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Abstract: Third order optical nonlinear effects relying on the instantaneous Kerr effect are
investigated in a straight chalcogenide ridge waveguide. The sample consists of a GeSbSe film
deposited on a thermally oxidized silicon substrate. Ridge waveguides were processed using
photolithography and dry etching techniques. From a 1.1 cm long integrated GeSbSe device,
self-phase modulation with a maximum nonlinear phase shift of 2.02 π for a peak power of 15.8
W and four-wave mixing with an external conversion efficiency of −42.6 dB for a pump power of
28 mW are demonstrated. Experimental results show a good agreement with calculations.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Photonic integrated circuits (PICs) are of key importance as they offer compelling performance
advances in terms of bandwidth, flexibility, and energy consumption which can underpin the
modern telecommunications networks. Nonlinear optics offers an all-optical alternative to optical-
electrical-optical based solutions and may offer competitive advantages as data densities and rates
continue to increase. The main idea behind PICs is to gather within a single monolithic chip a
variety of functions which are all required to provide, all-optically, some complex processing tasks.
Different optical nonlinear processes such as third-harmonic generation, self-phase modulation
(SPM), cross-phase modulation and four-wave mixing (FWM) have been used to implement a
broad range of functionalities dedicated to all-optical signal processing. By far, the most common
used nonlinear optical effect is FWM which occurs when two pump photons are annihilated
to create two photons at frequencies shifted toward the blue and red sides. Applying different
pumping schemes, FWM in an integrated platform have been demonstrated for providing various
applications, such as signal regeneration [1], wavelength channel conversion [2], and logic
operations [3], all of which could be modulation-format transparent and compatible with coherent
communications. The quest for all-optical components has naturally targeted materials with
extremely large nonlinearity including semiconductors (Si, III-V) [4–6], chalcogenide glasses [7]
and polymers [8], but also low-loss platforms (silicon dioxide [9] and silicon nitride [10,11]). A
lot of efforts have been made to develop nonlinear photonic devices on the silicon platform; even
though promising results have been shown, this platform suffers from free-carrier dispersion
and absorption through two-photon absorption (TPA) process which leads to a limitation of the
operational speed of devices. The intrinsic limitations of silicon have motivated the development
of alternative integrated nonlinear platforms that are still compatible with silicon photonics in
order to access broader transparency window (visible, UV or mid-IR), suppress the nonlinear
absorption and achieve ultra-low losses.
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Chalcogenide glasses (ChG) have attracted significant attention in recent years as a major
technological platform for all-optical devices [12]. They are amorphous materials containing as a
major constituent one or more of the chalcogen elements from group VIa of the periodic table (i.e.
Sulphur (S), Selenium (Se), Tellurium (Te), but excluding oxygen (O)) covalently bonded to other
elements such as arsenic (As), germanium (Ge), antimony (Sb), gallium (Ga), silicon (Si) and
phosphorus (P). Therefore, it is possible to formulate them differently to meet different demands
for refractive index, transmission range, hardness, band-edge energy, optical nonlinearity. These
specific chemical compositions can yield glasses with unique and striking optical properties that
make them compelling for near- and mid-infrared applications [13]. The instantaneous third-order
(Kerr) nonlinearity, combined with strong confinement and dispersion engineering achievable
in waveguide devices, make ChG glasses a promising platform for all-optical signal processing
[14–16]; the absence of free carriers or two-photon absorption insures that the nonlinearity is
near-instantaneous and dispersive. The intrinsic transparency window of ChGs, which includes
much of the molecular fingerprint region of 2-25 µm, makes them also attractive for spectroscopy
and optical sensing [17].
This paper reports on efficient nonlinear processes highlighted through the demonstration of

SPM and FWM in a 1.1 cm long straight GeSbSe ridgewaveguide (on SiO2) that was geometrically
optimized to yield small effective area and concomitantly, large nonlinear coefficient. Spectral
broadening induced by SPM is observed, the related experimental results are fitted using a
numerical model in order to estimate the nonlinear index. FWM in CW regime is also reported.
Conversion efficiency measurements are compared to theory with a reasonable agreement.

