Optical solitonsin a silicon waveguide
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Abstract: We observe, for the first time to our knowledge, the formation
of optical solitonsinside a short silicon waveguide (only 5 mm long) at sub-
picojoule pulse energy levels. We measure a significant spectral narrowing
in the anomal ous-dispersion regime of such a waveguide, in contrast to all
previous reported experiments. The extent of spectral narrowing depends
on the carrier wavelength of input pulses, and the observed spectrum
broadens in the normal-dispersion region. Numerical simulations confirm
our experimental observations.
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1. Introduction

Silicon photonics has attracted much attention recently because of its broad application poten-
tial from optical interconnectsto biosensing[1]. In spite of itsindirect band gap, silicon exhibits
a significant third-order nonlinearity. This feature and a tight mode confinement provided by
silicon-on-insulator (SOI) waveguides make it possible to realize a variety of optical functions
at relatively low power levels on the chip level using CMOS-compatibl e fabrication technology
[2]-[4].

Oneimportant nonlinear phenomenonis the formation of optical solitons. Solitons have been
observed inside silica fibers, and they have found a multitude of applications ranging from op-
tical switching to supercontinuum generation [5]. However, their formation generally requires
afairly long fiber because of silica's weak nonlinearity. In contrast, the nonlinear parameter y
in SOI waveguides can be larger by a factor of 10,000 or more. This feature makes it possible
to form solitons within a very short length. Although significant efforts have been made to in-
vestigate pulse propagation in SOl waveguides [6]—{14], the formation of solitons has not been
observed so far. In this paper, we demonstrate, for the first time to our knowledge, the forma-
tion of solitonsinside a short SOI waveguide under appropriate device-design and pul se-launch
conditions. In contrast to al other experiments where pulses experience spectral broadening,
we observe a significant spectral narrowing and reshaping.

2. Waveguidesdesign

Optical soliton resultsfrom acritical interplay between the effects of group-vel ocity dispersion
(GVD) and self-phase modulation (SPM) [5]. The GV D-induced pul se broadening scales with
the dispersion length Lp = TZ/| B2/, where B, isthe GVD coefficient and Ty is the pulse width,
whereas the SPM-induced chirp scales with the nonlinear length L, = (yoPo)*l, where yp =
npao/ (Cagt) is the nonlinear parameter and Py is the pulse peak power of pulses launched at
the carrier frequency wq into the fundamental waveguide mode with the effective mode area
agrf- Theformation of afundamental soliton requiresL, = Lp < L for awaveguide of length L.
Clearly, both | 32| and y should be quitelargefor asoliton to be formed inside an SOl waveguide
withL < 1cm.

Fortunately, the tight mode confinement in SOl waveguides helps introduce significant
waveguide dispersion and thus allows one to obtain a dramatically large anomalous GVD by
designing the SOI waveguide appropriately. Figure 1 shows the calculated GVD curves for our
waveguide. For dimensions of 860 x 400 nm? and an etching depth of 300 nm (see the inset),
the fundamental TM mode exhibits a GVD of —2.26 ps?/m at 1500 nm. This value is more
than 100 times larger than that of standard silica fibers (<0.02 ps%/m). Even with such a high
GVD, adispersion length of ~1 mm still requires a pulse width of ~100 fs[13], avalue much
shorter than those used in most previous experiments [6]— 12]. In our experiments, we employ
ultrashort pulses generated by an optical parametric amplifier (OPA). Our SOl waveguide hasa
zero-dispersion wavelength (ZDWL) near 1282 nm for the fundamental TM mode. Moreover,
it has a small effective area of ag = 0.13 um?, which enhances the nonlinear parameter dra-
matically and thus enables a millimeter long nonlinear length with afairly small input power.
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Fig. 1. Calculated dispersion curves for the TE and TM modes. The design of our
waveguide is shown in the inset.

