispersion coefficient, γ is the wave- 225 

guide nonlinear parameter, σ, µ, and Nc are the FCA coefficient, free carrier dispersion 226 

(FCD) coefficient, and free carrier density in silicon, respectively, and α is the total loss 227 

including both linear loss and nonlinear loss. The nonlinear loss includes TPA and FCA 228 

losses of bare SOI nanowires and SA loss induced by the GO films. In Equation (2), we 229 

keep only the β2 item since the physical length of the waveguides is smaller than the dis- 230 

persion length [50].   231 

Based on Equation (2), we fit the measured spectra to obtain the nonlinear parameters 232 

(γ’s) for the bare and hybrid waveguides. The GO-coated SOI nanowires were divided 233 

into uncoated (with silica cladding) and hybrid segments (coated with GO films) to per- 234 

form numerical calculation, where the output from the previous segment was set as the 235 

input for the subsequent one. We obtain a fit γ of ~288 W-1m-1 for the bare SOI nanowire 236 

and fit γ’s for the hybrid waveguides with 1 and 2 layers of GO of ~675 W-1m-1 and ~998 237 

W-1m-1, respectively, which are ~2.3 and ~3.5 times that of the bare SOI nanowire. These 238 

results show a good agreement with the previous work [35], indicating the high con- 239 

sistency and further confirming the remarkably improved Kerr nonlinearity for the hybrid 240 

waveguides.  241 

Based on the fit γ‘s of the hybrid waveguides, we further extract the Kerr coefficient 242 

(n2) of the layered GO films using [40, 51, 52] :  243 

γ  =
2π

λc 

∬ n0
2(x, y)n2(x, y)Sz

2
D dxdy

[∬ n0(x, y)SzD dxdy]
2                          (3) 244 

where λc is the pulse central wavelength, D is the integral of the optical fields over the 245 

material regions, Sz is the time-averaged Poynting vector calculated using mode solving 246 
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software, n0 (x, y) and n2 (x, y) are the refractive index profiles calculated over the wave- 247 

guide cross section and the Kerr coefficient of the different material regions, respectively. 248 

The values of n2 for silica and silicon used in our calculation were 2.60 × 10–20 m2 W-1 [26] 249 

and 6.0 × 10-18 m2 W-1, respectively, with the latter obtained by fitting the experimental 250 

results for the bare SOI nanowire.   251 

The extracted n2 of 1 and 2 layers of GO are ~1.45 × 10-14 m2 W-1 and ~1.36 × 10-14 m2 252 

W-1, respectively, which are about 4 orders of magnitude higher than that of silicon and 253 

agree reasonably well with our previous measurements [35]. Note that n2 of 2 layers of GO 254 

is lower than that of 1 layer of GO, which we infer it may arise from the increased inho- 255 

mogeneous defects within the GO layers and imperfect contact between the multiple GO 256 

layers.  257 

Previously, we have fabricated SOI nanowires with much thicker GO films (up to 20 258 

layers [35]), and have performed detailed theoretical analysis for the influence of GO 259 

film’s length, thickness, and coating position on the nonlinear performance of GO-coated 260 

integrated waveguides [28, 29]. In this work, the maximum GO film thickness for the fab- 261 

ricated device is 2 layers (i.e., ~4.2 nm), which is mainly used to compare the spectral 262 

broadening performance for the picosecond and femtosecond optical pulses.  263 

Based on the SPM modeling in Equation (2) and the fit parameters of GO, we com- 264 

pare the BFs of femtosecond and picosecond optical pulses after transmission through the 265 

same GO-coated SOI nanowires. Figures 5a and 5b shows the BFs of femtosecond and 266 

picosecond optical pulses versus GO film length (Lc) for the hybrid waveguides with 1 267 

and 2 layers of GO, respectively. The corresponding results for the bare SOI nanowire 268 

with constant BFs are also shown for comparison. Both the picosecond and femtosecond 269 

optical pulses had the same repetition rate of ~60 MHz. For the picosecond pulses with a 270 

pulse duration of ~3.9 ps, the average input power is 3 mW, corresponding to a peak 271 

