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Abstract: Silicon nitride waveguides offer excellent linear and nonlinear properties
that can be exploited from the visible to the middle infrared. Here we will cover recent ef-
forts on pushing performances of 3" and 2"¢ order nonlinear wave mixing in such waveguides. © 2018 The Author(s)
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1. Background

Integrated photonics has enabled the study and demonstration of many nonlinear effects thanks to the high optical
confinement and the potential large nonlinear index of many integratable materials. Such platform could enable de-
creasing the required pump power for the design of more practical devices. There is a particular interest in unleashing
the nonlinear optical performances of CMOS fabrication compatible materials, to take advantage of high quality fab-
rication capabilities and potential low cost mass production. Among various materials, silicon nitride (SizNy4) is one
of the very interesting candidate and is often praised for its relatively high nonlinear index, its low linear loss, its wide
transparency window and its nearly non-existant nonlinear losses at telecom wavelengths. As such many advances
in fabrication and impressive experimental demonstrations have recently been made. In particular, large cross sec-
tions waveguide can now be fabricated [1], while the control of exact material composition can be adjusted to tune
bandgap and other properties (nonlinearity, refractive index, loss) [2]. High quality waveguides and microrings have
been successfully used for the generation of supercontinuum (SC) and Kerr frequency combs [3]. The development
of such SC sources using photonic chips is indeed attracting significant research attention as this platform could sup-
port direct on-chip generation towards the middle infrared (MIR). MIR SC generation, of particular importance for
spectroscopy, is being extensively studied. However driving the process from compact femto-second fiber laser in the
simplest configuration possible could provide a solution towards compact, portable and robust devices.

In addition to these 1(3) phenomena, the potential photonic integration of 2@ could unlock many other nonlinear
effects. These are still lacking in the materials with the best photonic integration capabilities, as in the dipole ap-
proximation x(z) vanishes for centro-symmetric or amorphous materials. While weak native x(z), possibly attributed
to interface effects or film stress induced during deposition, has been previously detected, the performance is still
far behind that obtained from non-centrosymmetry materials. Overall, pushing the performance of both ) and y(?
nonlinear effects in silicon nitride could provide the efficiency and practicality thought after in such integrated devices.

2. Recent advances

CMOS integrated waveguides represent an excellent solution for SC generation. Owing to their high optical confine-
ment and high nonlinear index, significant broadening with moderate pump powers directly obtained from fiber lasers
have been demonstrated. Soliton induced dispersive wave (DW) generation is a mechanism that enables extending
SCG. A DW has to be phased matched to the soliton pulse seeded by the pump. Typical material dispersion read-
ily results in a blue-shifted phase matched wavelength with respect to the pump. It is however possible to shape the
waveguide dispersion such that a second phased matched wavelength, this time red shifted towards the MIR, be ob-
tained despite the very strong anomalous material dispersion [5]. Based on large cross-section waveguides, with low
propagation loss below 1 dB/cm, we show that the DW phase matching point can be positioned and tuned within the
functional group region (2.5 - 4 um) by lithographic control of the waveguide dimensions (Fig.1a). In Fig.1b, the
DW generated from a 2 micron femto-second fiber laser is experimentally measured, in agreement with theory. The
combination of large waveguide and 2um pumping enables power conversion efficiencies as high as 30% [6].

Back in the 80’s it was shown that material not normally exhibiting any second order nonlinearity, namely silica
[7], can be all optically poled such that an effective x(z) be obtained from an induced permanent electric field and
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material ¥, Recently the same effect was observed in integrated SizN4 waveguide [8,9]. As a consequence, an
initial weak second harmonic of an input signal quickly grows with time, as experimentally observed in Fig.2a, and
reaching 3 orders of enhancement. As this effect is formed from coherent multiphoton absorption processes generating
a photo-current with direction following a phase mismatch AB = f;, — 23, with ;,/,, the wave vector of the second

harmonic/pump, the effective x2 periodicity automatically adjusts to pumping conditions. This is illustrated in Fig.2a,
where in the same waveguide similar SH growths are experimentally measured for different pump wavelengths. We
also verified, that a phase matching peak appears near the poling pump wavelength and that the peak moves when the
poling pump is changed. The significant enhancement enables the detection of SH signals on a silicon detector [10].
Before poling, the 200 ps pulses could not be detected. During the poling process, a growth of the SH pulses is
observed on the oscilloscope resulting in a converted pulse train with excellent quality (Fig.2b and c).
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Fig. 1. (a) Simulated integrated dispersion for waveguide width between 1050-1175nm (height 2150nm). DW
phase matching with 2090 nm pump (red line) is located in MIR. (b) Experimental result of SC generation in
5 mm long waveguides with different cross-sections for estimated pump power of 13.6 mW
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Fig. 2. (a)Growth of SH over time for constant pump (90W peak) at 1542 or 1544 nm coupled into a 4 cm long
SiN waveguide. Telecom (pink) and SH (green) pulse trains: (b) during poling and (c) after poling. Vertical
axis: pink 25mV/div, green SmV/div

We show how third order nonlinear optical nonlinearity in SiN can be exploited for MIR light generation and

how all-optical poling can significantly increase the efficiency of second order nonlinearity. Work supported by the
European Research Council (ERC-2012-StG 306630-MATISSE and 771647 PISSARRO).
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