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Abstract: Integrated photonic devices operating via optical nonlinearities offer a powerful solution 
for all-optical information processing, yielding processing speeds that are well beyond that of elec-
tronic processing as well as providing the added benefits of compact footprint, high stability, high 
scalability, and small power consumption. The increasing demand for high-performance nonlinear 
integrated photonic devices has facilitated the hybrid integration of novel materials to address the 
limitations of existing integrated photonic platforms, such as strong nonlinear optical absorption or 
an inadequate optical nonlinearity. Recently, graphene oxide (GO), with its large optical nonlinear-
ity, high flexibility in altering its properties, and facile fabrication processes, has attracted significant 
attention, enabling many hybrid nonlinear integrated photonic devices with improved performance 
and novel capabilities. This paper reviews the applications of GO to nonlinear integrated photonics. 
First, an overview of GO’s optical properties and the fabrication technologies needed for its on-chip 
integration is provided. Next, the state-of-the-art GO nonlinear integrated photonic devices are re-
viewed, together with comparisons of the nonlinear optical performance of different integrated plat-
forms incorporating GO. Finally, the challenges and perspectives of this field are discussed. 
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1. Introduction 
By avoiding the inefficient optical-electrical-optical conversion, all-optical signal gen-

eration, amplification, and processing based on optical nonlinearities offers processing 
speeds that far exceed that of electrical devices [1-3], underpinning a variety of applications 
such as ultrafast switching [4, 5], broadband optical amplification [6, 7], optical logic gates [8, 

9], all-optical wavelength conversion [10, 11], metrology [12, 13], spectroscopy [14, 15], optical 
cloaking [16, 17], and quantum optics [18, 19]. Compared to bulky discrete off-chip devices, 
photonic integrated circuits fabricated by well-established complementary metal-oxide 
semiconductor (CMOS) technologies provide an attractive solution to implement compact 
nonlinear optical devices on a chip scale, thus harvesting great dividends for integrated 
devices such as high stability and scalability, low power consumption, and large-scale 
manufacturing [20-22]. 

Although silicon-on-insulator (SOI) has been the dominant platform for photonic in-
tegrated circuits, its indirect bandgap is a significant handicap for optical sources, and its 
centrosymmetric crystal structure poses an intrinsic limitation for second-order nonlinear 
optical applications. Furthermore, its strong two-photon absorption (TPA) at near-infra-
red wavelengths limits its third-order nonlinear optical response in the telecom band [2, 23]. 
Other CMOS compatible platforms such as silicon nitride [7, 24, 25] and doped silica [26, 27] 
have a much lower TPA, although they still face the limitation of having a much smaller 
third-order optical nonlinearity than silicon. To address these issues, the on-chip integra-
tion of novel materials has opened up promising avenues to overcome the limitations of 
these existing integrated platforms. Many hybrid nonlinear integrated photonic devices 
incorporating polymers [28, 29], carbon nanotubes [30, 31], and two-dimensional (2D) ma-
terials [32-34] have been reported, showing significantly improved performance and offering 
new capabilities beyond those of conventional integrated photonic devices. 
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2D materials, such as graphene, black phosphorus (BP), transition 
metal dichalcogenides (TMDCs), hexagonal boron nitride (hBN), and gra-
phene oxide (GO), have motivated a huge upsurge in activity since the dis-
covery of graphene in 2004 [35]. With atomically thin and layered structures, 
they have exhibited many remarkable optical properties that are intrinsi-
cally different from those of conventional bulk materials [36-42]. Recently, there 
has been increasing interest in the nonlinear optical properties of 2D materials, which are 
not only fascinating in terms of laboratory research but also intriguing for potential prac-
tical and industrial applications [43-50]. 

Amongst the different 2D materials, GO has shown many advantages for implement-
ing hybrid integrated photonic devices with superior nonlinear optical performance [37, 51-

54]. It has been reported that GO has a large third-order optical nonlinearity (n2) that is over 
4 orders of magnitude higher than silicon [55, 56] as well as a linear absorption that is over 2 
orders of magnitude lower than graphene in the infrared region [52, 57], both of which are 
very useful for third-order nonlinear optical processes. In addition, GO has a hetero-
genous atomic structure that exhibits non-centrosymmetry, yielding a large second-order 
optical nonlinearity that is absent in pristine graphene that has a centrosymmetric struc-
ture. The bandgap and defects in GO can also be engineered to facilitate diverse linear 
and nonlinear optical processes. These material properties of GO, together with its facile 
synthesis processes and high compatibility with integrated platforms [57, 58], have enabled 
a series of high-performance nonlinear integrated photonic devices. Here, we provide a 
systematic review of these devices, highlighting their applications based on a range of 
nonlinear optical processes (Figure 1) as well as a comparison of the different integrated 
platforms.  

 
Figure 1. Schematic illustration of on-chip integration of GO for nonlinear optical applications. SA: saturable absorption. 
TPA: two-photon absorption. SHG: second-harmonic generation. DFG: difference frequency generation. FWM: four-wave 
mixing. THG: third-harmonic generation. SPM: self-phase modulation. XPM: cross-phase modulation. 
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The review paper is organized as follows. In Section 2, the optical properties of GO, 
including both the linear and nonlinear properties, are introduced, particularly in the con-
text of integrated photonic devices. Next, the fabrication technologies for integrating GO 
films on chips are summarized in Section 3, which are classified into GO synthesis, film 
coating on chips, and device patterning. In Section 4, we review the state-of-the-art non-
linear integrated photonic devices incorporating GO. In Section 5, detailed comparison 
for the nonlinear optical performance of different integrated platforms incorporating GO 
is presented and discussed. In Section 6, the current challenges and future perspectives 
are discussed. Finally, the conclusions are provided in Section 7.  

2. Optical properties of GO  
GO, which contains various oxygen-containing functional groups (OCFGs) such as 

epoxide, hydroxyl, and carboxylic, all attached on a graphene-like carbon network, is one 
of the most common derivatives of graphene [59-62]. The heterogeneous atomic structure 
including both sp2 carbon sites with π-states and sp3-bonded carbons with σ-states makes 
GO exhibit a series of distinctive material properties, particularly in its 2D form. In this 
section, we briefly introduce GO’s optical properties, including both the linear and non-
linear properties and focusing on the near-infrared telecom band (around 1550 nm). Table 
1 provides a comparison of the basic optical properties of GO with typical 2D materials 
such as graphene, TMDCs, and BP as well as bulk materials such as silicon (Si), silica 
(SiO2), silicon nitride (Si3N4), and high index doped silica glass (Hydex) used for imple-
menting integrated photonic devices. In the following, we provide detailed introduction 
of GO’s optical properties based on Table 1. 

Table 1. Comparison of basic optical properties of GO with other 2D materials and bulk materials for integrated photonic 
devices. LO: linear optical. NLO: nonlinear optical. 

Material Bandgap (eV) 
LO parameters a) NLO parameters a) 

Ref. 
n k n2 (×10−14 m2⸳W-1) β (×10−12 m⸳W-1) 

GO 2.1 ‒ 3.5 1.97 0.005 ‒ 0. 01 1.5 ‒ 4.5  -5.3×104 [53, 55, 63] 
Graphene 0 2.7  1.37 – 2.21  -8.0 ‒ -10.0 9.0×104 [64-67] 

MoS2 1.2 ‒ 1.8 3.65 0.1 – 0.9 0.027 120 [68-72] 
WSe2 1.2 ‒ 1.7 3.70 0.04 -0.17 2.1×104 [73-76] 

BP 0.3 ‒ 2.0 2.65 1.2 – 1.9 -1.25 × 10-5 0.18 [77-83] 
Si 1.1 ‒ 1.3  3.48 ≈0 6 × 10-4 5.0 [2, 3, 84] 

SiO2 6.5 ‒ 7.5 1.45 ≈0 2.60 × 10 –6 — [85, 86] 
Si3N4 4.5 ‒ 5.3 1.99 ≈0 2.61 × 10 -5 — [3, 24, 87] 

Hydex — 1.6 ‒ 1.7 ≈0 1.3 × 10-5 — [3, 88, 89] 
a) Here we show the values of n, k, n2, and β around the wavelength of 1550 nm. 

2.1. Linear optical properties  
In contrast to graphene that has a bandgap of zero [90], GO has a typical bandgap 

between 2.1 eV ‒ 3.6 eV [59, 91], which yields low linear light absorption in the telecom band. 
Although in Table 1 the optical extinction coefficient k of GO (0.005 ‒ 0.01) is not as low 
as for Si, Si3N4, and SiO2, it is nonetheless still much lower than the other 2D materials, 
particularly graphene where the loss is over 100 times lower. This property of GO is highly 
attractive for nonlinear optical applications such as self-phase modulation (SPM) and 
four-wave mixing (FWM) that require high power to drive the nonlinear processes. On 
the other hand, GO has a refractive index n that is around 2 across a broad optical band 
from near-infrared to mid-infrared regions [53, 55, 62, 63]. This results in a low material disper-
sion, which is critical for implementing devices with broad operation bandwidths, e.g., 
broadband FWM or SPM devices based on phase matching [2, 6].  

The bandgap of GO can be engineered by using different reduction methods to 
change the ratio of the sp2 and sp3 fractions [92, 93], thus yielding a variation in its material 
properties. Figure 2(a) compares the atomic structures of graphene, GO, reduced GO 
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(rGO), and totally reduced GO (trGO). As can be seen, with the continued removal of the 
OCFGs, GO gradually reduces and finally converts to trGO. As compared with graphene, 
trGO has a similar carbon network but with more defects. The differences in the properties 
of trGO and graphene mainly come from these defects, which can form not only during 
the reduction process but also the oxidation process associated with the conversion from 
graphene to GO [94, 95]. Figure 2(b) compares the measured n, k of GO, rGO, trGO, and 
graphene [63, 96]. As the degree of reduction increases, both n and k of rGO increase and 
show a trend towards graphene, with the n and k of trGO being extremely close to those 
of graphene. In contrast to bulk materials that have limited tuning ranges with respect to 
n and k (e.g., typically on the order of 10-4 ‒ 10-3 for n of Si [97]), GO has a very wide tuning 
range for both n (from ~2 to ~2.7) and k (from < 0.01 to ~2), which underpins many photonic 
devices that achieve excellent phase and amplitude tuning capabilities [63, 96].  

Similar to graphene and TMDCs [98-100], GO films exhibit strong anisotropy in its op-
tical absorption in a broad band from the visible to the infrared regions [57, 101]. This prop-
erty is useful for implementing polarization selective devices with wide operation band-
widths.  

 
Figure 2. (a) Schematics of atomic structures of (i) graphene, (ii) GO, (iii) rGO, and (iv) trGO. (b) 
Comparison of their (i) refractive index n and (ii) extinction coefficient k. 
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In Figure 3, we compare different integrated waveguides incorporating 2D layered 
GO films, including Si, Si3N4, and Hydex waveguides with typical cross sections of 0.50 
μm × 0.22 μm, 1.60 μm × 0.66 μm, and 2.00 μm × 1.50 μm, respectively. Figure 3(a) shows 
schematics of the hybrid waveguides. For comparison, we choose integrated waveguides 
with planarized top surfaces with each waveguide coated with 1 layer of GO film (~2 nm 
in thickness [52, 53]). Unless elsewhere specified, the bare integrated waveguides in our fol-
lowing discussions are the same as those in Figure 3(a). Figure 3(b) shows the transverse 
electric (TE) mode profiles for the hybrid waveguides, which were calculated based on 
the experimentally measured n of 2D layered GO films at 1550 nm [63, 96]. Figure 3(c) com-
pares the refractive indices of GO, Si, Si3N4, Hydex, and SiO2 over the wavelength range 
of 1500 nm ‒ 1600 nm. GO has a refractive index that is higher than either Hydex or SiO2, 
but lower than Si3N4 and Si. Si has the highest refractive index amongst the three wave-
guide materials, which results in the tightest light confinement in the waveguide and 
hence the smallest waveguide geometry.  

Figure 3(d) shows the dispersion of the bare Si, Si3N4, and Hydex waveguides with-
out GO films. The dispersion of the GO-coated Si waveguide is also shown for compari-
son. All the dispersions were simulated using the refractive indices in Figure 3(c). The 
bare Si waveguide has normal disperison, whereas the bare Si3N4 and Hydex waveguides 
have slight anomalous dispersion. After coating with GO films, the GO-Si hybrid wave-
guide has a slightly reduced normal dispersion, while the GO-Si3N4 and GO-Hydex wave-
guides exhibit slightly enhanced anomalous dispersion (not shown in Figure 3(d) since 
the curves for these wavegudies almost overlap with those of the uncoated waveguides), 
indicating that incorporating GO films could benefit phase matching for FWM or SPM in 
these waveguides .  

Figures 3(e) and (f) show the ratios of power in GO relative to the power in the wave-
guide core for different numbers of GO layers N, respectively. The thickness of the GO 
film was assumed to be proportional to N in the simulation. For the hybrid waveguides 
with the same GO layer number, GO-Si waveguide has the strongest evanescent field 
leakage and mode overlap with the GO film , mainly a result of its smaller waveguide 
geometry. All the hybrid waveguides show an increased mode overlap with the GO films 
as N increases, reflecting the fact that the increase of GO film thickness can enhance the 
interaction between light and GO. 

In Figure 4(a), we compare the linear propagation loss of the hybrid waveguides ver-
sus GO layer number N, which was calculated based on the experimentally measured k of 
2D layered GO films at 1550 nm [63, 96]. For practical GO films, the value of k slightly in-
creases with N, which mainly results from the accumulated film imperfections induced 
by film unevenness, stacking of multiple layers, and localized defects [53, 57]. As can be seen, 
the GO-Si waveguide has a much higher propagation loss than comparable GO-Si3N4 and 
GO-Hydex waveguides, and all of these waveguides show an increased propagation loss 
with increasing N. This is similar to the results shown in Figure 3(e), indicating that an 
enhanced GO mode overlap results in increased linear propagation loss. Mode overlap 
plays an important role in balancing the trade-off between enhancing the third-order op-
tical nonlinearity while minimizing linear loss to achieve the optimized performance for 
the GO hybrid waveguides, which has been discussed in detail in Refs. [102, 103]. 

The linear propagation loss of practical GO hybrid waveguides exposed to air can 
change with input light power, especially at high average powers [51, 54]. Such power-de-
pendent linear loss (PDLL) results from power-sensitive photo-thermal changes in the GO 
films, including a range of effects such as photo-thermal reduction, thermal dissipation, 
and self-heating in the GO layers [51, 54, 104]. The photo-thermal changes arising from these 
sources show some interesting features. First, in a certain power range where the light 
power is not sufficiently high to induce permanent changes in the films, the changes can 
recover back when the light power is turned off. Second, their time responses (typically 
on the order of 10-3 s [51]) are much slower than those of the ultrafast third-order nonlinear 
optical processes (typically on the order of 10-15 s [34, 105]). Finally, these changes are sensitive 
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to the average light power in the GO films, and so are easily triggered by continuous-
wave (CW) light with high average power. In contrast, for optical pulses with a high peak 
power but a low average power, the PDLL induced by these changes is not obvious [51, 54]. 

 
Figure 3. (a) Schematic illustration of cross sections for (a-i) Si (0.50 μm × 0.22 μm), (a-ii) Si3N4 (1.60 
μm × 0.66 μm), and (a-iii) Hydex (2.00 μm × 1.50 μm) waveguides, each coated with 1 layer of GO 
film. (b) TE mode profiles of the hybrid waveguides in (a). (c) Comparison of refractive indices n of 
GO, SiO2, Si, Si3N4, and Hydex. (d) Comparison of dispersions of the three integrated waveguides 
without coating GO films and GO-coated Si waveguide. (e) Ratio of power in GO to that in all ma-
terial regions (ηGO) versus layer number N for different hybrid waveguides. (f) Ratio of power in the 
waveguide core to that in all material regions (ηWG) versus N for different hybrid waveguides. 

Figures 4(b) − (d) compare the excess linear propagation loss induced by the PDLL 
(∆PLPDLL, after excluding the corresponding linear propagation loss in Figure 4(a)) versus 
average power of input CW light for the hybrid GO-Si, GO-Si3N4, and GO-Hydex wave-
guides, respectively. The ∆PLPDLL increases with both the GO film thickness and the aver-
age power for all the hybrid waveguides, reflecting the fact that there are more significant 
photo-thermal changes in thicker GO films, and particularly at higher average powers. 
The GO-Si waveguide shows much higher ∆PLPDLL than the GO-Si3N4 and GO-Hydex 
waveguides with the same GO layer number ‒ a result also arising from its stronger GO 
mode overlap that allows for a higher power in the GO film. 
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Figure 4. (a) Linear propagation loss (PLlinear) versus layer number N for GO-Si, GO-Si3N4, and GO-Hydex waveguides. (b) 
− (d) Excess linear propagation loss induced by the PDLL (∆PLPDLL) versus average power of input continuous-wave (CW) 
light for the hybrid Si, Si3N4, and Hydex waveguides coated with different numbers of GO layers, respectively. 

2.2. Nonlinear optical properties 

Upon interaction with an external optical electric field having a high 
intensity, on the order of interatomic fields (i.e., 105 – 108 V/m [106]), materials 
can exhibit nonlinear optical responses that can be accompanied by novel 
phenomena such as the generation of new frequencies, or with their linear 
optical parameters such as n and k becoming field-dependent [107]. In the past 
decade, the superior nonlinear optical properties of 2D materials have been widely inves-
tigated and recognized [44, 45, 48, 108]. For GO, its heterogeneous structure and tunable 
bandgap enable distinctive nonlinear optical properties for a diverse range of nonlinear 
optical processes [51, 52, 54, 57].  

Generally, the material’s nonlinear optical properties include second-order, third-or-
der, and higher-order responses described by the complex susceptibility tensors χ(i) [2, 44], 
where i = 2, 3, … denote the ith-order. In this paper, we focus on GO’s third-order optical 
nonlinearity, highlighting the on-chip integration of GO films for both enhanced Re (χ(3)) 
and Im (χ(3)) processes. For the second-order optical nonlinearity, we note that large χ(2) 

values of GO arising from its non-centrosymmetric atomic structure have been reported 
recently [109, 110], but its application to chip-scale devices is still in its infancy. Therefore, we 
provide a discussion on the future perspectives for this in Section 6.  

The Re (χ(3)) processes (also termed parametric processes [2, 44]), represented by four-
wave mixing (FWM), self- / cross-phase modulation (SPM / XPM), and third harmonic 
generation (THG), play an integral role in all-optical signal generation and processing 
with an ultrafast time response on the order of femtoseconds [10, 111, 112]. In Table 1, the Kerr 
coefficients (n2) of relevant materials are also compared. The absolute value of n2 for GO 
is about 10 times lower than that of graphene but still much higher than those of MoS2, 
WSe2, and BP. On the other hand, the n2 of GO is about 4 ‒ 5 orders of magnitude higher 
than Si, Si3N4, and Hydex, and so this forms the motivation for the on-chip integration of 
GO to implement hybrid devices for third-order nonlinear optical applications.  