3. Experiments

Our waveguideis fabricated, using photolithography and reactive ion etching, along the [ 1 1 O]
direction onthe (1 0 0) silicon surface. It istapered at both the input and output ends to enhance
the coupling efficiency. The 5-mm-long waveguide has a propagation loss of about 5 dB/cm.
Figure 2 shows our experimental setup. An OPA (SpectraPhysics, OPA-800FC) providesnearly
transform limited Gaussian pulses with a full width at half maximum (FWHM) of ~120 fs, at
arepetition rate of 500 Hz . The carrier wavelength of the OPA output is tuned from 1.2 to 1.6
um to cover both the normal and anomalous GVD regions of the waveguide. An achromatic
objective lens couples the pulses into a single-mode fiber that delivers them to the waveguide.
To reduce coupling losses, a lensed fiber taper (Nanonics Inc.) is used to couple the pulses
into the waveguide. A second lensed fiber taper is used at the output end to efficiently deliver
the pulses to an optical spectrum analyzer (OSA) (Ando AQ6315). The total coupling loss
is estimated to be about 35 dB. The polarization state of the input pulses is adjusted by a
polarization controller to align it along the TM mode. We maintain the input pulse energies
within an appropriate range to prevent nonlinear effectsinside the delivery fibers and to ensure
that the pulses are affected by the nonlinear effects solely inside the SOI waveguide. This is
verified by monitoring the spectrum of fiber output through an identical single-mode fiber with
alength equal to the total length of the delivery fiber and the lensed fiber taper.

Figure 3 shows the input and output spectra at a carrier wavelength of 1484 nm in the deep
anomal ous-dispersion regime. The Gaussian input pulse spectrum shown on the top by a blue

ND filter F-F coupler PC

o |- f | fp—o0 .
JLFT

Fig. 2. Schematic of our experimental setup. F-F coupler: free-space-to-fiber coupler, PC:
polarization controller, LFT: lensed fiber taper, WG: waveguide.
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Fig. 3. Input (top) and output (bottom) pulse spectra measured at 1484 nm (blue curves) for
an input pulse energy of 0.52 pJ. The green and red curves show the Gaussian and “sech”
fits respectively to the data, as described in the text.

traceis parabolic on a semilog scale, and it is well fitted with a Gaussian function:

Snput(l) =Sexp |:_ )
where A¢ is the center wavelength, S is a constant factor and o is the root-mean-square (rms)
width. Thefitted spectrum has a 3-dB bandwidth of 27.8 nm. Aslong as the input pulse energy
remains low enough to avoid nonlinear effects inside the waveguide, the pulse spectrum does
not change its shape. However, when the pulse energy increases beyond a certain value, the
output spectrum beginsto narrow down. The bottom bluetracein Fig. 3 showsthe spectral nar-
rowing at an input pulse energy of 0.52 pJ. This spectrum could not be fitted with the Gaussian
function in Eqg. (1), but agrees well with the hyperbolic secant shape associated with a soliton
(red curve):

Soutput(A) = Sosech?[(A — Ac)/AA] 2

where AL isrelated to the FWHM by FWHM = 2In(1+ v/2)AA. The 3-dB spectral bandwidith
at this energy level is 18.8 nm, only about two thirds of the input one. This observation is
in strong contrast to al other reported experiments, where spectral broadening was observed.
Moreover, unlike the parabolic shape of the input spectrum, the output spectrum exhibits a
nearly triangular shape on the semilog scale. These experimental results suggest strongly the
formation of an optical soliton inside the SOI waveguide. Note that the required energy of input
pulses here is more than two orders of magnitude smaller than that required in standard silica
fibers, conforming the significant advantage of SOI wavguides for low-power nonlinear signal
processing.

We have observed such a spectral narrowing over a broad wavel ength range within the anom-
alous dispersion region, however less narrowing occurs as the carrier wavelength approaches
the ZDWL. For example, the 3-dB output spectral bandwidthis 19 nm at 1350 nm, about 74%
of theinput value. At this wavelength, the output spectrum is neither Gaussian nor is described
by asech?(w) function, but acombination of the two. When the carrier wavelength is tuned to-
ward 1249 nm into the normal dispersion regime (see Fig. 4), the output spectrum is broadened,
not narrowed.
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Fig. 4. Input (top) and output (bottom) pulse spectra measured at 1249 nm (blue curves).
Red curves show a Gaussian fit to the experimental data.

