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Abstract: Silicon nanowires have an immense potential fanlinear optical functions. Recent
work on four-wave-mixing gain in hydrogenated antmrps silicon wires at telecom wavelengths

and in crystalline silicon wires in the 2um wavejdnrange is reviewed.
OCIS codes:(190.4380) Four wave mixing; (130.4310) Nonlinidegrated optics

1. Introduction

All-optical processing allows increasing the capaof future telecommunication networks, while la¢ tsame time
drastically reducing the power consumption of thoséworks. The high nonlinear index of crystallisiécon,

combined with the high confinement in silicon naives due to its high linear index have made thieailon-

insulator platform an excellent platform to do Ipewer nonlinear optics and all-optical signal pssieg. All-

optical functions such as wavelength conversion $ignal regeneration [2] and parametric gain [8}é been
demonstrated. However, at telecom wavelengthsallyst silicon suffers, as a result of the two-phrotbsorption
process (TPA), from extensive nonlinear absorptidrs translates in a poor Figure of Merit (FOM) @oystalline

silicon, defined as the ratio of the nonlinear aefion to the nonlinear absorption. This nonlinebsorption has
limited the performance of these all-optical funo8 enormously; for example, the parametric gairniexed in

crystalline silicon at telecom wavelengths is cafiew dB [3].

A first approach to overcome the TPA problem istep away from the telecommunication wavelength and
work at wavelengths where TPA is absent, as expthin the last part of this paper. Another appraacbuppress
the nonlinear absorption is the use of anotherineat core material. Here we present hydrogenatearzhous
silicon (a-Si:H) with a reduced nonlinear absonptémd higher nonlinear index as a novel nonlineatenal for the
telecom wavelength range. We demonstrate a FOMtiimas higher than its equivalent in crystallinkcen.

2. Hydrogenated amorphous silicon

Photonic wires fabricated froma-Si:H are considdcetle a good alternative for the standard cryetakilicon-on-
insulator photonic wires. The refractive index eSiaH is similar to (actually slightly slightly higer than) its
crystalline counterpart, resulting in highly intetgd photonic circuits. Moreover, a-Si:H layers bandeposited at
low temperatures and thus be back-end deposite@ dimished CMOS wafer. Several integrated photonic
components based on the amorphous silicon platforchyding high Q resonators, Mach-Zehnder intenfeeters
and low-loss (3.6 dB/cm) single mode photonic whrage been demonstrated [4].

Highly nonlinear a-Si:H photonic wires were definegldepositing a 220 nm a-Si:H layer on top of &dam
polished silicon dioxide layer on a silicon subtrim a CMOS pilot line. The photonic wires werdtgaed using
wafer-scale CMOS fabrication technology. The atedi500 nm wide photonic wires have no upper clegltiiyer.
The high confinement obtained by the high laterad &ertical index contrast not only enhances thelinear
response of the photonic wire, it also allows fagpdrsion engineering of the photonic wire. Theewmvas
engineered to have an anamolous dispersidi 2.0p$/m. The nonlinear absorption and nonlinear resparfise
the wire were estimated by measuring the nonlirteansmission of the waveguide and by comparing the
modulation fringes of the output spectrum when eogéconds pulse train is injected in the photonie,w
respectively [5]. This procedure revealed a recandlinear parameter of 770/Wm for the photonic veinel a FOM
of 2.1. The modest nonlinear absorption and highlinear response make this material a good caralifbeatall-
optical signal processing.

The high nonlinear response of the photonic wiras demonstrated in a pump-probe experiment [6]tlksr
experiment, an intense pump pulse was combinedawtieak signal pulse in a 1.1 cm long photonic W&@0nm
by 220nm). An on/off gain of 26.5 dB was obtainesing 4 ps pump pulses with a coupled peak po#sr3ow,
as shown in figure 1. This is an improvement of enbran 20 dB over the result obtained in crystalBilicon at
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telecom wavelengths. Moreover, the bandwidth ofrtbwelinear amplifier spans more than 100 nm (vef&usm in
crystalline silicon at telecom wavelengths).
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Fig. 1: The on/off gain of a weak probe pulse dua high power (5.3 W) pump pulse at 1530 nm inlacin
long a-Si:H photonic wire is shown on the left. Tg&en is shown with red dots and the conversioitieficy of the
signals is marked with black squares. On the rgtypical output spectrum is shown, the black cstvaws the
output spectrum when the pump and probe pulseargmnchronized in time. The black curve showsatigput

spectrum when the pulses are synchronized in time.