For some processes, such as the Kerr nonlinearity, the terms arising from Im(χ(3)) in-
volve nonlinear optical absorption such as two-photon absorption (TPA), saturable ab-
sorption (SA), or multi-photon absorption (MPA) [2, 44]. The relatively large bandgap of GO 
results in low TPA in the telecom band that is helpful for improving the efficiency for the 
Re (χ(3)) processes [2, 3]. In contrast to the TPA process where the absorption increases with 
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light intensity, SA exhibits the opposite trend, due to the saturation of excited electrons 
filling the conduction band and hence preventing further transitions due to Pauli blocking 
[49, 113]. In Table 1, the negative β for GO is induced by SA, which originates from the 
ground-state bleaching of the sp2 domain [56, 114, 115]. The SA in GO is useful for applications 
such as mode-locked fiber lasers [116-118] and all-optical modulators [105, 119]. The bleaching of 
light absorption at high intensities is also beneficial for boosting processes arising from 
the Re (χ(3)). Compared to the photo-thermal changes mentioned in Section 2.1, SA is an 
ultrafast third-order nonlinear optical process determined by the peak input light power, 
and so it is more easily triggered by optical pulses with high peak powers. For high aver-
age power CW light with low peak power, the SA-induced loss change is not as observa-
ble.  

As mentioned in Section 2.1, the bandgap of GO can be changed by using different 
reduction methods [92, 93]. By increasing the degree of reduction, a switch in sign for both 
n2 and β of GO films has been observed during the transition from GO to trGO [55, 56]. The 
large dynamic tunable ranges for n2 and β provide high flexibility in tailoring the perfor-
mance of nonlinear integrated photonic devices incorporating GO.  

Figures 5(a) − (c) compare the excess propagation loss induced by GO’s SA (∆PLSA, 
after excluding the corresponding linear propagation loss in Figure 4(a)) versus peak in-
put power of the optical pulses ( Ppk ) for the hybrid GO-Si, GO-Si3N4, and GO-Hydex 
waveguides, respectively. For all the hybrid waveguides, ∆PLSA becomes more significant 
for increasing number of layers and input peak power, reflecting more significant SA in 
thicker GO films and at higher peak powers. Similar to the trend seen in Figure 4, GO-Si 
waveguides with stronger mode overlap show higher ∆PLSA than the GO-Si3N4 and GO-
Hydex waveguides for the same number of GO layers. 

 
Figure 5. Excess propagation loss induced by the SA (∆PLSA) versus peak power of input optical 
pulses (Ppk) for (a) Si, (b) Scheme 3. N4, and (c) Hydex waveguides coated with different numbers of 
GO layers. 
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Figures 6(a) − (c) compare the overall excess insertion loss induced by SA (∆SA), after 
excluding the corresponding linear insertion loss, as functions of Ppk and waveguide 
length L for the uniformly coated GO-Si, GO-Si3N4, and GO-Hydex waveguides, respec-
tively. In each figure, the results for 5 different GO layer numbers are provided. To high-
light the difference, different ranges for the waveguide length were chosen in Figures 6(a) 
− (c). It is seen that ∆SA increases with both GO layer number and input peak power, 
which is consistent with Figure 5. In addition, ∆SA also increases with waveguide length, 
reflecting a more significant SA-induced insertion loss difference for longer waveguides. 

 
Figure 6. Excess insertion loss induced by the SA (∆SA) as functions of peak power of input optical 
pulses (Ppk) and waveguide length (L) for hybrid (a) Si, (b) Si3N4, and (c) Hydex waveguides uni-
formly coated with different numbers of GO layers. (i) – (v) show the results for layer number N = 
1, 2, 5, 10, and 20, respectively. 

3. On-chip integration of GO films 
The distinctive material properties of GO have motivated its on-chip integration for 

implementing functional hybrid integrated devices [57, 120-122]. The facile solution-based syn-
thesis process of GO and its high compatibility with integrated device fabrication offer 
competitive advantages for industrial manufacturing beyond the laboratory, which has 
thus far been a challenge for the majority of 2D materials. In this section, we review the 
fabrication techniques for integrating GO films on chips, which are divided into GO syn-
thesis, film coating on chips, and device patterning.  

3.1. GO synthesis 
Material synthesis is the first step before integrating GO films onto chips. In contrast 

to graphene that has very low solubility in water, GO can be dispersed in aqueous and 
polar solvents, thus allowing for solution-based material synthesis. The Brodie method 
[123] and the Hummer method [124] are the two basic GO synthesis approaches, both of which 
have long histories and have been modified on the basis of the initially proposed methods 
[58, 125]. Figures 7(a) and (b) show schematic illustrations of these two methods. For the 
Brodie method, graphite is treated with fuming nitric acid (HNO3) and potassium chlorate 
(KClO3) in order to attach the OCFGs (Figure 7(a)), whereas for the Hummer method, the 
oxidation of graphite is achieved via treatment with potassium permanganate (KMnO4) 
and sulfuric acid (H2SO4) (Figure 7(b)). Compared to the Brodie method, the Hummer 
method is more facile and shows better compatibility with CMOS fabrication technolo-
gies. Figures 7(c) and (d) show another two GO synthesis approaches that are well-known 
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for the GO community ‒ the Staudenmaier method and the Hofmann method. Both of 
these are modifications of the Brodie method, with slight changes in the procedure in-
tended to produce highly oxidized GO [126, 127]. The former uses a mixture of concentrated 
fuming HNO3 and H2SO4 followed by adding KClO3, whereas the latter uses concentrated 
HNO3 in combination with concentrated H2SO4 and KClO3. Some modified Hummer 
methods have also been proposed [58, 128], where the amount of KMnO4 and H2SO4 were 
engineered to improve the oxidation efficiency and hence the oxidation degree. 

 
Figure 7. Schematic illustration of typical GO synthesis methods: (a) the Brodie method, (b) the Hummer method, (c) the 
Staudenmaier method, and (d) the Hofmann method. c-: concentrated. f-: fuming. In (a) ‒ (d), the figure in the right side 
of each row shows an image for as-fabricated samples. The sample image in (a) is reproduced with permission.[125] Copy-
right 2013 Elsevier Ltd. The sample images in (b) ‒ (d) are reproduced with permission.[129] Copyright 2014 Wiley-VCH. 

The above methods can produce a large volume of exfoliated GO sheets with a high 
concentration of OCFGs, which are easily disintegrated into smaller flakes. The lateral size 
(typically varying from several tens of nanometers to several tens of microns) and thick-
ness (typically on the order of nanometers) of the GO flakes can be controlled by varying 
the mixing or sonication parameters. GO films consisting of large-size (>10 μm) flakes 
show better performance in terms of electrical / thermal conductivity as well as mechani-
cal / sieving capability, whereas GO films made from small-size flakes are advantageous 
in achieving conformal coating on substrates with complex structures, particularly for in-
tegrated devices having feature sizes on the micron or nanometer scale.  

3.2. Film coating on chips 
The second step is to coat GO films onto integrated chips. In contrast to sophisticated 

film transfer processes used for the on-chip integration of graphene and TMDCs, the coat-
ing of GO films can be realized using solution-based methods without any transfer pro-
cesses. Figure 8 shows schematic illustrations of two typical GO film coating strategies ‒ 
solution dropping and self-assembly. Both of these are compatible with the Brodie and 
the Hummer methods and are suited to large-scale fabrication, but they also show differ-
ences, particularly with respect to film uniformity and thickness.  
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Solution dropping methods, mainly including drop casting [130] and spin or spray 
coating [131, 132], are simple and rapid to directly coat GO films in large areas. The main steps 
in these methods include solution preparation, solution dropping, and drying (Figure 
8(a)). The relatively low film uniformity and large film thicknesses are the main limita-
tions for these methods, which make it challenging to achieve film conformal coating of 
integrated waveguides. The typical film unevenness that they produce is > 10 nm, and the 
typical film thicknesses are > 100 nm [101, 133].  

 

Figure 8. Schematic illustration of typical methods for GO film coating: (a) solution dropping and (b) self-assembly. In (a) 
and (b), the figures in the right side of each row show images for as-fabricated samples.  The sample images in (a) are 
reproduced with permission.[101] Copyright 2014, OSA Publishing [134] Copyright 2018, Elsevier Ltd, and [132] Copyright 2010, 
American Chemical Society. The sample images in (b) are reproduced with permission.[63] Copyright 2019, American 
Chemical Society. 

In contrast to solution dropping methods, self-assembly methods can achieve both 
high film uniformity (< 1 nm [63]) and low film thickness (down to the thickness of 2D 
monolayers [57]). Figure 8(b) shows the process flow for self-assembly. First, a GO solution 
composed of negatively charged 2D GO nanoflakes synthesized via the Brodie or the 
Hummer methods is prepared. Second, the target integrated chip with a negatively 
charged surface is immersed in a solution with positively charged aqueous polymers to 
obtain a polymer-coated integrated chip with a positively charged surface. Finally, the 
polymer-coated integrated chip is immersed in the prepared GO solution, where a GO 
monolayer is formed onto the top surface through electrostatic forces. By repeating the 
above steps, layer-by-layer coating of GO films on integrated chips can be realized, with 
high scalability and accurate control of the layer number or the film thickness. The strong 
electrostatic forces also enable conformal film coating of complex structures (e.g., wire 
waveguides and gratings) with high film uniformity. In addition, unlike film transfer ap-
proaches where the coating areas are limited by the lateral size of the exfoliated 2D films 
[135, 136], the film coating area for the self-assembled methods is limited only by the size of 
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the substrate and the solution container, which makes them excel at large-area film coat-
ing. By using plasma oxidation, the removal of GO films coated from integrated devices 
can be easily achieved, allowing for the recycling of the integrated chips and recoating of 
new GO films. 

3.2. Device patterning 
Device patterning is critical for engineering functionalities of advanced integrated 

devices. In Figure 9, we summarize the typical methods used to pattern GO films, includ-
ing inkjet printing, laser writing, lithography followed by lift-off, pre-patterning, and 
nanoimprinting. All of these methods have strong potential for industrial manufacturing, 
and each of them has advantages for specific applications. In Table 2, we compare the 
different GO film patterning methods.  

Inkjet printing is a simple and rapid GO film patterning method that can simultane-
ously achieve film coating and patterning. It is compatible with solution dropping coating 
methods, and is usually employed to fabricate patterns over large areas, with relatively 
low resolution on the order of microns [137, 138]. Figure 9(a) shows the process flow, where 
specialized ink solutions need to be prepared before printing. The printing processes in-
volve forming a jet of single droplets, drop casting, and droplet drying, similar to solution 
dropping methods, with the pattern shape and position normally controlled via pro-
grams.  

Table 2. Comparison of various GO films patterning methods. 

Technique Resolution Speed Prefabrication a) Resist Etching free Refs. 

Inkjet printing > 1 µm Fast No No Yes [137, 138] 

Laser writing > 300 nm Moderate No No Yes [96, 139] 

Lithography & lift-off — b) Fast Yes Yes No [54, 57] 

Pre-patterning > 200 nm Fast Yes No Yes [140] 

Nanoimprinting 10 ‒ 100 nm Moderate Yes Yes No [141] 

a) This includes prefabricated masks, moulds, and substrates. 
b) The patterning resolution, typically ranging from several nanometers to several hundreds of nanometers, depends on 
the light wavelength used for lithography. 

Laser writing is a one-step, noncontact, and mask-free film patterning method that 
has been widely used for patterning polymers [142, 143], metal surfaces [144, 145], and 2D mate-
rials [146, 147]. Figure 9(b) illustrates the process flow for patterning GO films using laser 
writing. The laser source can consist either of CW or pulsed lasers, with an objective lens 
used to focus the laser beam. Laser writing involves complex processes such as GO reduc-
tion, thermal melting / sublimation, and structural reorganization, ultimately resulting in 
localized thinning or ablation of GO films depending on the laser power. Laser writing 
can be used to pattern both thick films deposited by solution dropping and thin films 
coated via self-assembly, The patterning resolution is mainly determined by the spot size 
of the focused laser beam, which typically ranges from several microns to hundreds of 
nanometers [148].  

Lithography followed by lift-off is another widely used GO film patterning method 
[54, 57]. Unlike laser wrting that peforms patterning and etching simultanously, for lithog-
raphy the patterns are first formed on photoresist using well-developed techniques in the 
integrated circuit industry such as photolithography and electron beam lithography. It is 
then transferred to GO films deposited on the photoresist via lift off processes that are 
common for fabricating integrated metal electrodes (Figure 9(c)). Compared to GO films 
coated via solution dropping, films formed by self-assembly show a better lift-off outcome 
owing to their strong adhesion to the substrates enabled by the electrostatic forces. The 
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patterning resolution is determined by both the lithography resolution and the film prop-
erty. For visible, ultraviolet, deep ultraviolet (DUV) photolithography, the patterning res-
olution is mainly limited by the lithography resolution (typically > 300 nm), which is much 
larger than the sizes of the exfoliated GO nanoflakes (typically ~50 nm). For electron beam 
lithography with a higher patterning resolution (typically ~100 nm), the influence of the 
GO film thickness and flake size becomes more prominent, especially when the minimum 
feature size is < 150 nm [57]. 

Direct coating of GO films onto pre-patterned structures, or pre-patterning, is a sim-
ple method that can realize large-area GO film patterning. It relies on pre-fabrication to 
pattern the target substrates and conformal coating of GO films (Figure 9(d)), thus being 
suitable for the self-assembled GO films [140]. Pre-patterning is usually used for mass pro-
ducing repetitive patterns. Similar to lithography followed by lift off, the patterning reso-
lution is mainly limited by the minimum gap width of the pre-patterned structure when 
it is > 300 nm, and the GO film thickness and flake size when it is < 150 nm. 

 
Figure 9. Schematic illustration of typical methods for patterning GO films: (a) inkjet printing, (b) laser writing, (c) lithog-
raphy & lift-off, (d) pre-patterning, and (e) nanoimprinting. In (a) ‒ (e), the figure in the right side of each row shows an 
image for as-fabricated samples. The sample images in (a) ‒ (e) are reproduced with permission.[149] Copyright 2011 
Springer Nature., [120] Copyright 2019, Springer Nature, [54] Copyright 2020, Wiley-VCH, [140] Copyright 2020, Springer Na-
ture, and [150] Copyright 2011 American Vacuum Society, respectively. . 

Nanoimprinting is a film patterning method that can achieve a very high patterning 
resolution (e.g., down to ~10 nm [151]). Similar to lithography followed by lift off, it also 
needs to pattern photoresist before transferring the patterns onto the GO films. Instead of 
using photolithography or electron beam lithography, prefabricated imprint molds are 
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employed to pattern the photoresist (Figure 9(e)). To fabricate different patterns, different 
molds are required, and so this approach is mainly used for fabricating relatively simple 
and repetitive patterns [141]. 

Finally, it is worth mentioning that the fabrication techniques used to incorporate GO 
films in Figures 7 ‒ 9 are not limited to nonlinear integrated photonic devices. Rather, they 
are universal and can be used to fabricate other integrated photonic devices such as po-
larizers [57, 152], lenses [153, 154], and sensors [155, 156], and also integrated electronic devices such 
as field-effect transistors [155, 157], supercapacitors [158, 159], and solar cells [160, 161]. For nonlinear 
integrated photonic devices, self-assembly methods are more widely used than solution 
dropping methods, mainly due to the high film uniformity and low film thickness they 
can achieve, which result in low film loss that is desirable for boosting nonlinear optical 
processes such as FWM and SPM.  

4. Enhanced nonlinear optics in GO hybrid integrated devices 
The large optical nonlinearity and low loss of GO, along with its facile fabrication 

processes for large-scale and highly precise on-chip integration, have enabled many hy-
brid integrated devices with superior nonlinear optical performance [51-54, 110, 162]. In this sec-
tion, we summarize the state-of-the-art nonlinear integrated photonic devices incorporat-
ing GO.  

  As a typical third-order process, FWM has been widely exploited for all-optical 
signal generation, amplification, and processing [6, 24, 163-165]. Enhanced FWM in GO hybrid 
integrated devices was first demonstrated using Hydex waveguides [53], where FWM 
measurements were performed for 1.5-cm-long waveguides uniformly coated with 1 ‒ 5 
layers of GO, and a maximum net conversion efficiency (CE) enhancement of 6.9 dB was 
achieved for the device with 2 layers of GO (Figure 10(a)).  

Enhanced FWM in Hydex micro-ring resonators (MRRs) with patterned GO films 
was subsequently demonstrated [54]. Benefitting from the resonant enhancement in the 
MRRs, a maximum CE enhancement of 10.3 dB was achieved for a MRR with a patterned 
film including 50 GO layers (Figure 10(b)). Based on the FWM measurements, the change 
in n2 of GO films as a function of the layer number and light power was also analyzed, 
showing interesting trends in evolving from 2D materials to bulk-like behavior. Following 
the experimental demonstration, detailed theoretical analyses and optimization were per-
formed in Ref. [166], showing that CE enhancement up to 18.6 dB can be achieved by opti-
mizing the GO coating length and coupling strength of the MRR. 

Enhanced FWM in GO-Si3N4 waveguides has also been demonstrated [51], where 
FWM measurements were carried out for GO-coated planarized Si3N4 waveguides having 
different GO film lengths and thicknesses, achieving a maximum CE improvement of 9.1 
dB for a device with a 1.5-mm-long patterned film including 5 GO layers (Figure 10(c)). 
The patterned device also showed a broadened conversion bandwidth compared to the 
uncoated and uniformly coated devices. A detailed analysis of the influence of the GO 
film parameters and the Si3N4 waveguide geometry was provided in Ref. [102], showing that 
the CE enhancement can be further increased to 20.7 dB and the conversion bandwidth 
can be improved by up to 4.4 times. 
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Figure 10. (a) Enhanced four-wave mixing (FWM) in GO-coated Hydex waveguides. (b) Enhanced FWM in GO-coated 
Hydex micro-ring resonators (MRRs). (c) Enhanced FWM in GO-coated Si3N4 waveguides. (d) Enhanced self-phase-mod-
ulation (SPM) in GO-coated Si waveguides. (e) Strong saturable absorption (SA) in GO-coated Si waveguides. In (a) ‒ (d), 
(i) shows a microscope image for the fabricated device incorporating GO, (ii) shows measured FWM or SPM spectra for 
bare and GO-coated devices, and (iii) shows FWM conversion efficiency (CE) versus input pump power or spectral broad-
ening factors (BFs) versus input pulse energy for the devices in (ii). In (e), (i) shows a scanning electron microscopy (SEM) 
image of a Si waveguide conformally coated with 1 layer of GO. (ii) and (iii) show the power-dependent excess insertion 
loss relative to the bare Si waveguide (ΔEIL) versus pulse energy. (a) is reproduced with permission.[53] Copyright 2018, 
AIP Publishing. (b) is reproduced with permission.[54] Copyright 2020, Wiley-VCH. (c) is reproduced with permission.[51] 
Copyright 2020, Wiley-VCH. (d) and (e) are reproduced with permission.[52] Copyright 2020, American Chemical Society. 
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SPM is another fundamental third-order process that has wide applications in wide-
band optical sources, pulse compression, frequency metrology, and optical coherence to-
mography [167, 168]. Enhanced SPM in GO-Si waveguides has been reported [52], where SPM 
measurements were performed for Si wire waveguides conformally coated with GO films 
having different lengths and thicknesses. Significant spectral broadening of picosecond 
optical pulses after passing these waveguides was observed, showing a maximum broad-
ening factor (BF) of 4.34 for a device with 10 GO layers (Figure 10(d)). By coating GO films, 
the effective nonlinear figure of merit (FOM) of the hybrid waveguide was improved by 
up to 20 times compared to the bare Si waveguide. According to theoretical calculations 
based on the experimental results [103], a maximum BF of 27.8 can be achieved by optimiz-
ing the GO film parameters and Si waveguide geometry. In addition to enhanced SPM, 
strong SA in the GO-coated Si waveguide was also observed, as evidenced by a decrease 
in the measured excess insertion loss relative to the bare Si waveguide for an increased 
pulse energy (Figure 10(e)). It was also observed that the hybrid waveguides with thicker 
GO films showed a more prominent SA, although at the expense of higher linear loss. 

