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Observation of soliton compression in silicon
photonic crystals
A. Blanco-Redondo1,2,*, C. Husko1,*, D. Eades1, Y. Zhang1, J. Li3, T.F. Krauss4 & B.J. Eggleton1

Solitons are nonlinear waves present in diverse physical systems including plasmas, water

surfaces and optics. In silicon, the presence of two photon absorption and accompanying free

carriers strongly perturb the canonical dynamics of optical solitons. Here we report the first

experimental demonstration of soliton-effect pulse compression of picosecond pulses in

silicon, despite two photon absorption and free carriers. Here we achieve compression of

3.7 ps pulses to 1.6 ps with o10 pJ energy. We demonstrate a B1-ps free-carrier-induced

pulse acceleration and show that picosecond input pulses are critical to these observations.

These experiments are enabled by a dispersion-engineered slow-light photonic crystal

waveguide and an ultra-sensitive frequency-resolved electrical gating technique to detect the

ultralow energies in the nanostructured device. Strong agreement with a nonlinear Schrö-

dinger model confirms the measurements. These results further our understanding of non-

linear waves in silicon and open the way to soliton-based functionalities in complementary

metal-oxide-semiconductor-compatible platforms.

DOI: 10.1038/ncomms4160 OPEN

1 Centre for Ultrahigh bandwidth Devices for Optical Systems (CUDOS), Institute of Photonics and Optical Science (IPOS), School of Physics, The University
of Sydney, Sydney, New South Wales 2006, Australia. 2 ICT-European Software Institute Division, Tecnalia, Parque Tecnologico de Bizkaia, Ibaizabal Bidea,
Edificio 202, Zamudio, Bizkaia E-48170, Spain. 3 State Key Laboratory of Optoelectronic Materials and Technologies, Sun Yat-sen University, Guangzhou
510275, China. 4 Department of Physics, University of York, York YO10 5DD, UK. * These authors contributed equally to this work. Correspondence and
requests for materials should be addressed to A.B.-R. (email: andrea.blanco@tecnalia.com) or to C.H. (email: chad.husko@sydney.edu.au).

NATURE COMMUNICATIONS | 5:3160 | DOI: 10.1038/ncomms4160 | www.nature.com/naturecommunications 1

& 2014 Macmillan Publishers Limited. All rights reserved.

mailto:andrea.blanco@tecnalia.com
mailto:chad.husko@sydney.edu.au
http://www.nature.com/naturecommunications


M
ajor breakthroughs in metrology1, ultrafast optics2,
medical physics3 and optical communications4 that
occurred over the past decades were the direct result of

a deeper understanding of nonlinear optical waves in guided
media. The most common media in these experiments are optical
fibres or photonic crystal fibres made of silica glass. These
materials, however, are not suitable for photonic integration and
the search for alternative platforms, such as plasmonics5, high
index glasses6 and semiconductors7, has inspired intense research
in recent years. The silicon semiconductor is of special interest
due to the potential of monolithically integrating micro-
electronics and photonics in a chip-scale complementary metal-
oxide-semiconductor (CMOS) platform8. Moreover, due to the
subwavelength confinement of light in the high-index
semiconductor material, the energy required for these
nonlinearities can reach sub-picojoule thresholds9–11. With the
demonstration of hybrid opto-electronic chips in a silicon
commercial foundry only last year12, our understanding of
nonlinear wave dynamics in nanostructured silicon waveguides is
critical to the continued development of dense photonic
integration. One of the most fundamental nonlinear processes
in optical systems is the soliton, which has already demonstrated
key breakthrough applications such as supercontinuum
generation13, imaging14 and optical pulse compression in
fibres15,16.

Solitons are self-reinforcing localized waves that occur in a wide
variety of nonlinear physical systems, including ion plasmas,
neural networks17, water surfaces18, optical fibres15 and cavities19.
In the optical domain, solitons exhibit invariant or recurrent
propagation behaviour resulting from the precise interaction of
linear group velocity dispersion (GVD) and nonlinear self-phase
modulation (SPM)20,21. Periodic dielectric media are a particularly
attractive platform to observe solitons on a chip scale22,23 as they
can be designed for very high, very low, positive and negative
dispersion values24 (for example, up to five orders of magnitude
higher than in fibre). This fact, combined with the possibility of
enhancing the nonlinear effects by using slow light25,26, facilitates
soliton evolution on sub-millimetre length scales.