The good nonlinear properties of the hydrogenatadrphous silicon are believed to result from thelewi
bandgap of the material compared to crystallineasil. Measuring the bandgap by spectroscopic eltiptry
revealed a value of 1.61 eV, such that the enefrglyeotelecom wavelength photons is close to Hedfliand gap of
the material. However, due to the amorphous straatfithe material, the bandgap is not rigoroudéfined, which
gives rise to Urbach band tails, such that two-phatbsorption is not completely eliminated. Givea tong free
carrier lifetime, this can result in patterningeeftfs in all-optical signal processing, if no cazdaken to sweep out
the carriers, e.g. using a lateral p-i-n junctiélso, the carriers created by the two photon preees believed to be
the cause of the degradation of the a-Si:H matesibich is observed when the material is exposeligh power
pulses. In this process - called the Staebler-Wioeféect [7], well known from amorphous siliconlaocells - the
energy released by the recombination of an elediada pair breaks weak silicon-silicon bonds arete¢by creates
defect states. Further optimization of the matesyatem is underway to improve its stability.

4. Nonlinear optics in crystalline silicon at longr wavelengths

By moving to longer wavelength& € 2.2 um), where the photon energy is close to the hatidbgap energy of
crystalline silicon, the two-photon absorption densurpressed enormously and nonlinear interactiensme very
efficient. By pumping properly designed waveguides have recently demonstrated a supercontinuumnggan
from the telecommunication wavelength into the miflared [8]. By proper waveguide dispersion engiireg a
link to the telecom wavelength window can howeverklept through wavelength conversion. To achieig the
use higher orders of dispersion to achieve theghaatching condition between signal (in the teleceawelength
range), pump (&m wavelength range) and idler (short-wave inframedrelength range). Usually parametric gain is
achieved in a band around the pump wavelength wtherphasematching condition

B,(Aw)* =2)P (1)
is satisified. In this equatiofw is the detuning from the pump,the nonlinear parametep, the coupled pump
power and3, the group velocity dispersion at the pump. Indeechave demonstrated that by pumping a waveguide
close to its zero dispersion wavelength an enormpauametric gain can be obtained [9] in a 2 cm @hiotwire. By
pumping these wires with bright pump pulses (réjoetirate 76 MHz, pulse duration 2 ps at 2173 nng) asing a
CW signal as a probe a gain bandwidth of more 8&hnm was demonstrated as well as a maximum aoapitn
of more than 50 dB. However, when the signal demfrom the pump gets large, higher order disperserms
have to be taken in account. It can be shown thttis case the phasematching relation is altered t

B, (b0 +1—12,6’4(Aw)4 =2 @

Here B4 is the fourth order dispersion. This equation hasolution close to the pump where the fourth order
dispersion can be neglected and where the equatitutes to equation (1). However the relation hloa solution
far away from the pump. A 900 nm wide crystallifleesn photonic wire, optimized to satisfy this agbn [10] for
telecom wavelengths using a pump around 1946 nnerevthe nonlinear index of crystalline silicon peakas
fabricated. These wires were also processed in &€ Milot line on 200 mm SOl wafers, consisting &2 nm



silicon waveguide layer on ap2n buried oxide layer. The net on-chip conversioa sfgnal from the U-band to the
short-waved infrared and vice versa was demonstrdteis is shown in figure 2, for a 2 cm long photowire.
The lower conversion from the telecom wavelengtigeato the short-wave infrared is believed to kertsult of
cross two-photon absorption. This conversion schepens a new way for optical signal processing luip,an
which signals at telecom wavelengths could be caaddo the short-wave infrared to do highly effiti all-optical
signal processing, since TPA is absent and thememanl interactions are efficient. Afterwards thi&/IR signal can
be converted back to the telecom window.
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Fig. 2 The net-on chip conversion efficiency anthdar a signal in the telecom wavelength rangechhis
converted to the short-wave infrared on the leét e conversion from the short-wave infrared ®tlecom band
on the right. These results were obtained at aledypeak power of 37.3W for a pump (rep rate 76 Mbldse
duration 2 ps) at 1946 nm.

5. Conclusions

In summary, we have demonstrated that hydrogerateatphous silicon has a large potential as a nevinear
material at telecom wavelengths due to its widerdbgap and larger nonlinear index. However, furéregineering
of the material is necessary to counteract thebBta&Vrosnki effect. It is also shown that the centional silicon-
on-insulator platform is an ideal candidate for livear optics in the short-wave infrared. By propegineering of
silicon photonic wires the benefits of working bese wavelengths can be used for all-optical peitg®f telecom
signals.
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