5. Comparison of different integrated platforms incorporating GO 
As reviewed in Section 4, enhanced nonlinear optical responses have been achieved 

for integrated Si, Si3N4, and Hydex devices incorporating GO. In this section, we provide 
a detailed comparison of the nonlinear optical performance of these integrated platforms. 
We compare FWM using CW light and SPM-induced spectral broadening using optical 
pulses in GO-coated Si, Si3N4, and Hydex waveguides. We used the material parameters 
obtained from experimental measurements [51-53] to calculate the FWM and SPM perfor-
mance parameters based on the theory in Refs. [169-172], and accounted for the variation in 
loss arising from photo-thermal changes and SA in the GO films. The comparison of the 
nonlinear figure-of-merits for different GO hybrid waveguides are also provided.  

 
Figure 11. FWM CE versus waveguide length (L) and pump power (Pp) for hybrid (a) Si, (b) Si3N4, and (c) Hydex wave-
guides uniformly coated with different numbers of GO layers. (i) – (v) show the results for N = 1, 2, 5, 10, and 20, respec-
tively. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 February 2022                   doi:10.20944/preprints202202.0128.v1

https://doi.org/10.20944/preprints202202.0128.v1


 17 of 41 
 

 

Figure 11 shows the FWM CE as a function of waveguide length L and pump power 
Pp for hybrid Si, Si3N4, and Hydex waveguides uniformly coated with GO films. Similar to 
Figure 6, we show the results for 5 different numbers of GO layers (i.e., N = 1, 2, 5, 10, 20). 
For each of the hybrid waveguides, the CE increases with Pp, while as a function of L, it 
first increases and then decreases, reaching a maximum value at an intermediate wave-
guide length. As the layer number N increases, the L corresponding to the maximum CE 
becomes smaller. These trends reflect the trade-off between third-order nonlinearity im-
provement and propagation loss increase for the hybrid waveguides, with the former 
dominating for relatively small N and L, and the latter becoming more obvious as N and 
L increase. For the waveguides with the same N, the CE of the GO-Si waveguide is much 
higher than the GO-Si3N4 and GO-Hydex waveguides, although its waveguide length is 
shorter. This is mainly due to the larger third-order optical nonlinearity of Si as compared 
with Si3N4 and Hydex. 

 
Figure 12. (a) FWM CE enhancement versus waveguide length (L) for hybrid Si, Si3N4, and Hydex waveguides uniformly 
coated with different numbers of GO layers. (b) FWM CE enhancement versus GO coating length (Lc) for hybrid Si, Si3N4, 
and Hydex waveguides patterned with different numbers of GO layers. The lengths of the uncoated Si, Si3N4, and Hydex 
waveguides are L = 2 mm, L = 10 mm, and L = 50 mm, respectively. The patterned GO films are assumed to be coated from 
the start of the waveguides. 

Figure 12 compares the CE enhancement (∆CE) of the hybrid waveguides relative to 
the uncoated waveguides. In Figure 12(a), we show the results for the waveguides uni-
formly coated with GO films. For all of these hybrid waveguides, the CE enhancement 
decreases with waveguide length L, reflecting the fact that a shorter length yields better 
CE enhancement. For the waveguides coated with thicker GO films, although the initial 
CE enhancement (at very small L) is higher, it decreases more rapidly with L, thus result-
ing in a decreased range of L with positive CE enhancement. Figure 12(b) presents the 
corresponding results for the waveguides with patterned GO films, where the length of 
the uncoated waveguide is fixed at L, and the GO film coating length Lc varies from 0 to 
L. Similar to the relation between CE and L in Figure 11, the CE enhancement reaches a 
maximum for an intermediate Lc, and the Lc corresponding to the highest ∆CE decreases 
with GO layer number N. This also results from the trade-off between the third-order 
nonlinearity and loss. The CE enhancement of GO-Si waveguides is lower than the GO-
Si3N4 and GO-Hydex waveguides, in contrast to a higher CE achieved for the GO-Si 
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waveguides in Figure 11. This reflects an interesting trade-off between achieving high 
relative CE enhancement versus high overall CE in these GO hybrid integrated wave-
guides. 

Figure 13 shows SPM-induced spectral evolution of optical pulses traveling along 
the hybrid Si, Si3N4, and Hydex waveguides uniformly coated with GO films. For com-
parison, we show the BFs at an intensity attenuation of -20 dB (i.e., BF-20dB) for different 
waveguides, together with the corresponding propagation lengths (Lp). For each of the 
hybrid waveguides, BF-20dB first increases and then decreases with GO layer number N, 
achieving a maximum spectral broadening at an intermediate film thickness. As N in-
creases, Lp decreases and the optical pulses vanish at shorter propagation lengths, reflect-
ing that the loss increase becomes dominant for the waveguides with longer lengths or 
thicker GO films. Similar to Figure 11, the large third-order optical nonlinearity of Si result 
in the GO-Si waveguides showing a much more significant spectral broadening than com-
parable GO-Si3N4 and GO-Hydex waveguides even for shorter lengths. Unlike the sym-
metric spectral evolution in the GO-Si3N4 and GO-Hydex waveguides, the spectral evolu-
tion in the GO-Si waveguides exhibits a slight asymmetry due to free-carrier effects in Si. 

 
Figure 13. SPM-induced pulse spectral evolution for hybrid (a) Si, (b) Si3N4, and (c) Hydex waveguides uniformly coated 
with different numbers of GO layers. (i) – (v) show the results for N = 1, 2, 5, 10, and 20, respectively. The full width at half 
maximum (FWHM) and peak power of the input optical pulses are 3.9 ps and 30 W, respectively. 

Figure 14(a) compares the relative BF (rBF) versus waveguide length (L) for hybrid 
Si, Si3N4, and Hydex waveguides uniformly coated with GO films, where the rBF is de-
fined as the ratio of the BF of the hybrid waveguide to that of the uncoated waveguide. 
Note that the BF here corresponds to the value at the waveguide output, which is different 
from BF-20dB in Figure 13. For the GO-Si and GO-Si3N4 waveguides with thicker GO films 
(N ≥ 5), the maximum rBF is achieved for an intermediate L, whereas for these waveguides 
with thinner GO films and all the GO-Hydex waveguides, the rBF monotonically increases 
with L. This is consistent with the trade-off between the third-order nonlinearity and loss 
in Figure 13. Figure 14(b) compares the rBF versus GO coating length (Lc) for the wave-
guides with patterned GO films, where the length of the uncoated waveguide is fixed at 
L, with Lc varying from 0 to L. Similar to the trend in Figure 14(a), the maximum rBF is 
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also achieved for an intermediate Lc for the GO-Si and GO-Si3N4 waveguides when N ≥ 5. 
In contrast to the higher BF achieved for the GO-Si waveguides in Figure 13, their rBF is 
lower than the GO-Si3N4 waveguides, which is similar to the trade-off between achieving 
a high relative CE enhancement and a high overall CE in Figures 11 and 12. 

 
Figure 14. (a) SPM-induced relative BF (rBF) versus waveguide length (L) for hybrid Si, Si3N4, and Hydex waveguides 
uniformly coated with different numbers of GO layers. (b) rBF versus GO coating length (Lc) for hybrid Si, Si3N4, and 
Hydex waveguides patterned with different numbers of GO layers. The lengths of the uncoated Si, Si3N4, and Hydex 
waveguides are L = 10 mm, L = 40 mm, and L = 16 cm, respectively. The patterned GO films are assumed to be coated from 
the start of the waveguides. In (a) and (b), the parameters of the input optical pulses are the same as those in Figure 13. 

In Table 3 and Figure 15, we quantitively compare the nonlinear performance of GO-
Si, GO-Si3N4, and GO-Hydex waveguides, together with corresponding results for the 
bare integrated waveguides. We calculated two figure-of-merits, i.e., FOM1 and FOM2, 
which are widely used for comparing nonlinear optical performance. FOM1 is defined in 
terms of nonlinear absorption [2, 3], and the corresponding results are provided in Table 3. 
It increases with GO layer number N, and the FOM1 of the GO-Si waveguide is lower than 
comparable GO-Si3N4 and GO-Hydex waveguides. The former results from the increase 
in the third-order optical nonlinearity and the latter is due to the strong TPA of Si. FOM2 
is defined based on the trade-off between third-order optical nonlinearity and linear loss 
[173]. It is a function of waveguide length L given by FOM2 = γ × Leff, where Leff = [1 - exp (-
αL× L)] /αL is the effective interaction length, with γ and αL denoting the waveguide non-
linear parameter and the linear loss attenuation coefficient, respectively. Figures 15(a) and 
(b) shows Leff and FOM2 versus L for hybrid Si, Si3N4, and Hydex waveguides uniformly 
coated with 1 and 10 GO layers, respectively. Different ranges of L are chosen and the 
results for the bare waveguides (i.e., N = 0) are also shown. For all of these hybrid wave-
guides, FOM2 first rapidly increases with L and then increases more gradually as L be-
comes larger. For a small L, the FOM2 of the hybrid waveguide is lower than that of com-
parable uncoated waveguide, whereas when L becomes large enough, the FOM2 of the 
uncoated waveguide gradually approaches and even surpasses that of the hybrid wave-
guides. This reflects that the negative influence induced by increased linear loss becomes 
more dominant as L increases, which are consistent with the results in Figures 11 ‒ 14. In 
contrast to FOM1, the FOM2 of GO-Si waveguides is higher than comparable GO-Si3N4 
and GO-Hydex waveguides, mainly due to the large third-order optical nonlinearity of Si 
and its strong GO mode overlap.  
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Table 3. Comparison of nonlinear optical performance of different integrated waveguides incorpo-
rating GO. FOM: figure of merit. 

Integrated 

waveguide 

GO layer 

number a) 

Waveguide 

 dimension (μm) 

γ  

(W-1m-1) b) 

αL  

(1/m) c) 

PL  

(dB/cm) d) 

FOM1  

(a. u.) e) 

Si 

N = 0 

0.50 × 0.22 

288.00 99.00 4.30 0.74 

N = 1 668.01 571.03 24.80 2.52 

N = 10 2905.92 3640.30 158.11 8.90 

Si3N4 

N = 0 

1.60 × 0.66 

1.51 69.08 3.00 

>> 1 N = 1 13.14 139.30 6.05 

N = 10 167.14 1474.56 64.04 

Hydex 

N = 0 

2.00 × 1.50 

0.28 5.53 0.24 

>> 1 N = 1 0.61 29.01 1.26 

N = 10 7.65 294.26 12.78 

a) N = 0 corresponds to the results for the uncoated Si, Si3N4, and Hydex waveguides, whereas N = 1 and 10 correspond to the results 

for the hybrid waveguides with 1 and 10 layers of GO, respectively. 
b) γ is the nonlinear parameter. For the hybrid waveguides, γ’s are the effective values calculated based on Refs. [51, 53]. 
c) αL is the linear loss attenuation coefficient. According to Refs. [51-53], αL’s of the uncoated Si, Si3N4, and Hydex waveguides (i.e., N = 

0) are assumed to be 99.0 m-1, 69.1 m-1, and 5.5 m-1, respectively.  
d) PL is the linear propagation loss calculated by PL (dB/cm) = 10 × log10[exp (αL × 0.01)]. 
e) The definition of FOM1 = n2 / (λβTPA) is the same as those in Refs. [2, 3], with n2 and βTPA denoting the effective Kerr coefficient and TPA 

coefficient of the waveguides, respectively, and λ the light wavelength. The values for the Si3N4, and Hydex waveguides are >> 1 due 

to negligible TPA observed in these waveguides.  

 

Figure 15. (a) Effective interaction length (Leff ) versus waveguide length (L) for hybrid Si, Si3N4, and Hydex waveguides 
uniformly coated with 1 and 10 layers of GO. (b) FOM2 versus waveguide length (L) for hybrid Si, Si3N4, and Hydex 
waveguides uniformly coated with 1 and 10 layers of GO. In (a) and (b), the corresponding results for uncoated wave-
guides (N = 0) are also shown for comparison. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 February 2022                   doi:10.20944/preprints202202.0128.v1

https://doi.org/10.20944/preprints202202.0128.v1


 21 of 41 
 

 

6. Challenges and perspectives  
As discussed above, GO has distinct nonlinear optical properties with excellent com-

patibility with different integrated platforms, yielding many high-performance hybrid 
nonlinear integrated photonic devices. Despite the current successes, however, there is 
still room for future improvement. In this section, we discuss the challenges and perspec-
tives for fully exploiting the significant potential of GO for nonlinear integrated photonics.  

Most of the state-of-the-art GO nonlinear integrated photonic devices incorporate GO 
films with little modification or optimization of their properties. The reality, however, as 
discussed in Section 2, is that GO’s properties can be significantly changed by manipulat-
ing the OCFGs. This offers a high degree of flexibility in engineering its properties for 
different nonlinear optical processes. For example, a large optical bandgap of GO could 
benefit the FWM, SPM, and XPM processes by reducing the linear loss and nonlinear loss 
such as TPA. Whereas for SA, a small optical bandgap is often needed to enhance the light 
absorption and improve the modulation depth.  

As shown in Figure 16, the methods for tuning GO’s material properties can be clas-
sified into two categories ‒ reduction and doping. The reduction based methods can in-
volve thermal [174], laser [96, 175], chemical [176, 177], or microwave based reduction [178]. Amongst 
them, thermal and laser reduction are simple and rapid, but usually suffer from limita-
tions in terms of residual OCFGs and generated defects. Whereas chemical and micro-
wave reduction show better capability in completely removing the OCFGs and well pre-
serving the carbon network without introducing many defects [174, 175]. By using wet chem-
istry and microwave reduction methods [178, 179], synthesizing high-quality rGO with prop-
erties extremely close to those of graphene has been realized. The synthesis of graphene-
like materials via GO reduction can exploit the advantages offered by GO fabrication pro-
cesses including a high production yield and a high CMOS compatibility, providing a 
viable solution for the mass production of graphene based devices.  

 
Figure 16. Schematic illustration of typical GO reduction and doping methods. 
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In contrast to the removal of OCFGs that occurs during the reduction of GO, doping 
methods introduce foreign atoms such as nitrogen, boron, and sulfur into the chemical 
structure of GO, thus enabling new material properties. The doping methods mainly con-
sist of laser [180], chemical [181], plasma [182], and annealing based doping [183]. For laser dop-
ing, the doped area can be well controlled and patterned with a focused laser beam, but 
is often challenging for patterning large areas in a short time. In contrast, plasma, chemi-
cal, and annealing doping methods have shown strong ability to achieve high-efficient 
GO doping over large areas at the expense of a low patterning accuracy [181-183].  

Although the linear propagation loss of the state-of-the-art integrated waveguides 
incorporating GO films is already over 100 times lower than comparable devices incorpo-
rating graphene, there is still significant room to reduce the loss even further. In principle, 
GO with a bandgap > 2 eV has negligible linear absorption below its bandgap, e.g., at near-
infrared wavelengths (with a photon energy of ∼0.8 eV at 1550 nm). The light absorption 
of practical GO films is mainly caused by defects as well as scattering loss stemming from 
imperfect layer contact and film unevenness [53, 57]. The loss from these sources can be re-
duced further by modifying the GO synthesis and film coating processes, e.g., by using 
GO solutions with improved purity and optimized flake sizes. Reducing the linear loss of 
the GO films will not only enhance the performance of state-of-the-art GO FWM and SPM 
devices, but also facilitate many new nonlinear optical applications such as supercontin-
uum generation (SCG) [167, 184] and optical micro-comb generation [88, 185]. 

The current research on GO nonlinear integrated photonic devices mainly focuses on 
their large third-order optical nonlinearity. However, in addition to this, a surprising sec-
ond-order optical nonlinearity of GO has been reported [109, 110], which will underpin future 
research on GO devices for many second-order optical nonlinear processes such as sec-
ond-harmonic generation (SHG), sum / difference frequency generation (SFG / DFG), the 
Pockels effect, and optical rectification,. Unlike the third-order optical nonlinearity that 
exists for all materials, the second-order optical nonlinearity can only occur in non-cen-
trosymmetric materials or at the surface of centrosymmetric materials where the inversion 
symmetry is broken [44, 186, 187]. In contrast to graphene that has a centrosymmetric atomic 
structure, GO has a highly heterogenous atomic structure that yields a large second-order 
optical nonlinearity that can be tuned by changing the atomic structure of GO via reduc-
tion or doping methods. This, along with its high compatibility with integrated platforms, 
will enable functional second-order nonlinear integrated photonic devices with many ap-
plications, such as ultrafast signal processing and generation based on the SHG [44], tunable 
terahertz plasmon generation based on the DFG [188], high-speed electro-optic modulators 
based on the Pockels effect [189], and broadband photo detectors based on the optical recti-
fication [190].  

The use of GO films as saturable absorbers in mode-locked fiber lasers has already 
been demonstrated [4, 44], and the SA in integrated waveguides incorporating with GO has 
also been observed [52]. Although GO has a large optical bandgap with relatively low SA 
as compared with graphene, its SA capability can be improved by engineering the defect 
states in GO or by reducing it to obtain a graphene-like material. In the near future, inte-
grated photonic devices incorporating GO or rGO with strong SA capability are expected 
to open new horizons for implementing on-chip mode-locked lasers [191], broadband all-
optical modulators [192], pulse compression systems [193], and photonic neural networks [194]. 

In Table 4, we compare integrated photonic devices incorporating different kinds of 
2D materials for nonlinear optical processes. Relative to integrated waveguides incorpo-
rating other 2D materials, GO hybrid waveguides have lower linear propagation loss. Fur-
ther, the highly precise control of the film size and thickness, along with the capability for 
conformal coating on complex structures, offers unique advantages in optimizing the per-
formance of GO hybrid integrated devices. Given the high flexibility in changing the ma-
terial properties of GO, the potential for performance optimization is even larger. In future 
research on GO nonlinear integrated photonic devices, some unexplored third-order op-
tical nonlinear processes such as THG and XPM, various second-order nonlinear optical 
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processes, and the comparison between the performance of nonlinear integrated photonic 
devices incorporating rGO and graphene will potentially be very hot topics, and similar 
work on integrated photonic devices incorporating graphene and TMDCs in the Table 4 
could provide useful guidance for the design of experiments and for performance com-
parison.  

The overall nonlinear optical performance of GO hybrid integrated photonic devices 
depends on many factors related to GO’s material properties, including not only nonlinear 
properties such as second-order or third-order optical nonlinearity and nonlinear light 
absorption, but also linear properties such as linear loss and dispersion. It is complicated 
by effects such as changes in GO’s material properties with light power and film thickness. 
In the meantime, these extraordinary properties of layered GO films also yield a lot of new 
capabilities that cannot be achieved with conventional integrated devices made from only 
bulk materials, which allow more degrees of freedom to engineer the device performance 
and functionality. 

Table 4. Comparison of integrated photonic devices incorporating different 2D materials for non-
linear optical (NLO) applications. G: graphene. 

2D 
Material Device a) 

PL b) 
(dB/mm) 

2D film 
thickness 

n2 of 2D material 
(× 10-14 m2 W-1) 

NLO  
effect c) 

NLO 
performance d) Ref. 