A characteristic signature of solitons is the temporal compres-
sion of the optical pulse due to the formation of higher-order
solitons. Alternative non-soliton compression schemes separating
out the nonlinear and linear elements have also been demon-
strated27,28. Higher-order soliton pulse compressors have been
demonstrated in glass fibre15, periodic fibre Bragg gratings29,30

and on-chip in two-photon absorption (TPA)-free
semiconductors10,22,23. While solitons in glass can couple
electromagnetic energy to Raman vibrations31, semiconductors
exhibit completely different higher-order nonlinearities, including
multiphoton absorption and free carriers. These latter nonlinear
effects can give rise to pulse asymmetry and acceleration, only
identified in semiconductors this year10,23,32. Although it has
been theoretically predicted that picosecond higher-order soliton
compression is also possible in silicon33,34, there have been no
such demonstrations to date.

In order to understand the behaviour of solitons in silicon, it is
critical to acknowledge that TPA and free-carrier effects play very
different roles in the dynamics, even though they are linked. The
first impact of TPA is to reduce the desirable SPM nonlinearity,
requiring more power to counterbalance dispersion. Ultimately,
the TPA caps the peak power in the system, essentially removing
a critical parameter to control the soliton dynamics. More
importantly, the free carriers generated by the TPA process
perturb the optical soliton, and induce a blue shift, thus greatly
modifying the canonical soliton evolution described by the simple
picture of Kerr and GVD. Soliton-like propagation of femtose-
cond pulses in silicon channel waveguides has been observed

through spectral measurements35 and cross-correlation36. From a
physics perspective, in the femtosecond regime of the latter work,
no acceleration was observed as longer (picosecond) pulses are
required for the non-instantaneous response of the free carriers to
accumulate. The extremely large dispersion of periodic media25,
three orders of magnitude larger than channel waveguides36,
uniquely enables solitons with picosecond pulses, and they are
consequently a favourable platform to demonstrate accelerating
solitons. From a technological perspective, while there has been
significant progress in on-chip femtosecond sources37, many
nonlinear experiments rely on femtosecond pulses from bulk
Ti:Saph lasers1,2,35 that are incompatible with photonic
integration. The recent demonstration of a compact laser in
silicon photonic crystals offers the exciting possibility of
integrating an on-chip light source in silicon11.

Here by making use of a 396-mm-long dispersion-engineered
slow-light photonic crystal waveguide (PhC-wg), we have
overcome the challenges of TPA and free carriers to observe
soliton compression of picosecond pulses in silicon. In order to
measure the sub-pJ soliton dynamics, we have constructed an
ultra-sensitive frequency-resolved electrical gating (FREG)38

apparatus, providing us with a simultaneous measurement
of the spectral and temporal domains of the optical pulses in
the nanophotonic waveguides. In addition to spectral and
temporal information, our measurements provide phase
information on the pulses, which is crucial to explaining the
free-carrier-induced temporal features. The experimental results
are in very good agreement with nonlinear Schrödinger
modelling. We directly measure the acceleration of pulses and
confirm by simulation that this acceleration is greater than that in
equivalent TPA-free media due to significantly stronger free-
carrier effects in our silicon system. These results provide the key
insights into nonlinear wave propagation in a CMOS-compatible
platform, opening the route to soliton-based functionality in
integrated photonic chips.

Results
Nonlinear wave propagation in glass and semiconductors. The
illustrations in Fig. 1a,b provide an insight into the semi-
conductor soliton regime presented in this paper relative to
previous observations in glass media15,29,39. In the canonical case,
when only SPM and GVD are present, higher-order solitons are
expected to exhibit periodic evolution along the propagation
direction, and experience temporal compression at an early stage
along the soliton period40–42. At the point of maximum
compression, shown as the narrow green pulse at the
waveguide output in Fig.1a, the higher-order soliton is expected
to exhibit higher intensity than the input pulse, with the same
amount of energy contained in a shorter pulse. Nevertheless,
aside from SPM and GVD, both in glass media and in
semiconductors, higher-order effects, which can include
multiphoton absorption, free carriers, or Raman, among others,
alter the soliton evolution.