4. Theory and simulations

Our experimental observations can be understood as follows. At the wavelength of 1484 nm,
our waveguide has an anomalous GVD of —2.15 ps2/m. For a Gaussian pulse with a FWHM
of 116 fs (corresponding to To = 70 fs), the dispersion length is only 2.28 mm. For an in-
put pulse energy of 0.52 pJ, the nonlinear length at the input end is 1.23 mm, assuming
Ny = 6 x 107> cm?/GW [15]. Both are much shorter than the waveguide length. As a result,
the interplay between SPM and GVD causes the pulses to evolve into a soliton. The soliton
order [5] N = (Lp/Ln)¥? ~ 1.35 exceeds 1 a the input end because a higher peak power
is needed to compensate for TPA and linear scattering losses. Such a soliton correspondsto a
path-averaged soliton [13]. When the pulse wavelength istuned towardsthe ZDWL , the reduced
GVD increases the dispersion length considerably. For example, GVD isonly —0.95 ps?/m at
1350 nm, leading to adispersion length of 6 mm, larger than the waveguidelength. Even though
N isnow larger, the pulse remainsin the transition stage till the output end, resulting in a com-
posite spectral shape in between a Gaussian and a function of sech?(w). In contrast, when the
pulse wavelength is tuned to 1249 nm, GV D become positive (0.81 ps?/m). The SPM-induced
chirp in this case accelerates GV D-induced pulse broadening, which in turn reduces the SPM
effects. Asaresult, the output spectrum is broadened dlightly.

To confirm our interpretation and to better understand the underlying physics, we have per-
formed numerical simulations using the generalized nonlinear Schrodinger equation [5]:

oA 1 S iMBm ™A

—+§aA—| m Jthm

i 2
. = irlAA, ©

m=2

where B is the mth-order dispersion parameter at the carrier frequency wg. The nonlinear
parameter ¥ = y0(1+ir), where the dimensionless TPA parameter r = cf1/(2nzp) includes
TPA. For np = 6 x 107° cm?/GW and Bt = 0.45 cm/GW [15], its value is close to 0.1. The
loss factor oo = oy + a5 includes both the linear scattering loss ¢ (assumed to be frequency
independent) and time-dependent free-carrier absorption (FCA) o(z, t) [16]. Our simulations
include the temporal dynamics of FCA but adetailed analysis shows that its effect is negligible
for such short pulses at arelatively low repetition rate.
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Fig. 5. Simulated temporal shape () and spectrum (b) of input (blue curves) and output
(red curves) pulses under experimental conditions of Fig. 3. The dotted curve in (a) shows
the output pulse with negligible nonlinear effects. The dashed curve in (b) corresponds to
asech pulse.

Figure 5 shows numerically simulated shapes and spectra of output pulses under our exper-
imental conditions. At a very low power level for which the nonlinear effects are negligible
(dashed curve), GV D broadensthe pulse four-fold in the time domain, but its spectrum remains
unchanged (except for a reduced magnitude because of linear losses). However, when input
pulse energy increases to 0.52 pJ, the pulseis only slightly broadened in time (by about 18%)
and adjusts its shape to evolve into a soliton. This can be seen more clearly in the spectral
domain, where the output spectrum (red curve) is well described by a S(1) in Eq. (2) (dashed
curve) at power levels up to -20 dB from the spectral peak. Moreover, the output spectrum is
narrower by about 25%, which agreeswell with our experimental observations, whichis shown
in Fig. 5(b).

To indicate how well our numerical simulations agree with the experiment, we compare the
numerical output spectrum spectrum with the actual datain Fig. 6. It isimportant to stress that
no fitting parameters were used in this comparison. It is very clear that experimental results
agree well with numerical simulations. A dlightly larger spectral narrowing in our experiment
may be related to uncertainty in the experimental value of the pulse parameters. It may also
have its origin in a small chirp on our input pulses. Numerical simulations were carried out
assuming unchirped pul ses.

5. Conclusions

In conclusion, we have observed the formation of optical solitonsinside a short SOl waveguide
(only 5 mm long). Our experimental conditions were such that both the dispersion and nonlin-
ear lengths were considerably shorter than the device length, thus allowing soliton evolution
over multiple soliton periods. We observed a significant spectral narrowing in the anomalous-
dispersion regime, in contrast to all previous reported experiments. The extent of spectral nar-
rowing depended on the carrier wavel ength of input pulses because of changesin group-velocity
dispersion. The numerical simulations confirm our experimental observations. Our demonstra-
tion should transfer many soliton-based signal processing techniques directly to silicon de-
vices on the chip scale, especially because such a device requires relatively low pulse energies
(<1pd).
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Fig. 6. Comparison between numerically simulated (red curve) and measured (blue curve)
pulse spectra. Shape of the recorded spectrum agrees well with our numerical simulations.
A dlightly higher narrowing in the experimental is probably due to a small chirp on our
input pulses.
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