2. Sample preparation

The geometry of the GeSbSe waveguide is illustrated in Fig. 1(a). The waveguide dimensions
were chosen in a way to ensure a single-mode propagation. Selenide glass targets with a nominal
composition of Ge12.5 Sb25 Se62.5 named Se6, was prepared using the conventional melting
and quenching techniques from commercial elemental precursors of high purity (5N) [18].
Using radio frequency (RF) magnetron sputtering, a 400 nm thick film of Se6 Se6 (n=2.88 @
1.55 µm) was then deposited onto silicon wafers with 2 µm of thermal oxide (n=1.44 @ 1.55
µm) [19]. A ridge waveguide with 600 nm width was then patterned using a standard i-line
photolithographic process (MJB4 Suss Microtech mask aligner) and followed by a dry etching
procedure at low pressure (Corial 200IL) combining reactive ion etching (RIE) and inductively
coupled plasma (ICP) etching (5 sccm CHF3, 5 mTorr, 75 W ICP, 25 W RF). These optimized
etching conditions enable anisotropic etching, with vertical sidewalls desirable for fabrication of
rectangular waveguides. The fabrication procedures are summarized in Fig. 2. An image of the
sample taken by scanning electron microscopy (SEM) is shown in Fig. 1(b). Waveguide with
vertical sidewalls are achieved with a good anisotropy; showing the high quality of the fabrication
procedures. Figure 1(c) shows the simulated field distribution of the fundamental TE-mode at
a wavelength of 1550 nm. The nonlinear effective area is calculated for different geometrical
parameters (width W and height H) by using the following equation [20]:

Aeff , NL =
Z2
0

n2core

���∫∫ Dtot
{E × H}.ez dxdy

���2∫∫
Dcore
|E |4dxdy

(1)

where Z0 is the free space impedance, ncore is the refractive index of the core, Dcore is the
nonlinear core domain and ez is the unit vector along z-direction. E and H represent the electric
and magnetic field, respectively.

Figure 1(d) displays the obtained effective nonlinear area as a function of the core waveguide
width and height. The GeSbSe waveguide with a width of 600 nm and height of 400 nm results
in a small effective nonlinear interaction area of 0.13 µm2.
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as a major constituent one or more of the chalcogen elements from group VIa of the periodic 
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instantaneous third-order (Kerr) nonlinearity, combined with strong confinement and 
dispersion engineering achievable in waveguide devices, make ChG glasses a promising 
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absorption insures that the nonlinearity is near-instantaneous and dispersive. The intrinsic 
transparency window of ChGs, which includes much of the molecular fingerprint region of 2-
25 µm, makes them also attractive for spectroscopy and optical sensing [17]. 

This paper reports on efficient nonlinear processes highlighted through the demonstration 
of SPM and FWM in a 1.1 cm long straight GeSbSe ridge waveguide (on SiO2) that was 
geometrically optimized to yield small effective area and concomitantly, large nonlinear 
coefficient. Spectral broadening induced by SPM is observed, the related experimental results 
are fitted using a numerical model in order to estimate the nonlinear index. FWM in CW regime 
is also reported. Conversion efficiency measurements are compared to theory with a reasonable 
agreement. 
 

2. Sample preparation 

 
Fig. 1. (a) Schematic and (b) SEM micrograph of the cross-sectional structure of a GeSbSe-
based ridge waveguide. (c) Theoretical field distribution of the fundamental TE-mode of the 
GeSbSe waveguide with a width of 600 nm and height of 400 nm. (d) Effective nonlinear area 
as a function of the width and the height of the GeSbSe waveguide.   

The geometry of the GeSbSe waveguide is illustrated in Fig. 1(a). The waveguide 
dimensions were chosen in a way to ensure a single-mode propagation. Selenide glass targets 

Fig. 1. (a) Schematic and (b) SEM micrograph of the cross-sectional structure of a GeSbSe-
based ridge waveguide. (c) Theoretical field distribution of the fundamental TE-mode of the
GeSbSe waveguide with a width of 600 nm and height of 400 nm. (d) Effective nonlinear
area as a function of the width and the height of the GeSbSe waveguide.

Fig. 2. Schematic of the ChG-ridge waveguide fabrication process.

