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We demonstrated a novel class of highly nonlinear
hybrid waveguide structures based on infiltration of
AsyS3 chalcogenide glass into silicon slot waveguides.
The nonlinear properties of the hybrid waveguides
were precisely quantified via a bidirectional top-hat D-
Scan method, enabling a direct comparison between
properties measured using different device geometries.
We experimentally demonstrate hybrid As;S3-Si slot
waveguides with a two photon absorption (TPA) fig-
ure of merit exceeding 2 at near infrared wavelengths.
These waveguides largely satisfy the critical criterion
for efficient nonlinear integrated photonics (FOM 5, >
1), allowing phase shifts greater than 77 with minimal
overall losses. These results pave the way for efficient
and robust ultra-fast all-optical devices and circuits in
the large-scale silicon photonics technology. © 2021 Opti-
cal Society of America

OCIS codes: (130.0130) Integrated optics; (130.3130) Integrated optics
materials; (160.4330) Nonlinear optical materials; (190.4390) Nonlinear
optics, integrated optics.
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Optical communications are at the core of the internet to-
day, enabling the development of the interconnected modern
society. However, in order to meet the requirements of future
communication system applications, optical circuits have to be
faster, smaller, less power hungry, and more cost-effective, while
delivering ever-growing data rates. Silicon photonics, due to
its compatibility with standard CMOS fabrication processes,
is uniquely positioned to enable ultra-compact optoelectronic
chips meeting these requirements [1]. In recent years, the silicon
photonics community has developed the key building blocks
including passive devices, modulators [2], optical isolators [3],
germanium photodetectors [4], along with III-V lasers on silicon
[5]. This groundbreaking family of optical devices are delivering

high-speed data communication solutions for data centers and
high-performance computers today. Nonetheless, the problem
of bandwidth scalability remains unsolved, posing a significant
challenge and limiting further advances. While optical fibers
can readily transport hundreds of optical carriers at different
wavelengths to reach petabit/s aggregate data rates, implement-
ing a multi-wavelength communication system to extend this
level in integrated Si photonics circuits presents a significant
challenge. The ever-growing bandwidth demand is therefore
mandating ultrafast all-optical solutions based on both materials
and processing methodologies.

A promising route to satisfy this demand is to exploit op-
tical nonlinearities to realize such ultrafast all-optical devices.
Several interesting demonstrations have been reported by ex-
ploiting third order nonlinearities in on-chip devices, such as
all-optical regeneration [6] and heralded single photon sources
[7]. Even though silicon, the master material for integrated pho-
tonics, exhibits a remarkably large Kerr nonlinear coefficient,
it also suffers from very high two-photon absorption (TPA) in
the C and L telecom bands [8]. The medium’s nonlinear loss
strongly limits the efficiency of ultrafast all-optical devices based
entirely on Si. For instance, TPA induced losses is the primary
attribute limiting the attainable ultrafast nonlinear phase shift.
At the same time, TPA also generates free carriers that change
the refractive index and absorption of the guiding material, re-
sulting in a much slower parasitic nonlinear response. The
relative magnitude of the desired ultrafast optical Kerr effect
and the deleterious TPA is usually quantified, in blulk materi-
als, by a figure of merit FOMY4k = n,/(BrpaA), with ny de-
noting the nonlinear refractive index, Brps representing the
TPA coefficient and A the pump wavelength. This expression
takes a different form when considering waveguiding structures,
FOM%A = Re(y™8)/(4rcIm(v™8)), where 7“3 is the effective
nonlinear third order susceptibility that takes into account the
effects of the waveguide geometry [9] and the nonlinear contri-
bution of different materials [10].

One way to mitigate the impact of nonlinear losses while still
taking advantage of the scalable manufacturing of silicon is to
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use a slot waveguide configuration. In a slot waveguide, light
is confined within a gap between semiconductor rails by taking
advantage of the high permittivity contrast between Si and the
slot medium [11]. The use of such hollow core structures where
the slot contains air or other materials is further extended with
the possibility of integrating diverse materials such as doped
polymers, glasses and other semiconductors into the slot to
achieve unconventional thermal, optical, or electronic attributes
and functionality, not attainable with Si alone.