GO 
Hydex 

WG 0.1 
4 nm 

2 layers 1.5 FWM 
CE improvement 

up to 6.9 dB 
[53] 

GO 
Hydex 
MRR — 

2−100 nm 
1−50 layers 1.2 – 2.7 FWM 

CE improvement 
up to 10.3 dB 

[54] 

GO 
Si3N4 
WG 0.6 

2−20 nm 
1−10 layers 1.3 − 1.4 FWM 

CE improvement 
up to 9.1 dB 

[51] 

GO 
Si 

WG 2.5 
2−40 nm 

1−20 layers 1.2 − 1.4 SPM & SA 
Max BF of 4.34 

Obvious SA 
[52] 

G Si PhC cavity — monolayer 10 FWM 
CE improvement 
more than 20 dB 

[195] 

G Si PhC WG 50 monolayer 10 FWM 
CE improvement 

up to 8 dB 
[196] 

G 
Si 

MRR 
— monolayer 15 FWM 

CE improvement 
up to 6.8 dB 

[197] 

G 
Si3N4 

WG 
50 monolayer — FWM 

γ improvement up to  
about 1000 folds  

[198] 

G 
Si 

WG 
30 monolayer 100 FWM 

CE improvement 
up to 4.8 dB 

[173] 

G 
Si 

WG 67−111  monolayer 10 FWM 
γ improvement  
up to 10 folds 

[199] 

G 
Si 

WG 52 — — SPM 
Pulse compression  
from 80 to 15.7 fs 

[200] 

G 
Si 

WG 200 monolayer — SPM 
γ improvement from  

150 to 510 W-1m-1 
[171] 

G 
Si3N4 

WG 12.9 monolayer — SA Strong SA for varied pulse width from 0.2 to 2 ps [172] 

G 
Si slot 
WG 

940 monolayer — SA 
MD improvement 

up to 7 folds e) 
[201] 
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G 
Si 

WG 
49 monolayer — SA MD up to 22.7%  [202] 

G 
Si3N4 

WG 100 2 layers — DFG Generating THz plasmons from 4.7 to 9.4 THz [188] 

MoS2 
Si 

WG 5.5 3 nm 0.03 FWM 
CE improvement 

up to 4 dB 
[68] 

MoS2 
Si 

WG — 10 nm 0.01 SPM 
Extracted n2 of MoS2 

about 100 times that of Si 
[203] 

MoS2 
Si 

WG — monolayer — SHG 
SHG enhancement  

up to 5 folds f) 
[204] 

WS2 g) 
Si3N4 
WG 

2.5 5.6 nm 0.20 – 0.22 SPM 
γ improvement from  

1.75 to 650 W-1 m-1 
[205] 

WS2 
Si3N4 
WG 

— monolayer — SHG Obvious SHG in contrast to negligible for the bare WG [206] 

GaS 
Si3N4 
MRR 

— 103 nm 1.2 × 10-4 XPM 
Extracted n2 of GaS 

about 10 times that of Si3N4 
[207] 

a) WG: waveguide. MRR: microring resonator. PhC: photonic crystal. 
b) PL: the linear propagation loss of the hybrid waveguides with the lowest 2D film thickness.  
c) DFG: difference frequency generation. SHG: second-harmonic generation. XPM: cross-phase modulation. 
d) CE: conversion efficiency. BF: broadening factor. γ: nonlinear parameter. MD: modulation depth. The improvements in CE and γ 

are relative to the uncoated waveguides. 
e) The MD improvement is relative to a graphene-on-Si3N4 rib waveguide.  
f) The SHG enhancement is relative to the free-space SHG from the 2D material. 
g) This work was demonstrated for wavelength around 800 nm. Except for this work, all the other works were demonstrated for 

wavelengths around 1550 nm.  
As discussed in Section 2, there are photo-thermal changes in the GO films that result 

in the PDLL in practical GO films. In contrast to the reversible photo-thermal changes at 
low light powers, the loss increase induced by the photo-thermal changes can become 
permanent at high powers that exceed certain thresholds. The permanent loss increase of 
GO limits its use for high-power nonlinear optical applications. Recently, it was found 
that by using an electrochemical method to modify the degree of oxidation of GO [208], it 
can retain a high third-order optical nonlinearity with significantly improved (> 100 times) 
material stability under high-power laser illumination. In future work, the on-chip inte-
gration of this modified GO is promising to yield GO hybrid integrated photonic devices 
with superior power handling capability.  

For practical GO films under light irradiation, different nonlinear optical processes 
coexist [209, 210] and the interplay between these can result in complex behaviors. For exam-
ple, the loss induced by TPA can deteriorate the FWM and SPM performance, whereas 
the reduced loss arising from SA could have a positive effect. In addition, different non-
linear optical processes may have different excitation conditions. For example, TPA occurs 
when the photon energy of incident light is larger than half of the material’s bandgap, 
whereas SA can be efficiently excited when the single photon energy of incident light is 
just above the bandgap energy. In practical applications, the different nonlinear optical 
processes in GO need to be appropriately managed and balanced depending on the spe-
cific nonlinear optical application and the wavelength region of interest. For instance, the 
bandgap of GO can be engineered via reduction or doping to meet the requirements of 
specific nonlinear optical applications in specific wavelength regions. 
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Assembling different 2D materials to construct van der Waals heterostructures has 
ushered in many significant breakthroughs in recent years [211, 212]. Due to the ease of fab-
rication and high flexibility for changing its properties, GO offers vast possibilities for 
implementing heterostructures based on different materials. Currently, some heterostruc-
tures including GO or rGO have been investigated, e.g., polymer / GO heterostructure [213], 
titanium carbide / rGO heterostructure [214], and vanadium pentoxide / rGO heterostruc-
ture [215]. However, the optical nonlinearity of GO or rGO heterostructures, particularly in 
the form of integrated devices, are yet to be investigated, hinting at more significant break-
throughs to come. 

Phase matching is a prerequisite for achieving efficient nonlinear processes such as 
FWM, SPM, XPM, and THG. For GO-coated integrated waveguides, their waveguide dis-
persion can be engineered by reducing or patterning GO films to alleviate the phase mis-
match. This would improve the FWM bandwidth and the SPM spectral broadening, and 
pave the way for broadband frequency comb generation [216, 217] and SCG [184, 218]. In materi-
als with a positive Kerr coefficient n2 (e.g., Si, Si3N4 and Hydex glass), phase matching 
occurs for anomalous dispersion. This requires growing thick films to achieve anomalous 
dispersion in the telecom band, which has been a major challenge for Si3N4 films due to 
stress-induced cracking [25]. Recently, laser-reduced GO films with negative values of n2 
have been reported [55, 56]. In future work, it is anticipated that the use of rGO with a nega-
tive n2 can reduce the phase mismatch in Si3N4 waveguides with normal dispersion, which 
would lower the requirements for achieving phase matching in normal-dispersion de-
vices, thus rendering them capable of playing more important roles in nonlinear optical 
applications. 

Slot waveguides, with enhanced light-matter interaction enabled by the strong light 
confinement in the subwavelength slot regions, provide a better structure to exploit the 
material properties of GO [28, 219]. Although GO has shown advantages in conformal coating 
integrated wire waveguides [63], this is still challenging for narrow slot regions with widths 
< 100 nm and heights > 200 nm. This is mainly limited by the size of GO flakes used for 
self-assembly, which is typically ~50 μm. By modifying the GO synthesis methods and 
using more vigorous ultra-sonication, GO flakes with smaller sizes can be obtained, which 
are expected to address this issue and enable the implementation of GO hybrid slot wave-
guides with significantly improved nonlinear optical performance. In addition to MRRs 
[54], other resonant device structures can be employed to enhance the light-GO interaction 
based on the resonant enhancement effect, such as subwavelength gratings [220], photonic 
crystal cavities [195], and whisper-gallery-mode cavities [221, 222]. 

Although there has been a lot of work investigating the nonlinear optical perfor-
mance of GO and rGO, much of this has been semi-empirical. More physical insights, such 
as the anisotropy of the optical nonlinearity, the dependence of the nonlinear optical prop-
erties on the reduction / doping degree, and the interplay between Re (χ(3)) and Im (χ(3)) 
processes, remain to be explored. Previously, the optical nonlinearity of thick GO films (> 
1 µm) was characterized via the widely used Z-scan method [55, 56], However, for extremely 
thin 2D films (< 20 nm), it is very difficult to accurately distinguish the weak response 
induced by the 2D films from the backgroud noise in the Z-scan measurements. Moreover, 
the ultrathin 2D films are easily damaged by the perpendicularly focused laser beam. The 
fabrication techniques for integrating GO films allow for precise control of their thick-
nesses and sizes, which yields new possibilities for investigating fundamental physical 
insights of 2D GO films. This, in turn, will also facilitate the full exploitation of the great 
potential of GO in nonlinear integrated photonic devices. This synergy will have a long-
lasting positive impact, which will be a strong driving force for the continuous improve-
ment of device performance and broadening of applications.  

Accompanying the continuous improvement in the knowledge and control of GO’s 
material properties as well as the development of its fabrication techniques, it is expected 
that many new breakthroughs in GO nonlinear integrated photonics will happen. The de-
livery of mass-producible hybrid nonlinear integrated photonic devices with significantly 
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improved performance serves the common interest of many photonic industries, which 
will accelerate the applications of 2D materials out of laboratory and assure that the re-
search in this area will benefit the broader community. This material and technology will 
have a broad range of applications from nonlinear photonic chips to integrated micro-
combs for many applications such as microwave photonics. [223-398] 

7. Conclusion 
The on-chip integration of GO films that provide a large optical nonlinearity along 

with a high degree of flexibility in changing its properties, represents a promising frontier 
for implementing high-performance nonlinear integrated photonic devices for a wide 
range of applications. In this paper, we review the progress in GO nonlinear integrated 
photonics. We summarize the optical properties of GO and the fabrication technologies 
for its on-chip integration. We review a wide range of GO hybrid integrated devices for 
different nonlinear optical applications, and compare the nonlinear optical performance 
of different integrated platforms. We also discuss the challenges and perspectives of this 
nascent field. Accompanying the advances in this interdisciplinary field, we believe that 
GO based nonlinear integrated photonics will become a new paradigm for both scientific 
research and industrial applications in exploiting the enormous opportunities arising 
from the merging of integrated devices and 2D materials. 

Conflict of Interest: The authors declare no conflict of interest. 

References  

[1] Y. Shen, Rev. Mod. Phys. 1976, 48, 1. 

[2] J. Leuthold, C. Koos, W. Freude, Nat. Photonics 2010, 4, 535. 

[3] D. J. Moss, R. Morandotti, A. L. Gaeta, M. Lipson, Nat. Photonics 2013, 7, 597. 

[4] X. Liu, Q. Guo, J. Qiu, Adv. Mater. 2017, 29, 1605886. 

[5] Y. Yang, K. Kelley, E. Sachet, S. Campione, T. S. Luk, J. P. Maria, M. B. Sinclair, I. Brener, Nat. Photonics 2017, 11, 390. 

[6] M. A. Foster, A. C. Turner, J. E. Sharping, B. S. Schmidt, M. Lipson, A. L. Gaeta, Nature 2006, 441, 960. 

[7] K. Ooi, D. Ng, T. Wang, A. Chee, S. Ng, Q. Wang, L. Ang, A. Agarwal, L. Kimerling, D. Tan, Nat. Commun. 2017, 8, 1. 

[8] F. Li, T. Vo, C. Husko, M. Pelusi, D.-X. Xu, A. Densmore, R. Ma, S. Janz, B. Eggleton, D. Moss, Opt. Express 2011, 19, 20364. 

[9] X. Yang, X. Hu, H. Yang, Q. Gong, Nanophotonics 2017, 6, 365. 

[10] B. Corcoran, C. Monat, C. Grillet, D. J. Moss, B. J. Eggleton, T. P. White, L. O'Faolain, T. F. Krauss, Nat. Photonics 2009, 3, 206. 

[11] F. Morichetti, A. Canciamilla, C. Ferrari, A. Samarelli, M. Sorel, A. Melloni, Nat. Commun. 2011, 2, 1. 

[12] P. Trocha, M. Karpov, D. Ganin, M. H. Pfeiffer, A. Kordts, S. Wolf, J. Krockenberger, P. Marin-Palomo, C. Weimann, S. Randel, 

Science 2018, 359, 887. 

[13] J. Riemensberger, A. Lukashchuk, M. Karpov, W. Weng, E. Lucas, J. Liu, T. J. Kippenberg, Nature 2020, 581, 164. 

[14] Q. F. Yang, M. G. Suh, K. Y. Yang, X. Yi, K. J. Vahala, "Microresonator soliton dual-comb spectroscopy", presented at CLEO: 

Science and Innovations, 2017. 

[15] S. Klimmer, O. Ghaebi, Z. Gan, A. George, A. Turchanin, G. Cerullo, G. Soavi, Nat. Photonics 2021, 15, 837. 

[16] M. Fridman, A. Farsi, Y. Okawachi, A. L. Gaeta, Nature 2012, 481, 62. 

[17] A. Klein, S. Shahal, G. Masri, H. Duadi, M. Fridman, IEEE Photon. J. 2017, 9, 1. 

[18] M. Kues, C. Reimer, P. Roztocki, L. R. Cortés, S. Sciara, B. Wetzel, Y. Zhang, A. Cino, S. T. Chu, B. E. Little, Nature 2017, 546, 

622. 

[19] C. Reimer, M. Kues, P. Roztocki, B. Wetzel, F. Grazioso, B. E. Little, S. T. Chu, T. Johnston, Y. Bromberg, L. Caspani, Science 

2016, 351, 1176. 

[20] G. T. Reed, G. Mashanovich, F. Y. Gardes, D. Thomson, Nat. Photonics 2010, 4, 518. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 February 2022                   doi:10.20944/preprints202202.0128.v1

https://doi.org/10.20944/preprints202202.0128.v1


 27 of 41 
 

 

[21] W. Zhang, J. Yao, Nat. Commun. 2018, 9, 1. 

[22] J. Wu, T. Moein, X. Xu, G. Ren, A. Mitchell, D. J. Moss, APL Photonics 2017, 2, 056103. 

[23] A. G. Griffith, R. K. Lau, J. Cardenas, Y. Okawachi, A. Mohanty, R. Fain, Y. H. D. Lee, M. Yu, C. T. Phare, C. B. Poitras, Nat. 

Commun. 2015, 6, 1. 

[24] J. S. Levy, A. Gondarenko, M. A. Foster, A. C. Turner-Foster, A. L. Gaeta, M. Lipson, Nat. Photonics 2010, 4, 37. 

[25] M. H. Pfeiffer, A. Kordts, V. Brasch, M. Zervas, M. Geiselmann, J. D. Jost, T. J. Kippenberg, Optica 2016, 3, 20. 

[26] M. Ferrera, L. Razzari, D. Duchesne, R. Morandotti, Z. Yang, M. Liscidini, J. Sipe, S. Chu, B. Little, D. Moss, Nat. Photonics 2008, 

2, 737. 

[27] L. Razzari, D. Duchesne, M. Ferrera, R. Morandotti, S. Chu, B. Little, D. Moss, Nat. Photonics 2010, 4, 41. 

[28] C. Koos, P. Vorreau, T. Vallaitis, P. Dumon, W. Bogaerts, R. Baets, B. Esembeson, I. Biaggio, T. Michinobu, F. Diederich, Nat. 

Photonics 2009, 3, 216. 

[29] J. Leuthold, W. Freude, J.-M. Brosi, R. Baets, P. Dumon, I. Biaggio, M. L. Scimeca, F. Diederich, B. Frank, C. Koos, Proc. IEEE 

2009, 97, 1304. 

[30] K. Chow, S. Yamashita, S. Set, Opt. Lett. 2010, 35, 2070. 

[31] Z. Ma, L. Yang, L. Liu, S. Wang, L. M. Peng, ACS Nano 2020, 14, 7191. 

[32] T. Gu, N. Petrone, J. F. McMillan, A. van der Zande, M. Yu, G. Q. Lo, D. L. Kwong, J. Hone, C. W. Wong, Nat. Photonics 2012, 6, 

554. 

[33] I. A. Calafell, L. A. Rozema, D. A. Iranzo, A. Trenti, P. K. Jenke, J. D. Cox, A. Kumar, H. Bieliaiev, S. Nanot, C. Peng, Nat. 

Nanotechnol. 2021, 16, 318. 

[34] T. Jiang, V. Kravtsov, M. Tokman, A. Belyanin, M. B. Raschke, Nat. Nanotechnol. 2019, 14, 838. 

[35] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos, I. V. Grigorieva, A. A. Firsov, Science 2004, 306, 

666. 

[36] F. Bonaccorso, Z. Sun, T. Hasan, A. Ferrari, Nat. Photonics 2010, 4, 611. 

[37] J. Wu, L. Jia, Y. Zhang, Y. Qu, B. Jia, D. J. Moss, Adv. Mater. 2020, 33, 2006415. 

[38] F. Xia, H. Wang, D. Xiao, M. Dubey, A. Ramasubramaniam, Nat. Photonics 2014, 8, 899. 

[39] K. F. Mak, J. Shan, Nat. Photonics 2016, 10, 216. 

[40] P. C. Debnath, K. Park, Y. W. Song, Small Methods 2018, 2, 1700315. 

[41] Z. Sun, A. Martinez, F. Wang, Nat. Photonics 2016, 10, 227. 

[42] Q. Ma, G. Ren, K. Xu, J. Z. Ou, Adv. Opt. Mater. 2021, 9, 2001313. 

[43] X. Liu, Q. Guo, J. Qiu, Adv. Mater. 2017, 29, 1605886. 

[44] A. Autere, H. Jussila, Y. Dai, Y. Wang, H. Lipsanen, Z. Sun, Adv. Mater. 2018, 30, 1705963. 

[45] J. W. You, S. R. Bongu, Q. Bao, N. C. Panoiu, Nanophotonics 2019, 8, 63. 

[46] B. Guo, Q. l. Xiao, S. h. Wang, H. Zhang, Laser Photonics Rev. 2019, 13, 1800327. 

[47] G. Wang, A. A. Baker-Murray, W. J. Blau, Laser Photonics Rev. 2019, 13, 1800282. 

[48] S. Yamashita, APL Photonics 2018, 4, 034301. 

[49] B. Zhang, J. Liu, C. Wang, K. Yang, C. Lee, H. Zhang, J. He, Laser Photonics Rev. 2020, 14, 1900240. 

[50] W. Liu, M. Liu, X. Liu, X. Wang, H. X. Deng, M. Lei, Z. Wei, Z. Wei, Adv. Opt. Mater. 2020, 8, 1901631. 

[51] Y. Qu, J. Wu, Y. Yang, Y. Zhang, Y. Liang, H. El Dirani, R. Crochemore, P. Demongodin, C. Sciancalepore, C. Grillet, C. Monat, 

B. Jia, D. J. Moss, Adv. Opt. Mater. 2020, n/a, 2001048. 

[52] Y. Zhang, J. Wu, Y. Yang, Y. Qu, L. Jia, T. Moein, B. Jia, D. J. Moss, ACS Appl. Mater. Interfaces 2020, 12, 33094. 

[53] Y. Yang, J. Wu, X. Xu, Y. Liang, S. T. Chu, B. E. Little, R. Morandotti, B. Jia, D. J. Moss, APL Photonics 2018, 3, 120803. 

[54] J. Wu, Y. Yang, Y. Qu, L. Jia, Y. Zhang, X. Xu, S. T. Chu, B. E. Little, R. Morandotti, B. Jia, D. J. Moss, Small 2020, 16, 1906563. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 February 2022                   doi:10.20944/preprints202202.0128.v1

https://doi.org/10.20944/preprints202202.0128.v1


 28 of 41 
 

 

[55] X. Xu, X. Zheng, F. He, Z. Wang, H. Subbaraman, Y. Wang, B. Jia, R. T. Chen, Sci. Rep. 2017, 7, 9646. 

[56] X. Zheng, B. Jia, X. Chen, M. Gu, Adv. Mater. 2014, 26, 2699. 