3. Results and discussion

3.1. Linear optical characterization

Optical propagation losses for single mode GeSbSe ridge waveguides were measured using the
cut-back method at a wavelength of 1550 nm. In this case, the measurements were performed on
three sets of waveguides having five different lengths. In order to avoid successive cleaves of
the sample, a photomask of “S” waveguides with different lengths was realized as showed in
Fig. 3(a). The waveguides have the same number of bends whose the bending radius is fixed at
150 µm to avoid the bending losses. The results of these measurements are reported in Fig. 3(b).
The uncertainties displayed in Fig. 3(b) are obtained from standard deviation of the transmission
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measurements on these three waveguides for each propagation length. The propagation losses
uncertainty comes from the fitting procedure. For a given GeSbSe ridge waveguide, propagation
losses of 9.7 ± 0.2 dB/cm, as well as coupling losses of 4.5 dB at each facet have been estimated
from Fig. 3(b).

Fig. 3. (a) Representation of “S” waveguides with different lengths and (b) corresponding
propagation losses measured at wavelength of 1550 nm for GeSbSe ridge waveguides.

In selenide ridge waveguides, the principal factors of propagation losses are: (a) the defects
located at selenide confinement-guiding layer interfaces, (b) the side-walls roughness and (c)
the volume scattering of selenide guiding layer [21,22]. Moreover, coupling losses stem from
two sources namely mode mismatch losses (αd) and Fresnel reflection losses (αf ). The mode
mismatch losses come from the fact that the mode diameter of the micro-lensed fiber used for the
injection of light in the waveguide [23] cannot be fully adapted to the diameter of the fundamental
mode of the waveguide. The diameter of the fundamental mode of the waveguide is smaller
than the mode diameter (2.0 ± 0.2 µ m) of the micro-lensed fiber. Fresnel losses correspond to
the reflections at the interfaces between the optical chip and air. Taking into account these two
sources of coupling losses (mode mismatch αd ≈ 3.5 dB and Fresnel αf ≈ 0.5 dB), the theoretical
coupling losses are about αd + αf ∼ 4 dB per facet. From the fitting procedure of propagation
losses, the mean experimental coupling losses are extrapolated at L= 0 cm and evaluated to
4.5 ± 0.5 dB per facet. The difference between the experimental and theoretical coupling losses
could arise from the fact that the hand-cleaving of the sample was not ideally orthogonal to the
waveguide axis.

3.2. Self-phase modulation

Self-phase modulation experiments were performed in the fabricated GeSbSe ridge waveguides
using the experimental setup shown in Fig. 4 in order to determine their nonlinear propagation
characteristics.

Fig. 4. Experimental setup used for the characterization of self-phase modulation in GeSbSe
ridge waveguide. OSA: optical spectrum analyzer.

9.6 ps pulses with 19.3 MHz repetition rate at 1550 nm were coupled into the waveguide using
a micro-lensed fiber mounted on a micro-alignment bench [23]. A variable optical attenuator was
used to control the input power and a second micro-lensed fiber was used to couple the output of
the waveguide to an optical spectrum analyzer. A 95/5 coupler connected to a power-meter was
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inserted between the variable optical attenuator and the waveguide in order to measure the actual
input pump power. The black curve in Fig. 5 represents the spectrum recorded at maximum
input average power with set-up described in Fig. 4 without the component under test and after
optimization of the micro-lensed fiber to micro-lensed fiber coupling. The total propagation
length in single mode fibers (SMF) was kept below 4 meters for all measurements.

Fig. 5. Symmetric spectral broadening due to self-phase modulation within a 1.1 cm long
GeSbSe ridge waveguide for different input peak power within the waveguide. The solid line
represents the experiment and the dotted line is the theory.

This experiment aimed at demonstrating SPM so as to determine the nonlinear refractive index
of the guiding layer of the GeSbSe ridge waveguide. For that, the output spectra of the pulses
were measured for 7 different input peak powers ranging from 4.7 to 15.8 W. Examples of output
spectra used to adjust the nonlinear refractive index are depicted in Fig. 5. A spectral broadening
of optical pulses is observed, which is the signature of self-phase modulation occurring during
pulse propagation along the GeSbSe ridge waveguide.

For a quantitative modelling of the experimental data, it is necessary to consider the combined
effects of SPM and group-velocity dispersion (GVD) in the nonlinear GeSbSe ridge waveguide on
spectral changes. Spectral broadening depends on several parameters: the nonlinear coefficient
γ, the waveguide dispersion β2, the shape and the initial chirp C of the input pulse, the
waveguide length L, and the waveguide attenuation. The nonlinear coefficient is expressed by
γ = (n2 × ω0)/(c × Aeff , NL), where ω0 is the pump frequency, c is the speed of light and Aeff ,NL
is the nonlinear effective area.