In glass media, intrapulse Raman scattering plays the most
important role among the higher-order effects39,40. For ultrashort
femtosecond pulses, the blue components of the pulse provide
gain to the red components (Fig. 1b). As a consequence, the pulse
red shifts, and for the short propagation lengths considered here,
the amplitude of the soliton does not change. For longer lengths,
the soliton will decay due to energy dissipation through Raman
effects or linear loss31. As bright solitons occur in media with
anomalous dispersion, where low-frequency (red) components
travel slower than high-frequency (blue) components, the
Raman-induced red shift results in the pulse travelling more
slowly (Fig. 1a).
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The observations of soliton compression presented in this
paper unveil a significantly different soliton regime. In the
canonical case, the behaviour would be similar to that in glass
media, only that the enormous GVD achievable in photonic
crystal waveguides and the larger Kerr parameter of silicon would
enable the compression to occur at reduced length scales. In
practice, however, the presence of TPA and free carriers in silicon
drastically change the picture. Figure 1a shows a schematic of the
temporal behaviour in the silicon PhC-wg. The output pulse
exhibits asymmetry due to free-carrier dispersion (FCD) and
absorption (FCA) and an intensity decrease due to TPA. Owing
to free-carrier frequency blue shift from the FCD, the pulse
undergoes acceleration in the anomalous medium and arrives
before the canonical soliton in time. Figure 1b shows the
corresponding properties in the frequency domain. Note that free
carriers are also generated in TPA-free semiconductors via a
three-photon absorption (3PA)-induced process. However, the
free-carrier density observed in our silicon experiment
(NcB1017 cm� 3) exceeds that observed in the TPA-free experi-
ments10,22 by an order of magnitude at similar intensities, leading
to much stronger interaction between the optical pulse and the
free carriers in silicon. This is shown directly by the large
acceleration observed in our experiments.

An important point not yet discussed in the literature is the
critical role played by photonic crystals in observing free-carrier-
induced acceleration. Whereas Raman processes typically require
pulses in the femtosecond range for efficient intrapulse scatter-
ing31, in contrast, free-carrier effects require longer pulses in time.
Physically, this is explained by considering that the energy in the
pulse tail needs to experience the free carriers generated by the
leading edge in order to undergo a blue shift. Figure 1c illustrates
the nonlinear chirp corresponding to picosecond (top) and
femtosecond (bottom) pulses in silicon (see Methods). The
picosecond pulses clearly blue-shift significant portions of their
energy, whereas the femtosecond pulses more closely resemble
the TPA only case.

Soliton dynamics in silicon. The propagation of picosecond
pulses through a silicon waveguide can be modelled with the
following nonlinear Schrödinger equation (NLSE) modified to
include free-carrier effects:
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Figure 1 | Schematic illustrating the differences between different soliton regimes. (a) Time domain behaviour of higher-order soliton compression in

glass (Raman) and silicon (free carriers) with anomalous dispersion. (b) Representation of the spectral domain with red Raman (glass) and blue free-carrier

shifts (silicon) of the pulse energy. (c) The nonlinear chirp with TPA only (left panel) roughly corresponds to the canonical case. In the presence of free

carriers, picosecond pulses accumulate significant blue shift. In contrast, the chirp of femtosecond pulses is relatively unaffected due to their short duration.

As a consequence, picosecond pulses exhibit greater acceleration.

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms4160 ARTICLE

NATURE COMMUNICATIONS | 5:3160 | DOI: 10.1038/ncomms4160 | www.nature.com/naturecommunications 3

& 2014 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


where A(z,t) is the slowly varying amplitude of the pulse, with P0
being the pulse peak power P0¼ |A|2, al represents the linear loss,
bi the ith-order dispersion, geff and aTPA,eff are, respectively, the
effective nonlinear SPM parameter and the effective TPA para-
meter, kc,eff is the FCD and seff is the FCA. Here we are using a
slow-light PhC-wg and, as a consequence of the intensity
enhancement generated by slow light, all the effects in this
equation scale with the slow-down factor S¼ ng/n0. While the
slow-light physically enhances the intensity of the field, we adopt
a notation where this scaling is included in the coefficients. The
effective nonlinear and TPA parameters scale as geff¼ g
S2¼ (n2k0/Aeff)S2, and aTPA,eff¼ (aTPA,bulk/Aeff)S2, respectively,
with the bulk coefficients n2¼ 6� 10� 18m2W� 1 and
aTPA,bulk¼ 8� 10� 12mW� 1 (ref. 43). The kc,eff and seff
parameters scale with S: seff¼sS¼ 1.45� 10� 21 Sm2 and
kc,eff¼ kcS¼ � 4.5� 10� 27 Sm2 in the silicon slow-light PhC-
wg, with s and kc deduced from the empirical expression in Lin
et al.44 The generation of the TPA-induced free carriers obeys the
following rate equation
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where Nc(z,t) is the free-carrier density and tcB0.5 ns is the
carrier lifetime45.

