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Abstract: Slot waveguides based on silicon-rich materials are proposed and experimentally demon-
strated, which consist of a silicon-rich oxide (SRO) slot layer sandwiched by two silicon-rich nitride
(SRN) layers. Measurements show the waveguides have a low propagation loss of 2.2 dB/cm and
a 50- m-radius micro-ring resonator can achieve a loaded quality factor (Qoaq) Of 10%. Four-wave
mixing experiments in the slot waveguides reveal a high nonlinearity of 16 W Im 1 of the waveguide
and an averaged nonlinear index n, of 2.5 x 10 18 m2/W of the silicon-rich materials, 10 times larger
than that of stoichiometric silicon nitride (SizN4). Supercontinuum generation (SCG) experiments have
shown a large fabrication tolerance of such slot waveguides that 1.2 octave spectral broadening in
a 1510-nm-wide slot waveguide can be achieved while that is 0.9 octave in a slot waveguide with a
width shrinking as large as 220 nm.

Index Terms: Integrated optics, nonlinear photonics, supercontinuum generation, four-wave mixing.

1. Introduction

By leveraging the mature complementary metal-oxide-semiconductor (CMOS) technologies to
exploit the manufacturing scalability, waveguides based on the CMOS-compatible materials have
been attracting much attention in the photonic integrated circuits (PICs). As to the CMOS-compatible
waveguides for nonlinear applications, silicon (Si) waveguides have the advantages of being
compact and are able to be integrated with the Si-based electronic integrated circuits (ICs), but
they unfortunately have the disadvantages of being limited by the two-photon absorption (TPA) and
the free carrier absorption (FCA) especially around 1550 nm, due to the small electronic bandgap
of silicon (1.12 eV) [1]. Alternatively, stoichiometric silicon nitride (SisN4) waveguides have been
investigated and applied to achieve high-end nonlinear devices, including octave supercontinuum
generators [2] and frequency comb generators [3], [4], thanks to the small waveguide losses and
large bandgap of SisN4. However, the small refractive index (RI) of SizN4 ( 2.0) inevitably yields a
large footprint of the devices based on SizN4 waveguides, and the high tensile stress inside thick
Si3N4 layers may create cracks in the Im [5] and limit the capability for dispersion engineering.
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Waveguides based on the CMOS-compatible metal oxides such as titanium dioxide (TiO2) and
tantalum pentoxide (Ta,Os) have also been proposed for nonlinear applications, but the TiO,
waveguide [6], [7], [8] still have a large linear losses (3-8 dB/cm) and the Ta,Os waveguides [9]
have a similarly small Rl (2.05) as the SizN,.

Most recently, silicon-rich nitride (SRN) waveguides have been intensely attracting attention
for nonlinear applications since SRN Im can be deposited with low stress, while possessing a
large bandgap as well as having a Rl even up to 3.1 [10], [11], [12], [13], [14], [15], [16], [17],
[18], by tuning the reactive gas ratios to enrich the Si concentration. SRN Ims with different Si
concentrations have been deposited by plasma-enhanced chemical vapor deposition (PECVD)
[14] or low-pressure chemical vapor deposition (LPCVD) [17] to show a varied nonlinear index
and the waveguides fabricated in these Ims also exhibit a largely varied propagation loss ( 1.5-6
dB/cm with the PECVD method or 0.4-7.3 dB/cm with the LPCVD method) and a largely varied
nonlinear parameter ( 0.5-28 W 'm ! with the PECVD method or 2-10 W 'm ! with the
LPCVD method). We have noticed that a higher concentration of Si generally produces both a
larger Rl and a larger nonlinear index of the Im as well as a higher value of the waveguide, but
it simultaneously results in a smaller bandgap or even nonlinear losses of the Im and more lossy
waveguides. For example, a PECVD-deposited SRN waveguide with a silicon excess (de ned
as Equation (S1) in the supplemental document) of 42% could have a very large RI of 3.1
and thus achieve a high of 550 W 'm 1, but the waveguide still exhibited a compromised
loss of 10 dB/cm [10] or 4.5 dB/cm after fabrication optimization [15]. Nevertheless, the SRN
waveguides may outperform their SizN4 counterparts in some key nonlinear processes due to
the higher nonlinearity and the stress-free character, among which supercontinuum generators
(SCG) are very important and useful for many applications [19], [20], [21], [22].However, only a

0.6 octave spectral broadening has been achieved in the PECVD-deposited SRN waveguides
with the 42% silicon excess [10]. Whereas a 1.5 octave spectral broadening can be realized
in the LPCVD-deposited SRN waveguides with 39% silicon excess [11], the wave-guides still
possess a low of 3 W 'm 1 [16] and are anticipated to be sensitive to fabrication errors in
the waveguide width due to a transverse-electric (TE) mode being used.