The modelling of the experimental data is performed thanks to a usual split-step algorithm [24].
The initial chirp of the pulse used in the experiment (C = 0.7) has been measured in a previous
study [25], while the dispersion as shown in Fig. 6, is deduced from effective index calculation.
The effects of waveguide dispersion are clearly seen when comparing the material Se6

dispersion to the GVD of the waveguide. The material Se6 dispersion remains normal over the
near-infrared wavelength range. While the total dispersion of the GeSbSe waveguide displays
anomalous dispersion at a wavelength of 1550 nm (D ∼ 1055 ps.nm−1.km−1). On one hand,
the dispersion effects can be quantified by the dispersion length which is defined as follows:
LD =

T2
0
|β2 |

with T0 is the input pulse width and β2 is the waveguide dispersion. LD is equal to 69
m in the case of GeSbSe waveguide with a width of 600 nm and height of 400 nm. Therefore, the
dispersion effects are negligible since the chip length was chosen to be in the order of centimeters
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Fig. 6. The calculated material dispersion of the GeSbSe (Se6) glass (dashed black line) and the 
simulated group velocity dispersion of the GeSbSe waveguide with a width of 600 nm and height 
of 400 nm (solid red line). 

The effects of waveguide dispersion are clearly seen when comparing the material Se6 
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2

|𝛽𝛽2|
 with 𝑇𝑇0  is the input pulse width and 𝛽𝛽2 is the waveguide dispersion. 𝐿𝐿𝐷𝐷  is 
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nonlinear length which is defined as follows: 𝐿𝐿𝑁𝑁𝑁𝑁 = 1

𝛾𝛾𝛾𝛾
 with 𝛾𝛾 is the nonlinear coefficient and 

𝑃𝑃 is the coupled pump power. Because of its small effective area in the order of µm², the 
waveguide presents a small nonlinear length (𝐿𝐿𝑁𝑁𝑁𝑁 < 10−2 𝑚𝑚). Hence, the nonlinear effects play 
a significant role during pulse propagation inside the waveguide since 𝐿𝐿 > 𝐿𝐿𝑁𝑁𝑁𝑁 . Then, the 
condition 𝐿𝐿 > 𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒 > 𝐿𝐿𝑁𝑁𝑁𝑁  should be respected so that the nonlinearities can overcome the 
limitations due to waveguide propagation loss value. 

The nonlinear refractive index 𝑛𝑛2 was adjusted to obtain the best agreement between the 
experimental and simulated spectra. Therefore, an average value of 𝑛𝑛2 as well as a standard 
deviation (mean absolute difference between the experimental and the average 𝑛𝑛2) can be 
determined from the 7 spectra. An average value for the Kerr nonlinear coefficient 𝑛𝑛2  of  3.2 ×
10−18  𝑚𝑚2 𝑊𝑊⁄  and for its standard deviation of 1.3 × 10−18  𝑚𝑚2 𝑊𝑊⁄  were estimated. The 
average 𝑛𝑛2 is comparable to the value of 𝑛𝑛2 (2.0 × 10−17 ± 0.3 × 10−17  𝑚𝑚2 𝑊𝑊⁄ ) reported in 
the literature [26]. This experiment, therefore, enables us to highlight self-phase modulation in 
ChG waveguides but also to determine the optical linear and nonlinear properties of the 
waveguides. 

Fig. 6. The calculated material dispersion of the GeSbSe (Se6) glass (dashed black line)
and the simulated group velocity dispersion of the GeSbSe waveguide with a width of 600
nm and height of 400 nm (solid red line).

(L=1.1 cm). On the other hand, the nonlinear effects are quantified by the nonlinear length
which is defined as follows: LNL = 1

γP with γ is the nonlinear coefficient and P is the coupled
pump power. Because of its small effective area in the order of µm2, the waveguide presents a
small nonlinear length (LNL<10−2 m). Hence, the nonlinear effects play a significant role during
pulse propagation inside the waveguide since L>LNL. Then, the condition L>Leff>LNL should be
respected so that the nonlinearities can overcome the limitations due to waveguide propagation
loss value.
The nonlinear refractive index n2 was adjusted to obtain the best agreement between the

experimental and simulated spectra. Therefore, an average value of n2 as well as a standard
deviation (mean absolute difference between the experimental and the average n2) can be
determined from the 7 spectra. An average value for the Kerr nonlinear coefficient n2 of
3.2 × 10−18 m2/W and for its standard deviation of 1.3 × 10−18 m2/W were estimated. The
average n2 is comparable to the value of n2 (2.0 × 10−17 ± 0.3 × 10−17 m2/W) reported in the
literature [26]. This experiment, therefore, enables us to highlight self-phase modulation in ChG
waveguides but also to determine the optical linear and nonlinear properties of the waveguides.