[57] J. Wu, Y. Yang, Y. Qu, X. Xu, Y. Liang, S. T. Chu, B. E. Little, R. Morandotti, B. Jia, D. J. Moss, Laser Photonics Rev. 2019, 13, 

1900056. 

[58] D. C. Marcano, D. V. Kosynkin, J. M. Berlin, A. Sinitskii, Z. Sun, A. Slesarev, L. B. Alemany, W. Lu, J. M. Tour, ACS Nano 2010, 

4, 4806. 

[59] K. P. Loh, Q. Bao, G. Eda, M. Chhowalla, Nat. Chem. 2010, 2, 1015. 

[60] G.-K. Lim, Z.-L. Chen, J. Clark, R. G. S. Goh, W.-H. Ng, H.-W. Tan, R. H. Friend, P. K. H. Ho, L.-L. Chua, Nat. Photonics 2011, 5, 

554. 

[61] X. Zheng, H. Lin, T. Yang, B. Jia, J. Phys. D Appl. Phys. 2017, 50, 074003. 

[62] N. Ghofraniha, C. Conti, J. Opt. 2019, 21, 053001. 

[63] Y. Yang, H. Lin, B. Y. Zhang, Y. Zhang, X. Zheng, A. Yu, M. Hong, B. Jia, ACS Photonics 2019, 6, 1033. 

[64] R. R. Nair, P. Blake, A. N. Grigorenko, K. S. Novoselov, T. J. Booth, T. Stauber, N. M. R. Peres, A. K. Geim, Science 2008, 320, 

1308. 

[65] K. I. Bolotin, K. J. Sikes, J. Hone, H. L. Stormer, P. Kim, Phys. Rev. Lett. 2008, 101, 096802. 

[66] C. H. Lui, K. F. Mak, J. Shan, T. F. Heinz, Phys. Rev. Lett. 2010, 105, 127404. 

[67] G. Demetriou, H. T. Bookey, F. Biancalana, E. Abraham, Y. Wang, W. Ji, A. K. Kar, Opt. Express 2016, 24, 13033. 

[68] Y. Zhang, L. Tao, D. Yi, J. B. Xu, H. K. Tsang, J. Opt. 2020, 22, 025503. 

[69] B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti, A. Kis, Nat. Nanotechnol. 2011, 6, 147. 

[70] H. Nan, Z. Wang, W. Wang, Z. Liang, Y. Lu, Q. Chen, D. He, P. Tan, F. Miao, X. Wang, J. Wang, Z. Ni, ACS Nano 2014, 8, 5738. 

[71] G. A. Ermolaev, Y. V. Stebunov, A. A. Vyshnevyy, D. E. Tatarkin, D. I. Yakubovsky, S. M. Novikov, D. G. Baranov, T. Shegai, 

A. Y. Nikitin, A. V. Arsenin, V. S. Volkov, npj 2D Mater. Appl. 2020, 4, 21. 

[72] S. Bikorimana, P. Lama, A. Walser, R. Dorsinville, S. Anghel, A. Mitioglu, A. Micu, L. Kulyuk, Opt. Express 2016, 24, 20685. 

[73] H. Fang, S. Chuang, T. C. Chang, K. Takei, T. Takahashi, A. Javey, Nano Lett. 2012, 12, 3788. 

[74] N. Dong, Y. Li, S. Zhang, N. McEvoy, X. Zhang, Y. Cui, L. Zhang, G. S. Duesberg, J. Wang, Opt. Lett. 2016, 41, 3936. 

[75] H. Kim, H. Ahn Geun, J. Cho, M. Amani, P. Mastandrea James, K. Groschner Catherine, D.-H. Lien, Y. Zhao, W. Ager Joel, C. 

Scott Mary, C. Chrzan Daryl, A. Javey, Sci. Adv., 5, eaau4728. 

[76] H. Gu, B. Song, M. Fang, Y. Hong, X. Chen, H. Jiang, W. Ren, S. Liu, Nanoscale 2019, 11, 22762. 

[77] L. Li, Y. Yu, G. J. Ye, Q. Ge, X. Ou, H. Wu, D. Feng, X. H. Chen, Y. Zhang, Nat. Nanotechnol. 2014, 9, 372. 

[78] L. Li, J. Kim, C. Jin, G. J. Ye, D. Y. Qiu, F. H. da Jornada, Z. Shi, L. Chen, Z. Zhang, F. Yang, K. Watanabe, T. Taniguchi, W. Ren, 

S. G. Louie, X. H. Chen, Y. Zhang, F. Wang, Nat. Nanotechnol. 2017, 12, 21. 

[79] R. Tian, R. Fei, S. Hu, T. Li, B. Zheng, Y. Shi, J. Zhao, L. Zhang, X. Gan, X. Wang, Phys. Rev. B 2020, 101, 235407. 

[80] X. Wang, S. Lan, Adv. Opt. Photon. 2016, 8, 618. 

[81] X. Zheng, R. Chen, G. Shi, J. Zhang, Z. Xu, X. a. Cheng, T. Jiang, Opt. Lett. 2015, 40, 3480. 

[82] S. Xiao, H. Wang, Y. Qin, X. Li, H. Xin, G. Wang, L. Hu, Y. Wang, Y. Li, W. Qi, J. He, Physica B: Condensed Matter 2020, 594, 

412364. 

[83] K. Wang, B. M. Szydłowska, G. Wang, X. Zhang, J. J. Wang, J. J. Magan, L. Zhang, J. N. Coleman, J. Wang, W. J. Blau, ACS Nano 

2016, 10, 6923. 

[84] L. Yin, G. P. Agrawal, Opt. Lett. 2007, 32, 2031. 

[85] D. Tahir, H. L. Kwon, H. C. Shin, S. K. Oh, H. J. Kang, S. Heo, J. G. Chung, J. C. Lee, S. Tougaard, J. Phys. D: Appl. Phys. 2010, 

43, 255301. 

[86] J. K. Ranka, R. S. Windeler, A. J. Stentz, Opt. Lett. 2000, 25, 796. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 February 2022                   doi:10.20944/preprints202202.0128.v1

https://doi.org/10.20944/preprints202202.0128.v1


 29 of 41 
 

 

[87] J. Bauer, physica status solidi (a) 1977, 39, 411. 

[88] L. Razzari, D. Duchesne, M. Ferrera, R. Morandotti, S. Chu, B. E. Little, D. J. Moss, Nat. Photonics 2010, 4, 41. 

[89] M. Ferrera, L. Razzari, D. Duchesne, R. Morandotti, Z. Yang, M. Liscidini, J. E. Sipe, S. Chu, B. E. Little, D. J. Moss, Nat. Photonics 

2008, 2, 737. 

[90] F. Bonaccorso, Z. Sun, T. Hasan, A. C. Ferrari, Nat. Photonics 2010, 4, 611. 

[91] L. Guo, R. Q. Shao, Y. L. Zhang, H.-B. Jiang, X. B. Li, S. Y. Xie, B. B. Xu, Q.-D. Chen, J. F. Song, H. B. Sun, The Journal of Physical 

Chemistry C 2012, 116, 3594. 

[92] Y. L. Zhang, L. Guo, H. Xia, Q. D. Chen, J. Feng, H. B. Sun, Advanced Optical Materials 2014, 2, 10. 

[93] L. Guo, Y. L. Zhang, D. D. Han, H. B. Jiang, D. Wang, X. B. Li, H. Xia, J. Feng, Q. D. Chen, H. B. Sun, Adv. Opt. Mater. 2014, 2, 

120. 

[94] O. C. Compton, S. T. Nguyen, Small 2010, 6, 711. 

[95] Y. Zhu, S. Murali, W. Cai, X. Li, J. W. Suk, J. R. Potts, R. S. Ruoff, Adv. Mater. 2010, 22, 3906. 

[96] X. Zheng, B. Jia, H. Lin, L. Qiu, D. Li, M. Gu, Nat. Commun. 2015, 6, 8433. 

[97] G. T. Reed, G. Mashanovich, F. Y. Gardes, D. J. Thomson, Nat. Photonics 2010, 4, 518. 

[98] Q. Bao, H. Zhang, B. Wang, Z. Ni, C. H. Y. X. Lim, Y. Wang, D. Y. Tang, K. P. Loh, Nat. Photonics 2011, 5, 411. 

[99] H. Lin, Y. Song, Y. Huang, D. Kita, S. Deckoff-Jones, K. Wang, L. Li, J. Li, H. Zheng, Z. Luo, H. Wang, S. Novak, A. Yadav, C. C. 

Huang, R. J. Shiue, D. Englund, T. Gu, D. Hewak, K. Richardson, J. Kong, J. Hu, Nat. Photonics 2017, 11, 798. 

[100] Y. Tan, R. He, C. Cheng, D. Wang, Y. Chen, F. Chen, Sci. Rep. 2014, 4, 7523. 

[101] W. H. Lim, Y. K. Yap, W. Y. Chong, C. H. Pua, N. M. Huang, R. M. De La Rue, H. Ahmad, Opt. Express 2014, 22, 11090. 

[102] Y. Qu, J. Wu, Y. Zhang, L. Jia, Y. Liang, B. Jia, D. J. Moss, J. Lightwave Technol. 2021, 39, 2902. 

[103] Y. Zhang, J. Wu, Y. Qu, L. Jia, B. Jia, D. J. Moss, J. Lightwave Technol. 2021, 1. 

[104] W. Y. Chong, W. H. Lim, Y. K. Yap, C. K. Lai, R. M. De La Rue, H. Ahmad, Sci. Rep. 2016, 6, 23813. 

[105] W. Li, B. Chen, C. Meng, W. Fang, Y. Xiao, X. Li, Z. Hu, Y. Xu, L. Tong, H. Wang, W. Liu, J. Bao, Y. R. Shen, Nano Lett. 2014, 14, 

955. 

[106] J. W. You, S. R. Bongu, Q. Bao, N. C. Panoiu, Nanophotonics 2018, 8, 63. 

[107] R. W. Boyd, Nonlinear optics, Academic press,  2020. 

[108] P. Yin, X. Jiang, R. Huang, X. Wang, Y. Ge, C. Ma, H. Zhang, Adv. Mater. Interfaces 2021, 8, 2100367. 

[109] I. Russier-Antoine, H. Fakhouri, S. Basu, F. Bertorelle, P. Dugourd, P. F. Brevet, P. Velayudhan, S. Thomas, N. Kalarikkal, R. 

Antoine, Chem. Commun. 2020, 56, 3859. 

[110] G. E. Fernandes, J. H. Kim, R. Osgood, J. Xu, Nanotechnology 2018, 29, 105201. 

[111] C. Monat, C. Grillet, M. Collins, A. Clark, J. Schroeder, C. Xiong, J. Li, L. O'Faolain, T. F. Krauss, B. J. Eggleton, D. J. Moss, Nat. 

Commun. 2014, 5, 3246. 

[112] B. Corcoran, C. Monat, M. Pelusi, C. Grillet, T. P. White, L. O’Faolain, T. F. Krauss, B. J. Eggleton, D. J. Moss, Opt. Express 2010, 

18, 7770. 

[113] V. Kumar, J. Electron. Mater. 2021, 50, 3773. 

[114] D. R. Dreyer, S. Park, C. W. Bielawski, R. S. Ruoff, Chem. Soc. Rev. 2010, 39, 228. 

[115] G. Eda, Y. Y. Lin, C. Mattevi, H. Yamaguchi, H. A. Chen, I. S. Chen, C. W. Chen, M. Chhowalla, Adv. Mater. 2010, 22, 505. 

[116] X. Li, Y. Tang, Z. Yan, Y. Wang, B. Meng, G. Liang, H. Sun, X. Yu, Y. Zhang, X. Cheng, Q. J. Wang, IEEE J. Sel. Top. Quantum 

Electron. 2014, 20, 441. 

[117] A. Harith Bin, S. Soroush, T. Kavintheran, Y. Mohammad, Optical Engineering 2018, 57, 1. 

[118] X. Zhao, Z. B. Liu, W.-B. Yan, Y. Wu, X. L. Zhang, Y. Chen, J. G. Tian, Appl. Phys. Lett. 2011, 98, 121905. 

[119] S. Yu, X. Wu, K. Chen, B. Chen, X. Guo, D. Dai, L. Tong, W. Liu, Y. Ron Shen, Optica 2016, 3, 541. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 February 2022                   doi:10.20944/preprints202202.0128.v1

https://doi.org/10.20944/preprints202202.0128.v1


 30 of 41 
 

 

[120] H. Lin, B. C. P. Sturmberg, K. T. Lin, Y. Yang, X. Zheng, T. K. Chong, C. M. de Sterke, B. Jia, Nat. Photonics 2019, 13, 270. 

[121] H. C. Leo Tsui, O. Alsalman, B. Mao, A. Alodhayb, H. Albrithen, A. P. Knights, M. P. Halsall, I. F. Crowe, Sci. Rep. 2020, 10, 

9592. 

[122] X. Li, H. Ren, X. Chen, J. Liu, Q. Li, C. Li, G. Xue, J. Jia, L. Cao, A. Sahu, B. Hu, Y. Wang, G. Jin, M. Gu, Nat. Commun. 2015, 6, 

6984. 

[123] B. Brodie, Ann. Chim. Phys. 1860, 59, 466. 

[124] W. S. Hummers, R. E. Offeman, J. Am. Chem. Soc. 1958, 80, 1339. 

[125] C. Botas, P. Álvarez, P. Blanco, M. Granda, C. Blanco, R. Santamaría, L. J. Romasanta, R. Verdejo, M. A. López-Manchado, R. 

Menéndez, Carbon 2013, 65, 156. 

[126] R. K. Singh, R. Kumar, D. P. Singh, RSC Adv. 2016, 6, 64993. 

[127] T. Le Ba, O. Mahian, S. Wongwises, I. M. Szilágyi, J. Therm. Anal. Calorim. 2020, 142, 1145. 

[128] S. N. Alam, N. Sharma, L. Kumar, Graphene 2017, 6, 1. 

[129] J. G. S. Moo, B. Khezri, R. D. Webster, M. Pumera, ChemPhysChem 2014, 15, 2922. 

[130] J. Hong, K. Lee, B. Son, S. Park, D. Park, J.-Y. Park, S. Lee, Y. Ahn, Opt. Express 2013, 21, 7633. 

[131] A. Furio, G. Landi, C. Altavilla, D. Sofia, S. Iannace, A. Sorrentino, H. Neitzert, Nanotechnology 2016, 28, 054003. 

[132] Y. Guo, C. Di, H. Liu, J. Zheng, L. Zhang, G. Yu, Y. Liu, ACS Nano 2010, 4, 5749. 

[133] W. Chong, S. Gan, C. Lai, W. Chong, D. Choi, S. Madden, R. De La Rue, H. Ahmad, IEEE Photonics Technology Letters 2020, 32, 

627. 

[134] A. F. M. Ibrahim, Y. S. Lin, Chem. Eng. Sci. 2018, 190, 312. 

[135] K. Kim, M. Yankowitz, B. Fallahazad, S. Kang, H. C. Movva, S. Huang, S. Larentis, C. M. Corbet, T. Taniguchi, K. Watanabe, 

Nano Lett. 2016, 16, 1989. 

[136] N. Flöry, P. Ma, Y. Salamin, A. Emboras, T. Taniguchi, K. Watanabe, J. Leuthold, L. Novotny, Nat. Nanotechnol. 2020, 15, 118. 

[137] V. Dua, S. P. Surwade, S. Ammu, S. R. Agnihotra, S. Jain, K. E. Roberts, S. Park, R. S. Ruoff, S. K. Manohar, Angew. Chem. Int. 

Ed. 2010, 49, 2154. 

[138] L. T. Le, M. H. Ervin, H. Qiu, B. E. Fuchs, W. Y. Lee, Electrochem. Commun. 2011, 13, 355. 

[139] G. Cao, H. Lin, S. Fraser, X. Zheng, B. Del Rosal, Z. Gan, S. Wei, X. Gan, B. Jia, ACS Appl. Mater. Interfaces 2019, 11, 20298. 

[140] K.-T. Lin, H. Lin, T. Yang, B. Jia, Nat. Commun. 2020, 11, 1389. 

[141] Y. Y. Lee, K. S. Chong, S. H. Goh, A. M. Ng, M. V. Kunnavakkam, C. L. Hee, Y. Xu, H. Tantang, C. Y. Su, L. J. Li, Journal of 

Vacuum Science & Technology B, Nanotechnology and Microelectronics: Materials, Processing, Measurement, and Phenomena 2011, 29, 

011023. 

[142] R. R. Gattass, E. Mazur, Nat. Photonics 2008, 2, 219. 

[143] S. Rekštytė, A. Žukauskas, V. Purlys, Y. Gordienko, M. Malinauskas, Appl. Surf. Sci. 2013, 270, 382. 

[144] H. Hidai, H. Tokura, Appl. Surf. Sci. 2001, 174, 118. 

[145] E. Stratakis, V. Zorba, M. Barberoglou, C. Fotakis, G. A. Shafeev, Appl. Surf. Sci. 2009, 255, 5346. 

[146] Y. Zhang, L. Guo, S. Wei, Y. He, H. Xia, Q. Chen, H. B. Sun, F. S. Xiao, Nano Today 2010, 5, 15. 

[147] M. F. El-Kady, R. B. Kaner, ACS Nano 2014, 8, 8725. 

[148] P. S. Kollipara, J. Li, Y. Zheng, Research 2020, 2020. 

[149] L. Huang, Y. Huang, J. Liang, X. Wan, Y. Chen, Nano Res. 2011, 4, 675. 

[150] Y. Y. Lee, K. S. L. Chong, S. H. Goh, A. M. H. Ng, M. V. Kunnavakkam, C. L. Hee, Y. Xu, H. Tantang, C. Y. Su, L. J. Li, J. Vac. Sci. 

Technol. B 2011, 29, 011023. 

[151] X. Liang, Y. S. Jung, S. Wu, A. Ismach, D. L. Olynick, S. Cabrini, J. Bokor, Nano Lett. 2010, 10, 2454. 

[152] S. Ghosh, D. Mandal, A. Chandra, S. N. Bhaktha, J. Lightwave Technol. 2019, 37, 2380. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 February 2022                   doi:10.20944/preprints202202.0128.v1

https://doi.org/10.20944/preprints202202.0128.v1


 31 of 41 
 

 

[153] S. Wei, G. Cao, H. Lin, X. Yuan, M. Somekh, B. Jia, ACS Nano 2021, 15, 4769. 

[154] X. Zheng, B. Jia, H. Lin, L. Qiu, D. Li, M. Gu, Nat. Commun. 2015, 6, 1. 

[155] T. Q. Trung, N. T. Tien, D. Kim, M. Jang, O. J. Yoon, N. E. Lee, Adv. Funct. Mater. 2014, 24, 117. 

[156] S. Li, C. Zhao, S. Zhou, Y. Zhang, P. Zhu, J. Yu, Chem. Eng. J. 2020, 385, 123397. 

[157] R. Furlan de Oliveira, P. A. Livio, V. Montes-García, S. Ippolito, M. Eredia, P. Fanjul-Bolado, M. B. Gonzalez Garcia, S. Casalini, 

P. Samorì, Adv. Funct. Mater. 2019, 29, 1905375. 

[158] L. J. Liu, X. Wang, J. B. Liu, C. F. Liu, X. Li, F. S. Liu, F. M. Wu, S. Wang, G. Y. Zhang, J. Appl. Electrochem. 2018, 48, 1213. 

[159] Z. S. Wu, K. Parvez, X. Feng, K. Müllen, Nat. Commun. 2013, 4, 1. 