The use of such hybrid slot waveguide structures for a novel
nonlinear photonics platform has garnered a considerable in-
terest in the recent years [12]. To date, most work in this area
has utilized organic materials such as DDMEBT [13, 14] and
p-toluene sulphonate (PTS) [15] to improve the effective nonlin-
earities. Chalcogenide glasses (ChGs) represent another class of
promising nonlinear optical material for high FOMtp4 hybrid
silicon structures. It has been known from prior studies on bulk
and waveguides fabricated in ChGs that these compositionally
tailorable materials have significantly higher Kerr coefficients
and lower TPA than those of silicon [16]. Even simple strip
silicon waveguides covered with ChGs have demonstrated the
potential to considerably boost the third order nonlinear figure of
merit [17]. A Si-ChG hybrid slot waveguide would be expected
to exhibit a superior nonlinear device platform benefiting from
the high FOMrtpa of ChGs and the strong field confinement in
the slot region.

There are, however, a number of fabrication challenges in-
volved in manufacturing the proposed hybrid slot waveguides,
most significantly, homogeneous infiltration of the nanoscale slot
with the ChG materials [18]. Optimizing the waveguide process-
ing protocol to minimize linear optical loss caused by scattering
due to roughness at the slot region [19, 20] and the design of
the waveguide linear and nonlinear propagation parameters
are among other potential technical challenges. Moreover, pre-
cise quantification of nonlinear susceptibilities and the figure
of merit in the spectral range of use for the hybrid devices is
essential to demonstrate their advantage relative to standard Si
waveguides.

In this letter, we demonstrate experimentally complete and
homogeneous filling of the nano-slot in silicon waveguides with
As)S3 glass using a simple thermal reflow process. We also val-
idate enhancement of third order nonlinearities and nonlinear
figure of merit in the hybrid slot waveguides using a bidirec-
tional D-Scan measurement method [21], showing the possibility
of engineering effective nonlinearities in complex hybrid pho-
tonic circuits. We show experimentally that it is possible to have
different effective nonlinearities by changing the slot’s geometry.
Our result illustrates for the first time, the potential for the de-
velopment of dispersion engineered slotted structures [10] for
efficient ultra-fast all-optical nonlinear photonics in chip-scale
platforms.

The devices were fabricated on SOI wafers with a 220 nm-
thick silicon layer over 2 ym of buried SiO;. Device structures
(slots) were defined in ZEP-520A resist (Zeon Chemical Co.) by
80 kV e-beam lithography Nanobeam NB-4 system. The writing
field was set to 50 x 50 um? for a beam current of 0.5 nA and
a beam step size of 2 nm. The resist patterns were then trans-
ferred to the Si layer by an inductively coupled plasma (ICP)
reactive ion etching process using SFs and CyFg gases. Follow-
ing this, thin films of AsyS3; were prepared using single-source
thermal evaporation. The film deposition was performed us-
ing a custom-designed system (PVD Products, Inc.) following
previously established protocols [22]. The devices were then

Fig. 1. Hybrid As;S3-on-Silicon waveguide platform. (a) SEM
image of a Si strip waveguide covered with annealed AsyS3
glass. (b) SEM image of hybrid slot waveguide with 70 nm slot
width and 220 nm x 220 nm Si rails, showing complete filling
of the slot by As;S3 after thermal treatment.

annealed for 1 min at 250°C in an inert gas atmosphere. The
annealing step reduces viscosity of As,S3 at elevated tempera-
tures to facilitate viscous flow of the glass. Since As;S3 wets Si
waveguide surfaces, the glass can spontaneously fill the slots
completely without leaving voids or other loss-inducing defects
[23]. Finally, the hybrid samples were mechanically cleaved for
optical characterization using free space butt-coupling elements
to precisely control the power, dispersion and polarization.

Figure 1 (a) shows a tilted-view scanning electron micrograph
(SEM) image of a strip silicon waveguide partially covered with
AsyS3 glass after annealing. The smoothed film edges are in-
dicative of viscous flow of the material. Figure 1 (b) shows the
cross-sectional SEM image of a slot waveguide filled with As,S3
glass. Here the slot width is 70 nm, and the silicon rail dimen-
sions are 220 nm x 220 nm. The glass completely fills the slot
without visible voids or defects.