Self-broadening induces a SPM phase shift with a maximum at the center dip of the pulse.
This maximum phase shift is defined as Φmax = γLeffP, where γ is the nonlinear coefficient
defined above, Leff = [1 − exp(−αL)]/α is the effective interaction length, calculated to be
0.4 cm and P is the coupled pump power [24]. Figure 7. shows the experimental nonlinear
phase shift, exhibiting a linear relation with the pump power, and in good agreement with the
simulated nonlinear phase shift that was calculated by using the average value for the Kerr
nonlinear coefficient n2 (3.2 × 10−18 m2/W). From this figure, it is possible to deduce that the
GeSbSe ridge waveguide presents a maximum nonlinear phase shift of 2.02 π for a coupled peak
power of 15.8 W.
Table 1 highlights some of the milestones reported for SPM demonstration with different

ChG materials. The first demonstration of self-phase modulation in integrated ChG waveguides
was achieved in 2002 by Bell laboratories [27]. A maximum nonlinear phase shift of π was
obtained with a mode-locked laser delivering 380 fs short pulses. In 2006, a maximum nonlinear
phase shift of 1.5 π was obtained from a As2S3 rib waveguide pumped by 1.8 ps optical pulses at
1554.9 nm [28]. One decade later, the same maximum nonlinear phase shift was obtained also
in a GeSbS ridge waveguide with Ppeak ∼ 70 − 100 W [29]. Ppeak noted in Table 1 represents
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Fig. 7. Nonlinear phase shift versus coupled pump power. The blue line represents the
maximum phase shift corresponding to the average n2 (3.2× 10−18 m2/W) for 7 spectra and
the red stars represent the maximum phase shift of each spectrum at a given pump power.

the coupled input peak power compensated for input fiber-waveguide coupling losses. We can
conclude from Table 1, that the results displayed in Fig. 7 represent a significant improvement
of maximum nonlinear phase shift reachable in ChG integrated waveguides. This is due to the
reduction of the effective area which leads to an enhancement of the optical confinement in the
nonlinear ChG core and to the high value of the nonlinear refractive index.

Table 1. Summary of nonlinear characteristics reported for chalcogenide waveguides.

3.3. Four-wave mixing

FWM characterization was also performed using the setup depicted in Fig. 8.
Two tunable CW lasers emitting at different wavelengths were used: the first one which is

the most powerful is used as the pump wave while the second one plays the role of the signal
wave. Each wave is amplified by an erbium-doped fiber amplifier (EDFA) and subsequently
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Fig. 8. Characterization setup used for the FWM experiments. OBF: optical band-pass
filters, PC: polarization controllers, VOA: variable optical attenuator, EDFA: erbium-doped
fiber amplifier.

filtered by a tunable optical band-pass filter (OBF). The filters were centered around the pump
and signal wavelengths and employed to suppress the amplified spontaneous emission noise.
On each arm, the polarization state can be adjusted by using a polarization controller (PC). A
variable optical attenuator (VOA) was placed on the path of the pump laser to vary its power
since laser operations were set at their maximum output powers. The pump and signal waves
were coupled into the ChG waveguide using a fibered micro-lens with a mode radius of 2 µm and
the output was collected from the waveguide with a second fibered micro-lens connected to either
an optical spectrum analyzer or a power-meter. Before coupling into the waveguide, a 95/5 fiber
coupler connected to a power-meter is placed in order to measure the pump and signal powers
individually.
Figure 9(a) shows the measured FWM spectrum at the output of a 1.1 cm long GeSbSe

waveguide with a 400 × 600 nm2 cross-section. A conversion efficiency of about −42.6 dB
is obtained when a pump power of 28 mW and a signal power of 2.24 mW are coupled into
the waveguide. The conversion efficiency is estimated from the FWM spectrum by using the
following equation:

ηFWM =
Pi,output

Ps,input
(2)

where Ps,input and Pi,output are the signal power at the waveguide input and the idler power at the
waveguide output, respectively.