[160] S. S. Li, K. H. Tu, C. C. Lin, C. W. Chen, M. Chhowalla, ACS Nano 2010, 4, 3169. 

[161] L. V. Thekkekara, B. Jia, Y. Zhang, L. Qiu, D. Li, M. Gu, Appl. Phys. Lett. 2015, 107, 031105. 

[162] J. Lee, J. Koo, P. Debnath, Y. W. Song, J. H. Lee, Laser Physics Letters 2013, 10, 035103. 

[163] C. Koos, P. Vorreau, T. Vallaitis, P. Dumon, W. Bogaerts, R. Baets, B. Esembeson, I. Biaggio, T. Michinobu, F. Diederich, W. 

Freude, J. Leuthold, Nat. Photonics 2009, 3, 216. 

[164] M. A. Foster, R. Salem, D. F. Geraghty, A. C. Turner-Foster, M. Lipson, A. L. Gaeta, Nature 2008, 456, 81. 

[165] A. Pasquazi, M. Peccianti, Y. Park, B. E. Little, S. T. Chu, R. Morandotti, J. Azaña, D. J. Moss, Nat. Photonics 2011, 5, 618. 

[166] Y. Zhang, J. Wu, Y. Qu, L. Jia, B. Jia, D. J. Moss, J. Lightwave Technol. 2021, 39, 6553. 

[167] H. Guo, C. Herkommer, A. Billat, D. Grassani, C. Zhang, M. H. P. Pfeiffer, W. Weng, C.-S. Brès, T. J. Kippenberg, Nat. Photonics 

2018, 12, 330. 

[168] J. M. Dudley, G. Genty, S. Coen, Rev. Mod. Phys. 2006, 78, 1135. 

[169] Q. Lin, J. Zhang, P. M. Fauchet, G. P. Agrawal, Opt. Express 2006, 14, 4786. 

[170] Q. Liu, S. Gao, Z. Li, Y. Xie, S. He, Appl. Opt. 2011, 50, 1260. 

[171] Q. Feng, H. Cong, B. Zhang, W. Wei, Y. Liang, S. Fang, T. Wang, J. Zhang, Appl. Phys. Lett. 2019, 114, 071104. 

[172] P. Demongodin, H. El Dirani, J. Lhuillier, R. Crochemore, M. Kemiche, T. Wood, S. Callard, P. Rojo-Romeo, C. Sciancalepore, 

C. Grillet, C. Monat, APL Photonics 2019, 4, 076102. 

[173] Y. Yang, Z. Xu, X. Jiang, Y. He, X. Guo, Y. Zhang, C. Qiu, Y. Su, Photon. Res. 2018, 6, 965. 

[174] H. Park, S. Lim, D. D. Nguyen, J. W. Suk, Nanomaterials 2019, 9, 1387. 

[175] X. Li, S. Wei, G. Cao, H. Lin, Y. Zhao, B. Jia, Photon. Res. 2020, 8, 1316. 

[176] A. Gusev, O. Zakharova, D. S. Muratov, N. S. Vorobeva, M. Sarker, I. Rybkin, D. Bratashov, E. Kolesnikov, A. Lapanje, D. V. 

Kuznetsov, Nanomaterials 2019, 9, 1454. 

[177] C. K. Chua, M. Pumera, Chem. Commun. 2016, 52, 72. 

[178] D. Voiry, J. Yang, J. Kupferberg, R. Fullon, C. Lee, H. Y. Jeong, H. S. Shin, M. Chhowalla, Science 2016, 353, 1413. 

[179] S. Eigler, M. Enzelberger-Heim, S. Grimm, P. Hofmann, W. Kroener, A. Geworski, C. Dotzer, M. Röckert, J. Xiao, C. Papp, Adv. 

Mater. 2013, 25, 3583. 

[180] L. Guo, Y. L. Zhang, D. D. Han, H. B. Jiang, D. Wang, X. B. Li, H. Xia, J. Feng, Q. D. Chen, H. B. Sun, Adv. Opt. Mater. 2014, 2, 

120. 

[181] D. Long, W. Li, L. Ling, J. Miyawaki, I. Mochida, S. H. Yoon, Langmuir 2010, 26, 16096. 

[182] Z. Jing, S. Qi, X. Tao, H. Yu, W. Zhang, Y. Qiao, X. Li, H. Dong, J. Mater. Sci. 2021, 56, 3296. 

[183] X. Li, H. Wang, J. T. Robinson, H. Sanchez, G. Diankov, H. Dai, J. Am. Chem. Soc. 2009, 131, 15939. 

[184] N. Singh, D. D. Hudson, Y. Yu, C. Grillet, S. D. Jackson, A. Casas-Bedoya, A. Read, P. Atanackovic, S. G. Duvall, S. Palomba, B. 

Luther-Davies, S. Madden, D. J. Moss, B. J. Eggleton, Optica 2015, 2, 797. 

[185] J. Wu, X. Xu, T. G. Nguyen, S. T. Chu, B. E. Little, R. Morandotti, A. Mitchell, D. J. Moss, IEEE J. Sel. Top. Quantum Electron. 2018, 

24, 1. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 February 2022                   doi:10.20944/preprints202202.0128.v1

https://doi.org/10.20944/preprints202202.0128.v1


 32 of 41 
 

 

[186] X. Zhang, Q. T. Cao, Z. Wang, Y.-x. Liu, C. W. Qiu, L. Yang, Q. Gong, Y.-F. Xiao, Nat. Photonics 2019, 13, 21. 

[187] M. Cazzanelli, F. Bianco, E. Borga, G. Pucker, M. Ghulinyan, E. Degoli, E. Luppi, V. Véniard, S. Ossicini, D. Modotto, Nat. Mater. 

2012, 11, 148. 

[188] B. Yao, Y. Liu, S. W. Huang, C. Choi, Z. Xie, J. Flor Flores, Y. Wu, M. Yu, D.-L. Kwong, Y. Huang, Y. Rao, X. Duan, C. W. Wong, 

Nat. Photonics 2018, 12, 22. 

[189] B. Chmielak, M. Waldow, C. Matheisen, C. Ripperda, J. Bolten, T. Wahlbrink, M. Nagel, F. Merget, H. Kurz, Opt. Express 2011, 

19, 17212. 

[190] T. Baehr-Jones, M. Hochberg, G. Wang, R. Lawson, Y. Liao, P. A. Sullivan, L. Dalton, A. Y. Jen, A. Scherer, Opt. Express 2005, 13, 

5216. 

[191] H. Bao, A. Cooper, M. Rowley, L. Di Lauro, J. S. Totero Gongora, S. T. Chu, B. E. Little, G.-L. Oppo, R. Morandotti, D. J. Moss, 

B. Wetzel, M. Peccianti, A. Pasquazi, Nat. Photonics 2019, 13, 384. 

[192] S. Yu, X. Wu, K. Chen, B. Chen, X. Guo, D. Dai, L. Tong, W. Liu, Y. R. Shen, Optica 2016, 3, 541. 

[193] U. Gurudas, E. Brooks, D. M. Bubb, S. Heiroth, T. Lippert, A. Wokaun, J. Appl. Phys. 2008, 104, 073107. 

[194] Y. Shen, N. C. Harris, S. Skirlo, M. Prabhu, T. Baehr-Jones, M. Hochberg, X. Sun, S. Zhao, H. Larochelle, D. Englund, Nat. 

Photonics 2017, 11, 441. 

[195] T. Gu, N. Petrone, J. F. McMillan, A. van der Zande, M. Yu, G. Q. Lo, D. L. Kwong, J. Hone, C. W. Wong, Nat. Photonics 2012, 6, 

554. 

[196] H. Zhou, T. Gu, J. F. McMillan, N. Petrone, A. van der Zande, J. C. Hone, M. Yu, G. Lo, D.-L. Kwong, G. Feng, S. Zhou, C. W. 

Wong, Appl. Phys. Lett. 2014, 105, 091111. 

[197] M. Ji, H. Cai, L. Deng, Y. Huang, Q. Huang, J. Xia, Z. Li, J. Yu, Y. Wang, Opt. Express 2015, 23, 18679. 

[198] K. Alexander, N. A. Savostianova, S. A. Mikhailov, B. Kuyken, D. Van Thourhout, ACS Photonics 2017, 4, 3039. 

[199] Y. Yonezu, R. Kou, H. Nishi, T. Tsuchizawa, K. Yamada, T. Aoki, A. Ishizawa, N. Matsuda, Opt. Express 2019, 27, 30262. 

[200] A. Ishizawa, R. Kou, T. Goto, T. Tsuchizawa, N. Matsuda, K. Hitachi, T. Nishikawa, K. Yamada, T. Sogawa, H. Gotoh, Sci. Rep. 

2017, 7, 45520. 

[201] J. Wang, L. Zhang, Y. Chen, Y. Geng, X. Hong, X. Li, Z. Cheng, Applied Physics Express 2019, 12, 032003. 

[202] H. Wang, N. Yang, L. Chang, C. Zhou, S. Li, M. Deng, Z. Li, Q. Liu, C. Zhang, Z. Li, Y. Wang, Photonics Res. 2020, 8, 468. 

[203] L. Liu, K. Xu, X. Wan, J. Xu, C. Y. Wong, H. K. Tsang, Photon. Res. 2015, 3, 206. 

[204] H. Chen, V. Corboliou, A. S. Solntsev, D. Y. Choi, M. A. Vincenti, D. de Ceglia, C. de Angelis, Y. Lu, D. N. Neshev, Light. Sci. 

Appl. 2017, 6, e17060. 

[205] Y. Wang, V. Pelgrin, S. Gyger, G. M. Uddin, X. Bai, C. Lafforgue, L. Vivien, K. D. Jöns, E. Cassan, Z. Sun, ACS Photonics 2021, 8, 

2713. 

[206] N. Liu, X. Yang, Z. Zhu, F. Chen, Y. Zhou, J. Xu, K. Liu, Nanoscale 2021. 

[207] S. Deckoff-Jones, V. Pelgrin, J. Zhang, C. Lafforgue, L. Deniel, S. Guerber, R. Ribeiro-Palau, F. Boeuf, C. Alonso-Ramos, L. Vivien, 

J. Hu, S. Serna, J. Opt. 2021, 23, 025802. 

[208] J. Ren, X. Zheng, Z. Tian, D. Li, P. Wang, B. Jia, Appl. Phys. Lett. 2016, 109, 221105. 

[209] X. L. Zhang, Z. B. Liu, X. C. Li, Q. Ma, X.-D. Chen, J. G. Tian, Y. F. Xu, Y. S. Chen, Opt. Express 2013, 21, 7511. 

[210] X. F. Jiang, L. Polavarapu, S. T. Neo, T. Venkatesan, Q. H. Xu, The Journal of Physical Chemistry Letters 2012, 3, 785. 

[211] K. Novoselov, Science 2016, 353, 6298. 

[212] Y. Cao, V. Fatemi, A. Demir, S. Fang, S. L. Tomarken, J. Y. Luo, J. D. Sanchez-Yamagishi, K. Watanabe, T. Taniguchi, E. Kaxiras, 

Nature 2018, 556, 80. 

[213] X. Wang, Y. Yin, M. Song, H. Zhang, Z. Liu, Y. Wu, Y. Chen, M. Eginligil, S. Zhang, J. Liu, ACS Appl. Mater. Interfaces 2020, 12, 

51729. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 February 2022                   doi:10.20944/preprints202202.0128.v1

https://doi.org/10.20944/preprints202202.0128.v1


 33 of 41 
 

 

[214] A. M. Navarro-Suárez, K. Maleski, T. Makaryan, J. Yan, B. Anasori, Y. Gogotsi, Batteries & Supercaps 2018, 1, 33. 

[215] D. H. Nagaraju, Q. Wang, P. Beaujuge, H. N. Alshareef, J. Mater. Chem. A 2014, 2, 17146. 

[216] B. Kuyken, T. Ideguchi, S. Holzner, M. Yan, T. W. Hänsch, J. Van Campenhout, P. Verheyen, S. Coen, F. Leo, R. Baets, Nat. 

Commun. 2015, 6, 1. 

[217] K. Luke, Y. Okawachi, M. R. Lamont, A. L. Gaeta, M. Lipson, Opt. Lett. 2015, 40, 4823. 

[218] R. Halir, Y. Okawachi, J. Levy, M. Foster, M. Lipson, A. Gaeta, Opt. Lett. 2012, 37, 1685. 

[219] S. Koeber, R. Palmer, M. Lauermann, W. Heni, D. L. Elder, D. Korn, M. Woessner, L. Alloatti, S. Koenig, P. C. Schindler, Light. 

Sci. Appl. 2015, 4, e255. 

[220] P. Cheben, R. Halir, J. H. Schmid, H. A. Atwater, D. R. Smith, Nature 2018, 560, 565. 

[221] K. Y. Yang, D. Y. Oh, S. H. Lee, Q.-F. Yang, X. Yi, B. Shen, H. Wang, K. Vahala, Nat. Photonics 2018, 12, 297. 

[222] T. Tan, Z. Yuan, H. Zhang, G. Yan, S. Zhou, N. An, B. Peng, G. Soavi, Y. Rao, B. Yao, Nat. Commun. 2021, 12, 1.  

  
[223] S. Radic, and D. J. Moss, and B. J. Eggleton, “Nonlinear optics in communications: From crippling impairment to ultrafast tools”, 

Chapter 20, p759-828 in Optical Fiber Telecommunications V: Components and Sub-systems, Ed. Ivan P. Kaminow, Tingye Li, 
and Alan E. Willner, Academic Press, Oxford, UK, (2008). 

[224] J. Leuthold, C. Koos, and W. Freude, “Nonlinear silicon photonics,” Nat. Photon., vol. 4, no. 8, 535-544 (2010).  

[225] L. Li, et al. “All-optical regenerator of multi-channel signals,” Nature Communications, vol. 8, Article: 884 (2017).  

[226] F. Li, et al., “All-optical XOR logic gate for 40Gb/s DPSK signals via FWM in a silicon nanowire,” Optics Express, vol. 19, no. 21, 

20364-20371 (2011).  DOI: 10.1364/OE.19.020364. 

[227] F. Li, et al., “Error-free All-Optical Demultiplexing at 160Gb/s via FWM in a Silicon Nanowire,” Optics Express, vol. 18, no. 4, pp. 

3905-3910 (2010). DOI: 10.1364/OE.18.003905. 

[228] H. Ji, et al., “1.28-Tb/s Demultiplexing of an OTDM DPSK Data Signal Using a Silicon Waveguide,” Photonics Technology Letters, 

vol. 22, no. 23, 1762-1764 (2010).   

[229] C. Monat, et al., “Investigation of phase matching for third-harmonic generation in silicon slow light photonic crystal 

waveguides using Fourier optics,” Optics Express, vol. 18, no. 7, pp. 6831-6840 (2010). DOI: 10.1364/OE.18.006831.  

[230] B. Corcoran, et al., “Optical Signal Processing on a Silicon Chip at 640Gb/s Using Slow-Light,” Optics Express, vol. 18, no. 8, pp. 

7770-7781 (2010). DOI: 10.1364/OE.18.007770.  

[231] V. G. Ta’eed, et al., “Integrated all-optical pulse regenerator in chalcogenide waveguides,” Optics Letters, vol. 30, no. 21, pp. 2900-

2902 (2005).      

[232] M. Rochette, et al., “Bit-error-ratio improvement with 2R optical regenerators,” IEEE Photonics Technology Letters, vol. 17, no. 4, 

pp. 908-910 (2005).  

[233] M. Ferrera, et al., “CMOS compatible integrated all-optical radio frequency spectrum analyzer,” Optics Express, vol. 22, no. 18, 

pp. 21488 – 21498 (2014). DOI: 10.1364/OE.22.021488.  

[234] C. Monat, et al., “Integrated optical auto-correlator based on third-harmonic generation in a silicon photonic crystal waveguide,” 

Nature Communications, vol. 5, Article:3246 (2014).  doi:10.1038/ncomms4246.  

[235] F. Li, et al., “All-optical wavelength conversion for 10 Gb/s DPSK signals in a silicon ring resonator,” Optics Express, vol. 19, no. 

23, pp. 22410-22416 (2011). 

[236] T. D. Vo, et al., “Silicon-Chip-Based Real-Time Dispersion Monitoring for 640 Gbit/s DPSK Signals,” IEEE Journal of Lightwave 

Technology, vol. 29, no. 12, pp. 1790-1796 (2011). 

[237] M. Ferrera, et al., “All-optical 1st and 2nd order integration on a chip,” Optics Express, vol. 19, no. 23, pp. 23153-23161, 2011. 

[238] B. Corcoran, et al., “Silicon nanowire based radio-frequency spectrum analyzer,” Optics Express, vol. 18, no. 19, pp. 20190-20200 

(2010). DOI: 10.1364/OE.18.020190.  

[239] B. Corcoran, et al., “Green light emission in silicon through slow-light enhanced third-harmonic generation in photonic-crystal 

waveguides,” Nature Photonics, vol. 3, no. 4, pp. 206-210 (2009). doi:10.1038/nphoton.2009.28. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 February 2022                   doi:10.20944/preprints202202.0128.v1

javascript:void(0)
https://doi.org/10.20944/preprints202202.0128.v1


 34 of 41 
 

 

[240] D. J. Moss, H. M. van Driel, and J. E. Sipe, “Dispersion in the anisotropy of optical third-harmonic generation in silicon,” Opt. 

Lett., vol. 14, no. 1, pp. 57-59 (1989). 

[241] J. E. Sipe, D. J. Moss, and H. M. van Driel, “Phenomenological Theory of Optical Second- And Third-Harmonic Generation Form 

Cubic Centrosymmetric Crystals,” Phys. Rev. B, vol. 35, no. 3, pp. 1129-1141 (1987). 

[242] D. J. Moss, E. Ghahramani, J. E. Sipe, and H. M. van Driel, “Band-structure calculation of dispersion and anisotropy in χ→(3) for 

third-harmonic generation in Si, Ge, and GaAs,” Phys. Rev. B, vol. 41, no. 3, pp. 1542-1560 (1990). 

[243] D. J. Moss, H. M. van Driel, and J. E. Sipe, “Third harmonic generation as a structural diagnostic of ion implanted amorphous 

and crystalline silicon,” Appl. Phy. Lett., vol. 48, no. 17, pp. 1150 (1986). 

[244] D. J. Moss, et al., “Ultrafast all-optical modulation via two-photon absorption in silicon-insulator waveguides,” Electronics Letters, 

vol. 41, no. 6, pp. 320-321 (2005). DOI:10.1049/el:20058051 

[245] M. R. E. Lamont, et al.,“Two-photon absorption effects on self-phase-modulation-based 2R optical regeneration,” Photonics 

Technology Letters, vol. 18, no. 10, pp. 1185-1187 (2006). DOI:10.1109/LPT.2006.874718.  

[246] A.Tuniz, G. Brawley, D. J. Moss, and B. J. Eggleton, “Two-photon absorption effects on Raman gain in single mode As2Se3 

chalcogenide glass fiber,” Optics Express, vol. 16, no. 22, pp. 18524-18534 (2008). DOI: 10.1364/OE.16.018524.  

[247] M.D. Pelusi, F. Luan, E. Magi, M.R.E. Lamont, D. J. Moss, B.J. Eggleton, J.S. Sanghera, L. B. Shaw, and I.D. Aggarwal, “High bit 

rate all-optical signal processing in a fiber photonic wire”, Optics Express vol.16, 11506-11512 (2008).  