To investigate the impact of hybrid waveguide design on
the nonlinear parameters, we calculated and plotted in Fig. 2
(a) the effective nonlinear waveguide susceptibility [9]. For
the calculations at telecom wavelenghts, we have considered
linear refractive indices of n4%2% = 2.4 and n5' = 3.5, nonlinear

refractive indices of nfs253 =29x10"8m?2/Wand ngi =20x

10718 m2/W, two-photon absoption coefficients of ﬁ?ls,f3 =

6.2 x 10715 m/W and ﬁ%il,A =26 x 10712 m/W, corresponding

to FOM4:25 = 304 and FOMS%,, = 0.49 [16, 21]. The real (left
axis) and imaginary (right axis) magnitudes decrease as the slot
width increases, as have been shown in previous simulation
works [14]. Nevertheless, the decrease ratio is different for both
quantities, being the imaginary part of the effective nonlinear
susceptibility more affected. The inset displays the confinement
factor in the As,S3 cladding, confirming that a larger portion of
the field interacts with the overall cladding when increasing the
slot size.

In Fig. 2 (b) and (c), the TE fundamental mode in the hybrid
slot waveguide at wavelength of 1580 nm is displayed for slot
widths of 70 nm and 200 nm respectively. The plots clearly high-
light the strong mode confinement in the ChG-filled slot region
and the difference between both structures, Fig. 2 (b) showing a
smaller effective area, while 2 (c) showing a larger amount of en-
ergy interacting with the cladding material. This means that less
power is confined in the silicon rails thus, decreasing the TPA.
Both effects are beneficial to increase the nonlinear interactions
and manifest a trade-off for choosing the proper geometrical
parameters. Additionally, smaller slot width results in larger
propagation losses due to roughness scattering [20].

Based on these results, we focused our experimental study
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Fig. 2. (a) Simulated modal real (left axis) and imaginary (right
axis) effective waveguide nonlinear susceptibility of hybrid
AsyS3-Silicon waveguides as a function of slot width. Inset:
modal confinement factor in As;S3. TE-polarized modal pro-
file for 70 nm (b) and 200 nm (c) slot widths.

on the analysis of the impact of two essential device parameters:
the slot width and the propagation length of the slot waveguide.
Single-mode strip Si waveguides with a semi-standard cross-
sectional dimension of 450 nm x 220 nm and similarly cladded
with As,S3 glass were also included in the study as a reference
to confirm that the largest enhancement of the nonlinearities
comes from the slot effect. The linear propagation losses for the
different slot waveguides were quantified via a cut-back method
tobe 10 =2 dB/cm, 15 + 3 dB/cm and 16 + 3 dB/cm for 160
nm, 140 nm, and 110 nm slot sizes, respectively.

To measure the figure of merit of different waveguides, we
used our previously developed bidirectional top hat D-Scan
technique [21]. As a temporal domain analog of the well-known
Z-scan technique, the D-scan method allows direct measurement
of the waveguide coupling coefficients as well as the effective
real and imaginary nonlinear coefficients. The setup consists
of a mode locked erbium doped fiber laser that delivers 150 fs
duration pulses with a repetition rate of 50 MHz centered at a
wavelength of A = 1580 nm. After passing through a polarization
beam splitter that guarantees the polarization state to excite the
fundamental TE mode, the pulses are shaped through a grating
based stretcher that fixes the pulse spectrum following a top-
hat shape and introduces an adjustable dispersion coefficient
¢(2). For the structures under test, ¢<2) is between 3 ps® and
-3 ps?. For larger dispersion the peak power becomes so small
that the nonlinearities are negligible. In the Fourier limit, the
autocorrelation pulse duration has been measured to be Ty = 2
ps. The TE polarized beam exiting the stretcher is injected via
butt coupling to the waveguide using a microscope objective
(20x), which matches the guided mode in the taper. After the
sample, another polarization beam splitter is used to verify the
transmitted polarization state.