Figure 9(b) depicts the FWM conversion efficiency as a function of the coupled pump power
where the theoretical FWM conversion efficiency follows a quadratic relation with the pump
power under the assumption that the pump wave is high enough and undepleted by the nonlinear
interaction:

ηFWM = (PpγLeff )2sinc2
(
KLeff
2

)
(3)

where Pp is the pump power at the waveguide input, γ is the nonlinear coefficient and Leff is the
effective interaction length of the waveguide of a length L and an attenuation coefficient α.
The total phase mismatch K represents the sum of the linear mismatch occurring as a result

of the dispersive effects in the waveguide and the nonlinear mismatch arising from nonlinear
effects. It is possible to notice from Fig. 9(b) that there is a satisfying agreement between the
experimental and simulated ηFWM as a function of pump power. The last experimental point is
placed lower than OSA detection limit (≈−63 dBm) because it corresponds to a pump power of
15.8 dBm ≈ 38 mW for which the power density (≈8.0 × 106W/cm2) damaged optically the
waveguide.

The main challenge in realizing significant four-wave mixing is to satisfy the phase-matching
condition, which causes the idler intensity to build-up rather than to oscillate along the propagation
path. Several methods can be used for realizing such phase-matching in practice. Alternatively,
one can achieve an efficient four-wave mixing even if phase-matching is not perfect. To assess
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Fig. 9. (a) Optical output spectrum measured for a 1.1 cm long GeSbSe ridge waveguide
(cross-sectional dimension: 400 × 600 nm2) with a coupled input pump power of 28 mW.
(b) Measured output FWM conversion efficiency as a function of coupled input pump power
for the waveguide of interest, the blue curve corresponds to the theoretical results and the
red stars correspond to the experimental results. The phase mismatch was determined for a
signal and a pump shifted by 1 nm. The last experimental point corresponds to the damaging
point where the power density damaged optically the waveguide.

the tolerable amount of wave-vector mismatch over which the four-wave mixing effect can be
observed, the FWM conversion efficiency as a function of pump-signal wavelength detuning
for a GeSbSe ridge waveguide was characterized and plotted in Fig. 10. In this experiment, the
pump wavelength was fixed at 1550.2 nm and the signal wavelength was varying till 1556.2 nm.

Fig. 10. Measured FWM conversion efficiency as a function of pump-signal wavelength
detuning (∆λ = λs − λp)in GeSbSe ridge waveguide (cross-sectional dimension: 400 ×
600 nm2).

For a GeSbSe ridge waveguide, the FWM conversion efficiency is almost flat over a detuning
range from 0 to 3.5 nm. Then, it starts to dip once the signal wavelength is moving away
from the pump wavelength. The FWM bandwidth, which is defined as the position of the first
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minimum of the FWM conversion efficiency, is equal to 5 nm for a 1.1 cm long GeSbSe ridge
waveguide. This value is limited by the relatively high material dispersion of GeSbSe. This
waveguide was designed with intent to boost the effective nonlinear coefficient in order to achieve
a FWM conversion efficiency as high as possible in the GeSbSe waveguide. However, to broaden
the FWM bandwidth, the GeSbSe ridge waveguide needs also to be designed and optimized
through dispersion engineering in a way that the pump wavelength coincides with zero-dispersion
wavelength.

4. Conclusion and outlook

In conclusion, the use of Se6 as guiding layer and SiO2 as confinement layer was shown to
improve the nonlinear parameter γ of the structure. By leveraging the high nonlinear parameter
of the structure, SPM and FWM in a 1.1 cm long GeSbSe ridge waveguide were achieved.
Spectral broadening induced by self-phase modulation with nonlinear maximum phase shift
of Φmax = 2.02 π for a peak power of Ppeak = 15.8 W was obtained. By tailoring the
waveguide dimensions in order to adjust the dispersion, such a spectral broadening can lead to
a supercontinuum generation with octave-spanning bandwidths [30]. Four-wave mixing with
conversion efficiency of ηFWM = −42.6 dB for a pump power of Ppump = 28 mW was achieved
as well. By combining the high nonlinearities of Se6 layer and the design of resonant photonic
structures, the power required to generate FWM could be further decreased.
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