Here, we propose and experimentally demonstrate a slot waveguide based on the Si-rich
materials, which consists of a Si-rich oxide (SRO) slot layer sandwiched by two layers of Si-
rich nitride (SRN). Both the Si-rich materials have moderate Si excesses, i.e., 19% for SRN
and 12.5% for SRO, to bene t from the enhanced linear and nonlinear indices and to avoid
the possibly existing nonlinear losses and the added linear loss from a too high Si excess. The
SRO material with 16% Si excess has ever been used in a slot waveguide sandwiched by
two Si layers to achieve an enhanced of 1100 W 'm 1[23], but the Si layers used there still
possessed the TPA and hence would limit the slot waveguides for key nonlinear applications like
the SCG. Linear characterizations show a low propagation loss of 2.2 dB/cm of the waveguides
and a 50- m-radius micro-ring resonator can achieve a loaded quality factor (Qjoaq) of 10°.
Since the transverse-magnetic (TM) mode is used, the presented slot waveguides exhibit a large
fabricated tolerance. The Four-wave mixing experiments reveal a of 10-16 W 'm ! of the slot
waveguide with widths from 580 nm to 1510 nm and an averaged nonlinear index n, of 2.5 x
10 8 m2/W of the Si-rich materials. The SCG experiments are also carried out in the fabricated
slot waveguide with an achieved 1.2 octave and 0.9 octave spectral broadening in a 1510-nm-wide
and a 1290-nm-wide waveguide, respectively.

2. Devices Fabrication

Figure 1(a) shows the scanning electron microscopy (SEM) image of the cross section of a
fabricated slot waveguide with Si-rich materials, which consists of a thin SRO layer sandwiched
by two SRN layers. Fabrication of the waveguides can be divided into the Ims deposition and
waveguides etching (see supplemental document). In short, starting with a thermally grown oxide
layer ( 2.4 m) on a silicon wafer, we rst deposit the bottom SRN Im using a reaction between
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Fig. 1. (a) SEM image of the cross-section of a fabricated slot waveguide before cladding deposition.
(b) Measured refractive indices of the materials in different layers of the slot waveguide. (c) TM mode
pro le of a 1510-nm-wide slot waveguide.

TABLE |
MEASURED PROPERTIES OF THE SI-RICH FILMS FOR THE PRESENTED SLOT WAVEGUIDE

Ra (nm) | Si% | N% | O % | Siexcess | nat 1550 nm | Eg (eV)
SRN Top 539 | 445 1.6 19.8% 2.126 2.618
SRO Slot 243 | 435 111 45.4 12.5% 1.634 5.393
SRN Bottom 0.518 | 53.3 | 454 1.3 18.7% 2.113 2.318

dichlorsilane (SiH,Cl;, at 80 sccm) and ammonia (NHz at 20 sccm) in a LPCVD machine. Then the
wafer is annealed in a nitrogen atmosphere (N;) at 1100 C for 4 hours, followed by a deposition
of the SRO slot layer by using a reaction between silane (SiH4 at 17 sccm) and nitrous oxide
(N2O at 45 sccm) in a PECVD machine. Then the wafer is annealed in a N, atmosphere at 850
C for 1 h, followed by a deposition of the top SRN layer with the same recipe as the bottom SRN
layer but without annealing. The temperature of 1100 C is chosen for annealing the bottom SRN
Im to break the nitrogen-hydrogen (N-H) bonds that can absorb lights at the wavelengths around
1550 nm. Meanwhile, such an annealing temperature is not too high to allow for cluster generation
which is responsible for the Raleigh scattering loss according to [24]. A temperature of 850 C
is chosen for annealing the slot SRO Im because the Im will have a maximum nonlinear index
around this temperature according to [25] and this is why the top SRN Im are not annealed.
We also have deposited the identical Ims on test Si wafers for characterizing the Ims used
in the waveguide. Atomic force microscopy (AFM) is used to get the surface roughness with a
measured average roughness Ra of 0.518 nm and 2.43 nm for the bottom SRN layer and the slot
SRO layer, respectively (see the supplemental document). The element concentrations and the Si
excesses of these Ims are characterized by an X-ray photoelectron spectroscopy (XPS) machine
(see the supplemental document). The XPS measurements show Si excesses of 18.7%, 19.8%
and 12.5% for the bottom SRN (with annealing), the top SRN (without annealing) and the SRO,
respectively. The high-resolution tunneling electron microscopy (HRTEM) machine has been used
to characterize the SRO material annealing at up to 1100 C (see the supplemental document)
and we didn’'t not nd solid evidences for the existence of nanocrystals, which were reported to
be able to dramatically enhance the nonlinearity due to the quantum-con nement effect induced
by these nanocrystals according to [23], [25]. It is reasonably expected that there might be no
nanocrystals in the SRO layer used in the waveguides with a lower annealing temperature of
850 C, but there might be existing some unseeable (by the HRTEM) nanoclusters or other sorts
of defects which could also greatly enhance the nonlinearity [26]. RIs of the deposited Ims are
measured by an ellipsometer and tted by the Tauc-Lorentz model. Figure 1(b) shows the tted
Rls (n) to be 1.443, 1.634, 2.113 and 2.126 for the SiO, insulator layer, the slot SRO layer, the
bottom SRN layer and the top SRN layer at 1550 nm, respectively. The Tauc-Lorentz ttings also
give electronic bandgaps of 5.393 eV, 2.318 eV and 2.613 eV for the SRO layer, the bottom
SRN layer and the top SRN layer, respectively, suggesting no TPA for all the materials in the
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