[248] M. Lee,  et al., “Photosensitive post tuning of chalcogenide photonic crystal waveguides,” Optics Express, vol. 15, no. 3, pp. 1277-

1285 (2007). DOI:10.1364/OE.15.001277 

[249] S. Tomljenovic-Hanic, M. J. Steel, C. M. d. Sterke and D. J. Moss, “High-Q cavities in photosensitive photonic crystals”, Optics 

Letters, 32, no. 5, pp. 542-544 (2007).  

[250] C. Grillet, et al., “Nanowire coupling to photonic crystal nanocavities for single photon sources,” Optics Express, vol. 15, no. 3, 

pp. 1267-1276 (2007). DOI:10.1364/OE.15.001267 

[251] V. G. Ta’eed, et al., “Ultrafast all-optical chalcogenide glass  photonic circuits”, Optics Express, vol. 15, no. 15, pp. 9205-9221 

(2007). 

[252] D. Freeman, et al., “Chalcogenide Glass Photonic Crystal Devices”, Photonic and Electromagnetic Crystal Structures, Photonics and 

Nanostructures-Fundamentals and Applications, Science Direct Elsevier Publishing, vol. 6, no. 1,  pp. 3-11 (2008). 

doi:10.1016/j.photonics.2007.11.001.  

[253] C. Grillet, et al., “Characterization and modeling of Fano resonances in chalcogenide photonic crystal membranes”, Optics 

Express, vol. 14, no. 1, pp. 369-376 (2006). 

[254] V. G. Ta’eed, et al., “Self-phase modulation based integrated optical regeneration in chalcogenide waveguides”, IEEE Journal of 

Selected Topics in Quantum Electronics, vol. 12, no. 3, pp. 360-370 (2006). 

[255] M. Shokooh-Saremi, et al., “High performance Bragg gratings in chalcogenide rib waveguides written with a modified Sagnac 

interferometer: experiment and modeling”, Journal of the Optical Society of America B (JOSA B), vol. 23, no. 7, pp. 1323-1331 (2006).   

[256] M. R. E. Lamont, et al., “Error-free wavelength conversion via cross phase modulation in 5 cm of As2S3 chalcogenide glass rib 

waveguide”, Electronics Letters, vol. 43, pp. 945-947 (2007). 

[257] K. Ikeda, R. E. Saperstein, N. Alic, and Y. Fainman, “Thermal and Kerr nonlinear properties of plasma-deposited silicon 

nitride/silicon dioxide waveguides”, Opt. Express, vol. 16, pp. 12987–12994 (2008). 

258. L. Razzari, D. Duchesne, M. Ferrera, et al., “CMOS-compatible integrated optical hyper-parametric oscillator,” Nature Photonics, 

vol. 4, no. 1, pp. 41-45 (2010). 

259. D. J. Moss, R. Morandotti, A. L. Gaeta, et al., “New CMOS-compatible platforms based on silicon nitride and Hydex for nonlinear 

optics,” Nature Photonics, vol. 7, no. 8, pp. 597-607 (2013). 

260. M. Ferrera, L. Razzari, D. Duchesne, et al., “Low-power continuous-wave nonlinear optics in doped silica glass integrated 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 February 2022                   doi:10.20944/preprints202202.0128.v1

https://doi.org/10.20944/preprints202202.0128.v1


 35 of 41 
 

 

waveguide structures,” Nature Photonics, vol. 2, no. 12, pp. 737-740 (2008). 

261. A. Pasquazi, et al., “Sub-picosecond phase-sensitive optical pulse characterization on a chip”, Nature Photonics, vol. 5, no. 10, pp. 

618-623 (2011). DOI: 10.1038/nphoton.2011.199. 

262.  D. Duchesne, M. Peccianti, M. R. E. Lamont, et al., “Supercontinuum generation in a high index doped silica glass spiral 

waveguide,” Optics Express, vol. 18, no, 2, pp. 923-930 (2010). 

263. M. Ferrera, et al., “On-chip CMOS-compatible all-optical integrator”, Nature Communications, vol. 1, Article 29 (2010).  

264. A. Pasquazi, et al., “All-optical wavelength conversion in an integrated ring resonator,” Optics Express, vol. 18, no. 4, pp. 3858-

3863 (2010). 

265. A. Pasquazi, Y. Park, J. Azana, et al., “Efficient wavelength conversion and net parametric gain via Four Wave Mixing in a high 

index doped silica waveguide,” Optics Express, vol. 18, no. 8, pp. 7634-7641 (2010). 

266. M. Peccianti, M. Ferrera, L. Razzari, et al., “Subpicosecond optical pulse compression via an integrated nonlinear chirper,” Optics 

Express, vol. 18, no. 8, pp. 7625-7633 (2010). 

267. D. Duchesne, M. Ferrera, L. Razzari, et al., “Efficient self-phase modulation in low loss, high index doped silica glass integrated 

waveguides,” Optics Express, vol. 17, no. 3, pp. 1865-1870 (2009). 

268. A. Pasquazi, M. Peccianti, L. Razzari, D. J. Moss, S. Coen, M. Erkintalo, Y. K. Chembo, T. Hansson, S. Wabnitz, P. Del'Haye, X. X. 

Xue, A. M. Weiner, and R. Morandotti, “Micro-combs: A novel generation of optical sources,” Physics Reports, vol. 729, pp. 1-81 

(2018). 

269. P. Del’Haye, A. Schliesser, O. Arcizet, T. Wilken, R. Holzwarth, and T. J. Kippenberg, “Optical frequency comb generation from 

a monolithic microresonator”, Nature, vol. 450, pp. 1214–1217 (2007). 

270. M. Peccianti, et al., “Demonstration of an ultrafast nonlinear microcavity modelocked laser”, Nature Communications, vol. 3, pp. 

765 (2012).   

271. M. Kues, et al., “Passively modelocked laser with an ultra-narrow spectral width”, Nature Photonics, vol. 11, no. 3, pp. 159 (2017). 

DOI:10.1038/nphoton.2016.271 

272. A. Pasquazi, L. Caspani, M. Peccianti, et al., “Self-locked optical parametric oscillation in a CMOS compatible microring resonator: 

a route to robust optical frequency comb generation on a chip,” Optics Express, vol. 21, no. 11, pp. 13333-13341 (2013). 

273. A. Pasquazi, M. Peccianti, B. E. Little, et al., “Stable, dual mode, high repetition rate mode-locked laser based on a microring 

resonator,” Optics Express, vol. 20, no. 24, pp. 27355-27362 (2012). 

274. C. Reimer, L. Caspani, M. Clerici, et al., “Integrated frequency comb source of heralded single photons,” Optics Express, vol. 22, 

no. 6, pp. 6535-6546 (2014). 

275. C. Reimer, et al., “Cross-polarized photon-pair generation and bi-chromatically pumped optical parametric oscillation on a chip”, 

Nature Communications, vol. 6, Article 8236 (2015).  DOI: 10.1038/ncomms9236 

276. L. Caspani, C. Reimer, M. Kues, et al., “Multifrequency sources of quantum correlated photon pairs on-chip: a path toward 

integrated Quantum Frequency Combs,” Nanophotonics, vol. 5, no. 2, pp. 351-362 (2016). 

277. C. Reimer, M. Kues, P. Roztocki, B. Wetzel, F. Grazioso, B. E. Little, S. T. Chu, T. Johnston, Y. Bromberg, L. Caspani, D. J. Moss, 

and R. Morandotti, “Generation of multiphoton entangled quantum states by means of integrated frequency combs,” Science, vol. 

351, no. 6278, pp. 1176-1180 (2016). 

278. M. Kues, et al., “On-chip generation of high-dimensional entangled quantum states and their coherent control”, Nature, vol. 546, 

no. 7660, pp. 622-626 (2017). 

279. P. Roztocki, M. Kues, C. Reimer, B. Wetzel, S. Sciara, Y. Zhang, A. Cino, B. E. Little, S. T. Chu, D. J. Moss, and R. Morandotti, 

“Practical system for the generation of pulsed quantum frequency combs,” Optics Express, vol. 25, no. 16, pp. 18940-18949 (2017). 

280. Y. Zhang, et al., “Induced photon correlations through superposition of two four-wave mixing processes in integrated cavities”, 

Laser and Photonics Reviews, vol. 14, no. 7, 2000128 (2020). DOI: 10.1002/lpor.202000128 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 February 2022                   doi:10.20944/preprints202202.0128.v1

https://doi.org/10.20944/preprints202202.0128.v1


 36 of 41 
 

 

281. M. Kues, C. Reimer, A. Weiner, J. Lukens, W. Munro, D. J. Moss, and R. Morandotti, “Quantum Optical Micro-combs”, Nature 

Photonics, vol. 13, no.3, pp. 170-179 (2019).  

282. C. Reimer, et al.,“High-dimensional one-way quantum processing implemented on d-level cluster states”, Nature Physics, vol. 15, 

no.2, pp. 148–153 (2019). 

283. P. Marin-Palomo, et al., “Microresonator-based solitons for massively parallel coherent optical communications”, Nature, vol. 546, 

no. 7657, pp. 274 (2017). 

284. J. Pfeifle, V. Brasch, M. Lauermann, Y. Yu, D. Wegner, T. Herr, K. Hartinger, et al., “Coherent terabit communications with 

microresonator Kerr frequency combs”, Nature Photonics, vol. 8, no. 5, pp. 375-380, 2014. 

285. B. Corcoran, et al., “Ultra-dense optical data transmission over standard fiber with a single chip source”, Nature Communications, 

vol. 11, Article:2568 (2020). DOI:10.1038/s41467-020-16265-x. 

286. X. Xu, et al., “Photonic perceptron based on a Kerr microcomb for scalable high speed optical neural networks”, Laser and Photonics 

Reviews, vol. 14, no. 8, 2000070 (2020).  DOI:10.1002/lpor.202000070.  

287. X. Xu, et al., “11 TeraFLOPs photonic convolutional accelerator for deep learning convolutional optical neural networks”, Nature, 

vol. 589 (7840), 44-51 (2021).  

288. J. Feldmann, et al., “Parallel convolution processing using an integrated photonic tensor core”, arXiv:2002.00281, 2020.  

289. D. T. Spencer, et al., “An optical-frequency synthesizer using integrated photonics”, Nature, vol. 557, no. 7703, pp. 81-85, 2018.  

290. T. J. Kippenberg, A. L. Gaeta, M. Lipson, and M. L. Gorodetsky, “Dissipative Kerr solitons in optical microresonators,” Science, 

vol. 361, no. 6402, 2018.  

291. A. L. Gaeta, M. Lipson, and T. J. Kippenberg, “Photonic-chip-based frequency combs,” Nature Photonics, vol. 13, no. 3, pp. 158-

169, Mar. 2019. 

292. P. Del’Haye, T. Herr, E. Gavartin, M. L. Gorodetsky, R. Holzwarth, and T. J. Kippenberg, “Octave spanning tunable frequency 

comb from a microresonator”, Physical Review Letters, vol. 107, no. 6, pp. 063901, 2011.  

293. T. J. Kippenberg, R. Holzwarth, S. A. Diddams, “Microresonator-based optical frequency combs”, Science, vol. 332, no. 6029, pp. 

555-559, 2011. 

294. T. Herr, V. Brasch, J. D. Jost, C. Y. Wang, N. M. Kondratiev, M. L. Gorodetsky, et al., “Temporal solitons in optical microresonators”, 

Nature Photonics, vol. 8, no. 2, pp. 145-152, 2014.    

295. F. Ferdous, H. Miao, D. E. Leaird, K. Srinivasan, J. Wang, L. Chen, L. T. Varghese, and A. M. Weiner, “Spectral line-by-line pulse 

shaping of on-chip microresonator frequency combs”, Nature Photonics, vol. 5, no. 12, pp. 770, 2011. 

296. X. Xue, P. H. Wang, Y. Xuan, M. Qi, and A. M. Weiner, “Microresonator Kerr frequency combs with high conversion efficiency”, 

Laser & Photonics Reviews, vol. 11, no. 1, 2017. 

297. X. Xue, M. Qi, and A. M. Weiner, “Normal-dispersion microresonator Kerr frequency combs”, Nanophotonics, vol. 5, no. 2, pp. 

244-262, 2016. 

298. C. Grillet, et al., “Amorphous Silicon Nanowires with Record High Nonlinearity, FOM, and Optical Stability”, Optics Express, vol. 

20, no. 20. pp. 22609-22615 (2012).   

299. J. W. Choi, B. Sohn, G. F. R. Chen, D. K. T. Ng, and D. T. H. Tan, “Soliton-effect optical pulse compression in CMOS-compatible 

ultra-silicon-rich nitride waveguides,” APL Photonics, HIBSP2019, pp. 110804 (2020). 

300. J. Capmany, and D. Novak, “Microwave photonics combines two worlds,” Nat. Photonics, vol. 1, no. 6, pp. 319-330, 2007. 

301. J. P. Yao, “Microwave photonics,” Journal of Lightwave Technol., vol. 27, no. 1-4, pp. 314-335, Jan-Feb. 2009. 

302. D. Marpaung, J. Yao, and J. Capmany, “Integrated microwave photonics,” Nature Photonics, vol. 13, no. 2, pp. 80-90, Feb. 2019. 

303. J. Azaña, “Ultrafast analog all-optical signal processors based on fiber-grating devices,” IEEE Photonics Journal, vol. 2, no. 3, 359-

386. 2010. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 February 2022                   doi:10.20944/preprints202202.0128.v1

https://doi.org/10.20944/preprints202202.0128.v1


 37 of 41 
 

 

304. J. Capmany, B.Ortega, and D. Pastor, “A tutorial on microwave photonic filters,” Journal of Lightwave Technol., vol. 24, no. 1, 

pp.201-229, 2006. 

305. V. R. Supradeepa et al., “Comb-based radiofrequency photonic filters with rapid tunability and high selectivity,” Nat. Photonics, 

vol. 6, no. 3, pp. 186-194, Mar.2012. 

306. J. Wu, X. Xu, T. G. Nguyen, S. T. Chu, B. E. Little, R. Morandotti, A. Mitchell, and D. J. Moss, “RF Photonics: An Optical Micro-

combs' Perspective,” IEEE J. Sel. Top. Quantum Electron., vol. 24, no. 4, 6101020 (2018). DOI: 10.1109/JSTQE.2018.2805814. 

307. V. Torres-Company, and A. M. Weiner, “Optical frequency comb technology for ultra-broadband radio-frequency photonics,” 

Laser Photonics Rev, vol. 8, no. 3, pp. 368-393, May. 2014.  

308. Z. Jiang, C. B. Huang, D. E. Leaird, and A. M. Weiner, “Optical arbitrary waveform processing of more than 100 spectral comb 

lines,” Nat Photonics, vol. 1, no. 8, pp. 463-467, Aug. 2007.      

309. Y. Liu, J. Hotten, A. Choudhary, B. J. Eggleton, and D. Marpaung, “All-optimized integrated RF photonic notch filter,” Opt. Lett., 

vol. 42, no. 22, pp. 4631-4634, Nov 15. 2017. 

310. Y. Liu, D. Marpaung, A. Choudhary, J. Hotten, and B. J. Eggleton, “Link performance optimization of chip-based Si3N4 micro-

wave photonic filters,” J. Lightwave Technol., vol. 36, no. 19, pp. 4361-4370, 2018.  

311. Y. Liu, Y. Yu, S. X. Yuan, X. B. Xu, and X. L. Zhang, “Tunable megahertz bandwidth microwave photonic notch filter based on a 

silica microsphere cavity,” Opt. Lett., vol. 41, no. 21, pp. 5078-5081, Nov 1. 2016. 

312. A. Choudhary, B. Morrison, I. Aryanfar, S. Shahnia, M. Pagani, Y. Liu, K. Vu, S. Madden, D. Marpaung, and B. J. Eggleton, 

“Advanced integrated microwave signal processing with giant on-chip Brillouin gain,” J. Lightwave Technol., vol. 35, no. 4, pp. 

846-854, Feb 15. 2017. 

313. X. Q. Zhu, F. Y. Chen, H. F. Peng, and Z. Y. Chen, “Novel programmable microwave photonic filter with arbitrary filtering shape 

and linear phase,” Opt. Express, vol. 25, no. 8, pp. 9232-9243, Apr 17. 2017. 

314. E. Hamidi, D. E. Leaird, and A. M. Weiner, “Tunable Programmable Microwave Photonic Filters Based on an Optical Frequency 

Comb,” IEEE Journal of Microwave Theory, vol. 58, no. 11, pp. 3269-3278, Nov. 2010.  

315. R. Wu et al., “Generation of very flat optical frequency combs from continuous-wave lasers using cascaded intensity and phase 

modulators driven by tailored radio frequency waveforms,” Opt. Lett., vol. 35, no. 19, pp. 3234-3236, 2010.  

316. S. Mansoori, and A. Mitchell, “RF transversal filter using an AOTF,” IEEE Photonic Tech L, vol. 16, no. 3, pp. 879-881, 2004.  

317. W. Z. Li, and J. P. Yao, “Optical frequency comb generation based on repeated frequency shifting using two Mach-Zehnder 

modulators and an asymmetric Mach-Zehnder interferometer,” Opt. Express, vol. 17, no. 26, pp. 23712-23718, Dec 21. 2009.  

318. C. H. Chen, C. He, D. Zhu, R. H. Guo, F. Z. Zhang, and S. L. Pan, “Generation of a flat optical frequency comb based on a cascaded 

polarization modulator and phase modulator,” Opt. Lett., vol. 38, no. 16, pp. 3137-3139, Aug 15. 2013.  

319. T. Saitoh, M. Kourogi, and M. Ohtsu, “An optical frequency synthesizer using a waveguide-type optical frequency comb gener-

ator at 1.5-mu m wavelength,” IEEE Photonic Tech L, vol. 8, no. 11, pp. 1543-1545, Nov. 1996. 

320. T. G. Nguyen et al., “Integrated frequency comb source-based Hilbert transformer for wideband microwave photonic phase anal-

ysis,” Opt. Express, vol. 23, no. 17, pp. 22087-22097 (2015). 

321. X. Xue, et al., “Programmable single-bandpass photonic RF filter based on a Kerr comb from a microring,” Journal of Lightwave 

Technol., vol. 32, no. 20, pp. 3557-3565, Oct. 2014.  

322. X. Xu, J. Wu, M. Shoeiby, T. G. Nguyen, S. T. Chu, B. E. Little, R. Morandotti, A. Mitchell, and D. J. Moss, “Reconfigurable 

broadband microwave photonic intensity differentiator based on an integrated optical frequency comb source,” APL Photonics, 

vol. 2, no. 9, 096104 (2017). 

323. X. Xu, M. Tan, J. Wu, R. Morandotti, A. Mitchell, and D. J. Moss, “Microcomb-based photonic RF signal processing”, IEEE Pho-

tonics Technology Letters, vol. 31 no. 23 1854-1857 (2019).  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 February 2022                   doi:10.20944/preprints202202.0128.v1

https://doi.org/10.20944/preprints202202.0128.v1


 38 of 41 
 

 

324. X. Xu, et al., “Advanced RF and microwave functions based on an integrated optical frequency comb source,” Opt. Express, vol. 

26, no. 3, pp. 2569-2583 (2018).  

325. X. Xue, et al., “Microcomb-based true-time-delay network for microwave beamforming with arbitrary beam pattern control,” 

Journal of Lightwave Technology, vol. 36, no. 12, pp. 2312-2321, Jun. 2018. 

326. X. Xu, et al., “Broadband RF channelizer based on an integrated optical frequency Kerr comb source,” Journal of Lightwave Tech-

nology, vol. 36, no. 19, pp. 4519-4526 (2018).  

327. X. Xu, et al., “Continuously tunable orthogonally polarized RF optical single sideband generator based on micro-ring resonators,” 

Journal of Optics, vol. 20, no. 11, 115701 (2018). 