The real and imaginary parts of the effective waveguide
susceptibility was measured in the reference waveguide equal
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Fig. 3. D-Scan characterization of the waveguide with slot size
160 nm and propagation length of 0.85 mm. Measured (open
circles) and simulated (solid line) spectral root mean squared
linewidth (20) (a) and output power (b) as a function of the
second order dispersion ¢ for three different average input
powers.

to Im(q"fes) = 18 £2 W Im=1 and Re(y"fes) = 159 +
16 W-lm™1, giving a nonlinear figure of merit FOMrpy = 0.7
=+ 0.1 which is 31% higher than in silicon waveguides with-
out a AsyS3 cladding, found to be 0.48 by using the same tech-
nique [21]. This result also allows us to subtract the contribu-
tions from the access waveguide connected to the slot waveg-
uide. In fact, by knowing the nonlinear effective suscepti-
bilities in the strip waveguide, it is possible to quantify the
nonlinear phase shift prior the slot waveguide by the relation
PNE = Re(7“8r) x In(1+ 2Im(y"8 ) Py Logs) / (2Im(y 371,
as well as the decrease in the peak power due to TPA with the
relation Py, = Pi,e”lerr /(1 + 2Im ("8 )Py Logs), where Py,
is the injected peak power, « the linear propagation losses and
L.y the effective propagation length.

Three different structures with distinct slot widths were sub-
sequently characterized. Figure 3 shows an example of the
D-Scan curves for the hybrid waveguide with 160 nm slot width.
In agreement with the positive sign of 1, for silicon and As,S3,
the maximum root-mean-square linewidth (2¢) is observed in
Fig. 3 (a) toward positive ¢(?) values [21]. On the other hand,
the presence of TPA is evident when the output power is plotted
as a function of ¢ in Fig. 3 (b). The decrease in the output
power when the dispersion goes towards zero is a manifestation
of the imaginary susceptibility of the silicon rails and access
waveguides.

The measurement results and waveguide characteristics are
summarized in Table 1. A combination of different slot widths
and propagation lengths was used, showing the trend of larger
FOMTpy for larger slot width. The conclusion is consistent with
simulation results shown in Fig. 4, where we plot the simulated
FOMTpy values as the dashed purple line. With increasing slot
width above 100 nm, the real nonlinear susceptibility diminishes
due to depletion of the slot effect. Meanwhile, the imaginary
part of nonlinear susceptibility decreases at a faster pace, as
less power is confined in silicon where TPA takes place. Conse-
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Table 1. Summary of the diverse devices characterized. Differ-
ent slot sizes, propagation lengths and figure of merit in the
slot waveguide F OMZ;Ig3 A

Slot size Slot prop. length F OM%‘; A
0nm - 07+£0.1
110 £ 10 nm 1.65 mm 1.5+05
140 + 10 nm 0.45 mm 1.8 £0.6
160 + 10 nm 0.85 mm 21+07

quently, increasing the slot width leads to a moderate increase
of FOMrpa. This is in agreement with the trend predicted in
other simulation studies [14]. Considering that the propagation
losses also tend to decrease as the slot width increases, both the
simulation and experimental results suggest that waveguides
with a wider slot are preferred for nonlinear applications.

Compared to silicon (the gray bar in Fig. 4), the hybrid slot
waveguides exhibit a four-fold improvement in terms of the
FOMrtps. More importantly, we show that the FOM7py of
all the slot waveguides measured are larger than unity (olive-
colored dashed line in Fig. 4). These devices thus meet a critical
criterion for efficient nonlinear integrated photonics. Moreover,
the slot waveguide configuration further enables precise tailor-
ing of the dispersion characteristics [24] and enhancement of
light-matter interactions with slow light [10].

In conclusion, we demonstrated the improvement of non-
linear properties in hybrid silicon slot waveguides filled with
As;S3 chalcogenide glass. We have shown that the slot width
is a critical design parameter which governs the linear propa-
gation losses, the confinement factor in the slot region, as well
as the figure of merit FOM7p4, and further conclude that larger
slot widths are beneficial as they combine lower linear propa-
gation losses and larger FOMrp,, although they require longer
structures as the effective area is larger. Our result opens up
new opportunities for engineering effective nonlinearities in

FOMpA

0.5

80 100 120 140 160 180 200
Slot width [nm]

Fig. 4. Simulated TPA figure of merit (FOMr7p,4) as a function
of the slot width (dashed purple line). Experimentally mea-
sured values for three different slot widths are also displayed.
The olive-colored dashed horizontal line marks the threshold
value of FOMtpy = 1, and the gray bar corresponds to the
typical FOMTpy range in silicon waveguides.

integrated photonic devices and is useful for realizing novel
nonlinear functionalities such as stimulated Brillouin scatter-
ing (SBS) [25] and Kerr effect induced spectral broadening in a
silicon based platform.
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