power range of 13 W ‒ the same as that used in our previous experiment [35]. For the 272 

femtosecond pulses with a pulse duration of ~180 fs, the average input power is 1.7 mW, 273 

corresponding to a peak power of 160 W ‒ the same as that used for the SPM 274 

measurements in Section 4.  275 

In Figure 5a, the BFs of femtosecond optical pulses after propagation through the 276 

hybrid waveguides first increase with Lc and then decrease, with the maximum values 277 

being achieved at intermediate film lengths. The optimized film length corresponding to 278 

the maximum BF for the device with 2 layers of GO is smaller than that for the device with 279 

1 layer of GO. This reflects that the Kerr nonlinearity enhancement dominates for the de- 280 

vices with relatively small Lc and layer number N, and the influence of loss increase be- 281 

comes more significant as Lc and N increase.  282 
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 283 

Figure 5. (a) BFs of femtosecond optical pulses versus GO film length (Lc) for the hybrid waveguides 284 

with 1 and 2 layers of GO. The peak power is ~160 W. (b) BFs of picosecond optical pulses versus 285 

GO film length (Lc) for the hybrid waveguides with 1 and 2 layers of GO. The peak power is ~13 W. 286 

In (a) and (b), the corresponding results for uncoated waveguides (N = 0) are also shown for com- 287 

parison.   288 

For the picosecond optical pulses in Figure 5b, the BFs after propagation through the 289 

hybrid waveguides are lower than the BFs of the femtosecond optical pulses at the same 290 

Lc. This is because the femtosecond optical pulses with a much higher peak power drive 291 

more significant SPM in the hybrid waveguides. Unlike the trend in Figure 5a, the BFs in 292 

Figure 5b increase monotonically with Lc. This is mainly due to the fact that the higher 293 

peak power of femtosecond optical pulses also induces higher TPA of the SOI nanowires, 294 

resulting in a trade-off between both enhanced SPM and TPA in the hybrid waveguides.  295 

In Table 1, we compare the nonlinear performance of different integrated waveguides 296 

incorporating GO, along with corresponding results for the bare waveguides. As can be 297 

seen, the fit γ, n2, FOM1 and FOM2 of GO-coated SOI nanowires in this work show good 298 

agreement with those in the previous work obtained by fitting the experimental results of 299 

picosecond optical pulses [35], highlighting the high consistency of our GO films. We cal- 300 

culated two different figure-of-merits, i.e., FOM1 and FOM2, which are widely studied and 301 

exploited in comparing nonlinear optical performance. The former one is defined from 302 

the perspective of nonlinear absorption [25, 26], whereas the latter one is defined based 303 

on the trade-off between Kerr nonlinearity and linear loss [53]. Interestingly, the two 304 

FOMs show contrary results for the different hybrid waveguides. The FOM1 of the GO- 305 

coated SOI nanowires is lower than the other two waveguides mainly due to the strong 306 
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TPA of silicon, whereas its FOM2 is much higher resulting from the large n2 of silicon and 307 

its strong GO mode overlap.  308 

Table 1. Comparison of nonlinear optical performance of different integrated waveguides incorpo- 309 

rating GO. FOM: figure of merit.  310 

Integrated 

waveguide 

GO layer 

number a) 

Waveguide 

dimension (μm) 

γ 

(W-1m-1) b) 

Fit n2  

(×10-14 m2/W) 

PL 

(dB/cm) c) 

FOM1 

(a. u.) d) 

FOM2 

(W-1) e) 
Ref. 