328. X. Xu, et al., “Orthogonally polarized RF optical single sideband generation and dual-channel equalization based on an integrated 

microring resonator,” Journal of Lightwave Technology, vol. 36, no. 20, pp. 4808-4818 (2018).  

329. X. Xu, et al., “Photonic microwave true time delays for phased array antennas using a 49 GHz FSR integrated optical micro-comb 

source,” Photonics Res, vol. 6, no. 5, pp. B30-B36 (2018).  

330. X. Xu, et al., “Advanced adaptive photonic RF filters with 80 taps based on an integrated optical micro-comb source,” Journal of 

Lightwave Technology, vol. 37, no. 4, pp. 1288-1295 (2019).  

331. W. Liang, et al., “High spectral purity Kerr frequency comb radio frequency photonic oscillator,” Nature Communications, vol. 6 

pp. 7957. 2015.   

332. J. Liu, et al., “Photonic microwave generation in the X-and K-band using integrated soliton microcombs” Nature Photonics, vol. 

14, 1-6, 2020. 

333. X. Xu et al., Broadband microwave frequency conversion based on an integrated optical micro-comb source”, Journal of Lightwave 

Technology, vol. 38 no. 2, pp. 332-338 (2020).  

334. M. Tan et al., “Photonic RF and microwave filters based on 49GHz and 200GHz Kerr microcombs”, Optics Comm. vol. 465, Article: 

125563, Feb. 22 (2020). 

335. X. Xu et al., “Broadband photonic RF channelizer with 90 channels based on a soliton crystal microcomb”, Journal of Lightwave 

Technology, Vol. 38, no. 18, pp.5116 - 5121 (2020). doi: 10.1109/JLT.2020.2997699. 

336. X. Xu et al., “Photonic RF and microwave integrator with soliton crystal microcombs”, IEEE Transactions on Circuits and Systems 

II: Express Briefs, Vol. 67 (12) 3582-3586 (2020).  

337. X. Xu et al., “Photonic RF phase-encoded signal generation with a microcomb source”, Journal of Lightwave Technology, vol. 38, no. 

7, pp. 1722-1727 (2020).     

338. X. Xu et al., “High performance RF filters via bandwidth scaling with Kerr micro-combs,” APL Photonics, vol. 4, no. 2, pp. 026102 

(2019). 

339. M. Tan et al., “Microwave and RF photonic fractional Hilbert transformer based on a 50 GHz Kerr micro-comb”, Journal of Light-

wave Technology, vol. 37, no. 24, pp. 6097 – 6104 (2019).  

340. M. Tan et al., “RF and microwave fractional differentiator based on photonics”, IEEE Transactions on Circuits and Systems: Express 

Briefs, Vol. 67, No. 11, pp. 2767 - 2771 (2020).  

341. M. Tan et al., “Photonic RF arbitrary waveform generator based on a soliton crystal micro-comb source”, Journal of Lightwave 

Technology, Vol. 38, No. 22, pp. 6221-6226, Oct 22 (2020). DOI: 10.1109/JLT.2020.3009655.  

342. M. Tan, X. Xu, J. Wu, R. Morandotti, A. Mitchell, and D. J. Moss, “RF and microwave high bandwidth signal processing based on 

Kerr Micro-combs”, Advances in Physics X, VOL. 6, NO. 1, 1838946 (2020). DOI:10.1080/23746149.2020.1838946. 

343. D. C. Cole, E. S. Lamb, P. Del'Haye, S. A. Diddams, and S. B. Papp, “Soliton crystals in Kerr resonators,” Nat. Photonics, vol. 11, 

no. 10, pp. 671-676, Oct. 2017.  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 February 2022                   doi:10.20944/preprints202202.0128.v1

https://doi.org/10.20944/preprints202202.0128.v1


 39 of 41 
 

 

344. W. Wang, Z. Lu, W. Zhang, S. T. Chu, B. E. Little, L. Wang, X. Xie, M. Liu, Q. Yang, L. Wang, J. Zhao, G. Wang, Q. Sun, Y. Liu, Y. 

Wang, and W. Zhao, “Robust soliton crystals in a thermally controlled microresonator,” Opt. Lett., vol. 43, no. 9, pp. 2002–2005, 

2018. 

345. B. Stern, X. Ji, Y. Okawachi, A. L. Gaeta, and M. Lipson, “Battery-operated integrated frequency comb generator”, Nature, vol. 

562, no. 7727, pp. 401, 2018.  

346. X. Xue, et al., “Mode-locked dark pulse Kerr combs in normal-dispersion microresonators,” Nature Phot., vol. 9 (9) 594. (2015). 

347. H. Bao et al., “Laser cavity-soliton microcombs,” Nature Photonics, vol. 13, no. 6, pp. 384-389 (2019). 

348. X. Xue, X. Zheng, and B. Zhou, “Super-efficient temporal solitons in mutually coupled optical cavities,” Nature Photonics, May 

2019. 

349. H. Zhou, et al., “Soliton bursts and deterministic dissipative Kerr soliton generation in auxiliary-assisted microcavities,” Light: 

Science & Applications, vol. 8, no. 1, pp. 50, 2019. 

350. H. Bao et al., “Turing patterns in a fibre laser with a nested micro-resonator: robust and controllable micro-comb generation”, 

Physical Review Research, vol. 2, pp. 023395 (2020).  

351. L. D. Lauro, J. Li, D. J. Moss, R. Morandotti, S. T. Chu, M. Peccianti, and A. Pasquazi, “Parametric control of thermal self-pulsation 

in micro-cavities,” Opt. Lett. vol. 42, no. 17, pp. 3407-3410, Aug. 2017.  

352. H. Bao et al., “Type-II micro-comb generation in a filter-driven four wave mixing laser,” Photonics Research, vol. 6, no. 5, pp. B67-

B73 (2018).  

353. B. Shen, Chang, L., Liu, J., et al., “Integrated turnkey soliton microcombs,” Nature, vol. 582, pp. 365-369, 2020.  

354. J. Capmany and D. Novak, “Microwave photonics combines two worlds,” Nat. Photonics, vol. 1, no. 6, pp. 319-330, Jun. 2007. 

355. J. P. Yao, “Microwave Photonics,” J. Lightwave Technol., vol. 27, no. 1-4, pp. 314-335, Jan. 2009. 

356. S. L. Pan and J. P. Yao, “Photonics-Based Broadband Microwave Measurement,” J. Lightwave Technol., vol. 35, no. 16, pp. 3498-

3513, 2017. 

357. J. Azana, C. Madsen, K. Takiguchi, and G. Cincotti, “Guest editorial - Optical signal processing,” J. Lightwave Technol., vol. 24, no. 

7, pp. 2484-2486, Jul. 2006. 

358. R. A. Minasian, “Ultra-Wideband and Adaptive Photonic Signal Processing of Microwave Signals,” IEEE J. Quantum Elect., vol. 

52, no. 1, 2016.  

359. X. H. Zou, B. Lu, W. Pan, L. S. Yan, A. Stohr, and J. P. Yao, “Photonics for microwave measurements,” Laser Photonics Rev., vol. 

10, no. 5, pp. 711-734, Sep. 2016.  

360. K. Xu, R. X. Wang, Y. T. Dai, F. F. Yin, J. Q. Li, Y. F. Ji, and J. T. Lin, “Microwave photonics: radio-over-fiber links, systems, and 

applications,” Photonics Res., vol. 2, no. 4, pp. B54-B63, Aug. 2014. 

361. S. L. Pan, D. Zhu, S. F. Liu, K. Xu, Y. T. Dai, T. L. Wang, J. G. Liu, N. H. Zhu, Y. Xue, and N. J. Liu, “Satellite Payloads Pay Off,” 

IEEE Microw. Mag., vol. 16, no. 8, pp. 61-73, Sep. 2015. 

362. H. W. Chen, R. Y. Li, C. Lei, Y. Yu, M. H. Chen, S. G. Yang, and S. Z. Xie, “Photonics-Assisted Serial Channelized Radio-Frequency 

Measurement System With Nyquist-Bandwidth Detection,” IEEE Photonics J., vol. 6, no. 6, Dec. 2014. 

363. X. J. Xie, Y. T. Dai, Y. Ji, K. Xu, Y. Li, J. Wu, and J. T. Lin, “Broadband Photonic Radio-Frequency Channelization Based on a 39-

GHz Optical Frequency Comb,” IEEE Photonic Tech. L., vol. 24, no. 8, pp. 661-663, Apr. 2012. 

364. W. S. Wang, R. L. Davis, T. J. Jung, R. Lodenkamper, L. J. Lembo, J. C. Brock, and M. C. Wu, “Characterization of a coherent 

optical RF channelizer based on a diffraction grating,” IEEE T. Microw. Theory, vol. 49, no. 10, pp. 1996-2001, Oct. 2001. 

365. W. T. Rhodes, “Acousto-optic signal processing: Convolution and correlation,” Proc. IEEE, vol. 69, no. 1, pp. 65–79, Jan. 1981. 

366. S. T. Winnall, A. C. Lindsay, M. W. Austin, J. Canning, and A. Mitchell, “A microwave channelizer and spectroscope based on 

an integrated optical Bragg-grating Fabry-Perot and integrated hybrid fresnel lens system,” IEEE T. Microw. Theory, vol. 54, no. 

2, pp. 868-872, Feb. 2006. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 February 2022                   doi:10.20944/preprints202202.0128.v1

https://doi.org/10.20944/preprints202202.0128.v1


 40 of 41 
 

 

367. W. Y. Xu, D. Zhu, and S. L. Pan, “Coherent photonic radio frequency channelization based on dual coherent optical frequency 

combs and stimulated Brillouin scattering,” Opt. Eng., vol. 55, no. 4, Apr. 2016. 

368. X. H. Zou, W. Z. Li, W. Pan, L. S. Yan, and J. P. Yao, “Photonic-Assisted Microwave Channelizer With Improved Channel Char-

acteristics Based on Spectrum-Controlled Stimulated Brillouin Scattering,” IEEE T. Microw. Theory, vol. 61, no. 9, pp. 3470-3478, 

Sep. 2013. 

369. Choudhary, B. Morrison, I. Aryanfar, S. Shahnia, M. Pagani, Y. Liu, K. Vu, S. Madden, D. Marpaung, and B. J. Eggleton, “Ad-

vanced Integrated Microwave Signal Processing with Giant On-Chip Brillouin Gain,” J. Lightwave Technol., vol. 35, no. 4, 846-854 

(2017). 

370. S. Bres, S. Zlatanovic, A. O. J. Wiberg, J. R. Adleman, C. K. Huynh, E. W. Jacobs, J. M. Kvavle, and S. Radic, “Parametric Photonic 

Channelized RF Receiver,” IEEE Photonic Tech. L., vol. 23, no. 6, pp. 344-346, Mar. 2011. 

371. O. J. Wiberg, D. J. Esman, L. Liu, J. R. Adleman, S. Zlatanovic, V. Ataie, E. Myslivets, B. P. P. Kuo, N. Alic, E. W. Jacobs, and S. 

Radic, “Coherent Filterless Wideband Microwave/Millimeter-Wave Channelizer Based on Broadband Parametric Mixers,” J. 

Lightwave Technol., vol. 32, no. 20, pp. 3609-3617, Oct. 2014. 

372. X. H. Zou, W. Pan, B. Luo, and L. S. Yan, “Photonic approach for multiple-frequency-component measurement using spectrally 

sliced incoherent source,” Opt. Lett., vol. 35, no. 3, pp. 438-440, Feb. 2010. 

373. F.Volkening,“Photonic channelized RF receiver employing dense wavelength division multiplexing,”U.S.Patent 724 583 3B1, 

2007. 

374. X. J. Xie, Y. T. Dai, K. Xu, J. Niu, R. X. Wang, L. Yan, and J. T. Lin, “Broadband Photonic RF Channelization Based on Coherent 

Optical Frequency Combs and I/Q Demodulators,” IEEE Photonics J., vol. 4, no. 4, pp. 1196-1202, Aug. 2012. 

375. Z. Li, X. M. Zhang, H. Chi, S. L. Zheng, X. F. Jin, and J. P. Yao, “A Reconfigurable Microwave Photonic Channelized Receiver 

Based on Dense Wavelength Division Multiplexing Using an Optical Comb,” Opt. Commun., vol. 285, no. 9, pp. 2311-2315, 2012. 

376. R. Y. Li, H. W. Chen, Y. Yu, M. H. Chen, S. G. Yang, and S. Z. Xie, “Multiple-frequency measurement based on serial photonic 

channelization using optical wavelength scanning,” Opt. Lett., vol. 38, no. 22, pp. 4781-4784, Nov. 2013. 

377. W. H. Hao, Y. T. Dai, F. F. Yin, Y. Zhou, J. Q. Li, J. Dai, W. Z. Li, and K. Xu, “Chirped-pulse-based broadband RF channelization 

implemented by a mode-locked laser and dispersion,” Opt. Lett., vol. 42, no. 24, pp. 5234-5237, Dec. 2017. 

378. T. Herr, K. Hartinger, J. Riemensberger, C. Y. Wang, E. Gavartin, R. Holzwarth, M. L. Gorodetsky, and T. J. Kippenberg, “Uni-

versal formation dynamics and noise of Kerr-frequency combs in microresonators,” Nat. Photonics, vol. 6, no. 7, 480-487 (2012). 

379. L. Caspani, C. Xiong, B. Eggleton, D. Bajoni, M. Liscidini, M. Galli, R. Morandotti, David J. Moss, “On-chip sources of quantum 

correlated and entangled photons”, Nature: Light Science and Applications, vol. 6, e17100 (2017); doi: 10.1038/lsa.2017.100. 

380. F. Da Ros, E. P. da Silva, D. Zibar, S. T. Chu, B. E. Little, R. Morandotti, M. Galili, D. J. Moss, and L. K. Oxenlowe, “Wavelength 

conversion of QAM signals in a low loss CMOS compatible spiral waveguide,” APL Photonics, vol. 2, no. 4 (2017). 

381. X. X. Xue and A. M. Weiner, “Microwave photonics connected with microresonator frequency combs,” Front. Optoelectron., vol. 

9, no. 2, pp. 238-248, Jun. 2016. 

382. S. Coen, H. G. Randle, T. Sylvestre, and M. Erkintalo, “Modeling of octave-spanning Kerr frequency combs using a generalized 

mean-field Lugiato-Lefever model,” Opt. Lett., vol. 38, no. 1, pp. 37-39, Jan. 2013. 

383. Y. K. Chembo and C. R. Menyuk, “Spatiotemporal Lugiato-Lefever formalism for Kerr-comb generation in whispering-gallery-

mode resonators,” Phys. Rev. A., vol. 87, no. 5, May. 2013. 

384. H. Guo, M. Karpov et al., “Universal dynamics and deterministic switching of dissipative Kerr solitons in optical microresona-

tors,” Nat. Phys., vol. 13, no. 1, pp. 94-102, Jan. 2017. 

385. X. Xue, Y. Xuan, C. Wang, P.-H. Wang, Y. Liu, B. Niu, D. E. Leaird, M. Qi, and A. M. Weiner, “Thermal tuning of Kerr frequency 

combs in silicon nitride microring resonators”, Opt. Express, vol. 24, no. 1, pp. 687-698, Jan. 2016. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 February 2022                   doi:10.20944/preprints202202.0128.v1

https://doi.org/10.20944/preprints202202.0128.v1


 41 of 41 
 

 

386. B. Bernhardt, A. Ozawa, P. Jacquet, M. Jacquey, Y. Kobayashi, T. Udem, R. Holzwarth, G. Guelachvili, T. W. Hansch, and N. 

Picque, “Cavity-enhanced dual-comb spectroscopy,” Nat. Photonics, vol. 4, no. 1, pp. 55-57, Jan. 2010. 

387. T. Ideguchi, et al., “Adaptive real-time dual-comb spectroscopy”, Nat. Commun., vol. 5, 3375, 2014. 

388. G. Millot, S. Pitois, M. Yan, T. Hovhannisyan, A. Bendahmane, T. W. Hansch, and N. Picque, “Frequency-agile dual-comb spec-

troscopy,” Nat. Photonics, vol. 10, no. 1, pp. 27-37, Jan. 2016. 

389. M. G. Suh, Q. F. Yang, K. Y. Yang, X. Yi, and K. J. Vahala, “Micro-resonator soliton dual-comb spectroscopy,” Science, vol. 354, 

no. 6312, pp. 600-603, Nov. 2016. 

390. N. G. Pavlov, G. Lihachev, S. Koptyaev, E. Lucas, M. Karpov, N. M. Kondratiev, I. A. Bilenko, T. J. Kippenberg, and M. L. Go-

rodetsky, “Soliton dual frequency combs in crystalline microresonators,”  

391. T. C. Briles, T. Drake, D. Spencer, J. R. Stone, C. Fredrick, Q. Li, D. Westly, B. R. Ilic, X. Yi, K. Y. Yang, K. Vahala, K. Srinivasan, S. 

Diddams, and S. Papp, “Optical Frequency Synthesis Using a Dual-Kerr-Microresonator Frequency Comb,” in Conference on 

Lasers and Electro-Optics, OSA Technical Digest (online) (Optical Society of America, 2017), paper SW4N.3. 

392. B. E. Little, S. T. Chu, P. P. Absil, J. V. Hryniewicz, F. G. Johnson, F. Seiferth, D. Gill, V. Van, O. King, and M. Trakalo, “Very high-

order microring resonator filters for WDM applications,” IEEE Photonics Technology Letters, vol. 16, no. 10, 2263-2265. 2004. 

393. J. Wu, T. Moein, X. Xu, and D. J. Moss, “Advanced photonic filters based on cascaded Sagnac loop reflector resonators in silicon-

on-insulator nanowires,” APL Photonics, vol. 3, 046102 (2018).  

394. J. Wu, T. Moein, X. Xu, G. H. Ren, A. Mitchell, and D. J. Moss, “Micro-ring resonator quality factor enhancement via an integrated 

Fabry-Perot cavity,” APL Photonics, vol. 2, 056103 (2017). 

395. H. Arianfard, J. Wu, S. Juodkazis, and D. J. Moss, “Advanced Multi-Functional Integrated Photonic Filters Based on Coupled 

Sagnac Loop Reflectors”, Journal of Lightwave Technology, Vol. 39, (5) pp.1400-1408 (2021). DOI: 10.1109/JLT.2020.3037559.  

396. Mengxi Tan, Xingyuan Xu, Jiayang Wu, Thach G. Nguyen, Sai T. Chu, Brent E. Little, Roberto Morandotti, Arnan Mitchell, and 

David J. Moss, “Photonic Radio Frequency Channelizers based on Kerr Micro-combs and Integrated Micro-ring Resonators”, 

JOSarXiv.202010.0002.  

397. Mengxi Tan, Xingyuan Xu, Jiayang Wu, Thach G. Nguyen, Sai T. Chu, Brent E. Littl, Arnan Mitchell, Roberto Morandotti, and 

David J. Moss, “Orthogonally polarized RF optical single sideband generation with integrated ring resonators”, 

JOSarXiv.202010.0001.  

398. Mengxi Tan, Xingyuan Xu, Jiayang Wu, Thach G. Nguyen, Sai T. Chu, Brent E. Littl, Arnan Mitchell,Roberto Morandotti, and 

David J. Moss, “Orthogonally polarized RF optical single sideband generationwith integrated ring resonators”, Journal of Semi-

conductors, 2021, In Press. 
 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 February 2022                   doi:10.20944/preprints202202.0128.v1

https://doi.org/10.20944/preprints202202.0128.v1