SOI 

N = 0 

0.50 × 0.22 

288.00 6.00 × 10-4 4.30 0.74 0.75  

N = 1 668.01 1.42 24.80 2.07 0.96 [35] 

N = 2 990.23 1.33 38.91 2.81 1.03  

SOI 

N = 0 

0.50 × 0.22 

288.00 6.00 × 10-4 4.30 0.74 0.75 
This 

work 
N = 1 675.15 1.45 24.60 2.08 0.97 

N = 2 998.18 1.36 38.52 2.83 1.05 

Si3N4 

N = 0 

1.60 × 0.66 

1.51 2.60 × 10-5 3.00 

>> 1 

0.016 

[38] N = 1 13.14 1.41 6.05 0.089 

N = 2 28.23 1.35 12.25 0.099 

Hydex 

N = 0 

2.00 × 1.50 

0.28 1.28 × 10-5 0.24 

>> 1 

0.004 

[40] N = 1 — — 1.26 0.007 

N = 2 0.90 1.5 2.23 0.009 

a) N = 0 corresponds to the results for the uncoated SOI nanowire, Si3N4, and Hydex waveguides, 311 

whereas N = 1 and 2 correspond to the results for the hybrid waveguides with 1 and 2 layers of GO, 312 

respectively. 313 

b) γ is the nonlinear parameter. For the hybrid waveguides, γ’s are the effective values calculated 314 

based on Refs. [38, 40]. 315 

c) PL is the linear propagation loss of the GO-coated waveguides. 316 

d) The definition of FOM1 = n2 / (λβTPA) is the same as those in Refs. [25, 26], with n2 and βTPA denoting 317 

the effective Kerr coefficient and TPA coefficient of the waveguides, respectively, and λ denoting 318 

the light wavelength. The values for the Si3N4, and Hydex waveguides are >> 1 due to negligible 319 

TPA observed in these waveguides. 320 

e) The definition of FOM2 = γ × Leff is the same as that in Ref. [53]. Here, the GO films are uniformly 321 

integrated on the waveguides and the waveguides length for the SOI nanowire, Si3N4, and Hydex 322 

waveguides are 3 mm, 20 mm, 15 mm. 323 

In Table 1, the FOM2 is a function of waveguide length L given by [53] 324 

FOM2 (L) = γ × Leff (L)                               (4) 325 

where Leff (L) = [1 - exp (-L× L)] /L is the effective interaction length, with γ and L denoting 326 

the waveguide nonlinear parameter and the linear loss attenuation coefficient, respec- 327 

tively. Figure 6 shows Leff and FOM2 versus waveguide length (L) for SOI nanowires uni- 328 

formly coated with 1 and 2 GO layers, together with the result for the bare waveguide (i.e., 329 

N = 0). FOM2 first rapidly increases with L and then grows more progressively as L be- 330 

comes longer. For a shorter L, the FOM2’s of the hybrid waveguides are higher than that 331 
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of comparable bare waveguide, whereas the FOM2 of the bare waveguide gradually ap- 332 

proaches and even exceeds those of the hybrid waveguides when L increases. This reflects 333 

that the negative influence induced by increased loss becomes more dominant as L in- 334 

creases.   335 

 336 

Figure 6. (a) Effective interaction length (Leff) versus waveguide length (L) for GO-coated SOI nan- 337 

owires uniformly coated with 1 and 2 layers of GO. (b) FOM2 versus waveguide length (L) for hybrid 338 

waveguides uniformly coated with 1 and 2 layers of GO. In (a) and (b), the corresponding results 339 

for uncoated waveguides (N = 0) are also shown for comparison. 340 

6. Conclusions 341 

We demonstrate an enhanced SPM-induced spectral broadening of femtosecond op- 342 

tical pulses after propagation through SOI nanowires integrated with 2D GO films. By 343 

using a solution-based, transfer-free coating method, we achieve the integration of GO 344 

films onto SOI nanowires with precise control of the film thickness. We perform detailed 345 

SPM measurements using the fabricated devices, achieving a maximum BF of ~4.3 for a 346 

device with 2 layers of GO. The experimental results agree well with theory, showing 347 

improved nonlinear parameter of up to 3.5 times and nonlinear FOM of up to 3.8 times 348 

compared to the bare waveguide. Finally, the influence of GO film’s length on the spectral 349 

broadening is analyzed and the nonlinear optical performance of different GO-coated in- 350 

tegrated waveguides is compared. This work verifies the effectiveness of improving the 351 

nonlinear performance for silicon photonic devices through integration of 2D GO films.    352 
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