Bright solitons are the analytic solutions to Equation 1
considering only the SPM (g) and anomalous GVD (b2) terms.
In this case, soliton propagation is characterized by two length
scales: the dispersion length LD¼T02/|b2|, where T0¼TFWHM/G,
TFWHM is the full-width half-maximum, G¼ 1.665 for Gaussian
pulses, with the nonlinear length LNL¼ 1/P0geff. The soliton
number

N2 ¼ LD
LNL

¼ T2
0gP0S

2

b2j j ð3Þ

defines the conditions for soliton propagation including slow-
light nonlinearity enhancement, S2 (refs 25,26). In the canonical
case, in which only SPM and GVD are considered, the pulse
propagates without dispersing as a fundamental soliton when
N¼ 1, while the solutions with N41 correspond to higher-order
solitons. In this latter case, the pulse experiences recurrent
periodic evolution by first compressing, then splitting into two
distinct peaks, which later re-collide, before finally resuming the
initial shape after a soliton period z0¼ (p/2)LD41,42.

The soliton number determines both the maximum achievable
compression factor wc¼Tin/Tout and the point at which it occurs
within the soliton period z/z0. Efficient soliton compression
requires large N values, as this results in superior compression wc
and shorter-length scale z/z0 (ref. 15). The simple canonical
description of Equation 3 does not consider TPA, free carriers,
linear loss or higher-order dispersion and is therefore an
incomplete description of soliton evolution in silicon. None-
theless, we can use this formalism, along with our knowledge of
these ancillary nonlinear processes, to intuitively reason why
solitons are difficult to observe in silicon.

Achieving a desirable soliton output relies on the precise control
of three key parameters: P0S2, b2 and T0. The nonlinear parameter
g is a constant determined by the material and geometry. The
most striking difference in silicon compared with the canonical
dynamics is that the P0S2 product saturates due to TPA loss46.
This term essentially behaves as a constant for large values of P0 or
S, thereby eliminating a key control knob governing the soliton
evolution. We are left with only two free parameters to modulate
the soliton, T0 and b2, with N2 proportional to T02/|b2|—that is, the
dispersion length LD. As we desire ultracompact chip scale
operation, this implies a large value of anomalous dispersion, for
which photonic crystals are ideal. Examining Equation 3 further,

we notice that a large value of b2 results in a decrease in N, which
is counter to the goal of large N required for efficient compression.
Consequently, one must employ long pulses (larger T0) to increase
N. The final bound on the system is to make sure that T0 is not too
large, or the soliton period z0 will require an impractically long
device dominated by linear loss. In summary, TPA imposes a
unique set of additional restrictions on P0S2, b2 and T0 for soliton
compression in silicon.

Perhaps even more important than the TPA-loss mechanism is
the role of free carriers. The last term of Equation 1 reveals that
free carriers interact with the optical pulse by both modulating its
phase by FCD (which acts counter to the Kerr effect), as well as
reducing intensity by FCA. As dictated by Equation 2, the
generation of free carriers in time follows the evolution of the
pulse intensity squared—that is, the free-carrier concentration
will be negligible at the leading edge of the pulse and be
significant at the trailing edge. Therefore, FCA causes nonlinear
absorption of the trailing edge of the pulse (red components in
anomalous dispersion media), generating pulse asymmetry46.
Moreover, since the parameter kc,eff in Equation 1 takes negative
values, FCD shifts the spectrum towards the blue47 and, as the
dispersion is anomalous, this blue-shifted part of the pulse travels
faster, causing pulse acceleration. As a result of its interaction
with free carriers, the symmetry of the optical pulse is irreversibly
broken and the recurrent soliton evolution cannot occur.

Time-resolved measurements of silicon soliton compression. In
order to demonstrate soliton compression in silicon, we inject
3.7-ps pulses into a 396-mm-long dispersion-engineered
silicon PhC-wg, as shown in Fig. 2a (see Methods). Figure 2b
shows the dispersion of the PhC-wg measured using an inter-
ferometric technique48. For the pulse central wavelength of this
experiment l0¼ 1,547 nm, the group index ng is 28.5 with
b2¼ � 4.7 ps2mm� 1 and b3¼ 2.4 ps3mm� 1. The dispersion
engineering in the sample is absolutely critical to these results as it
moves the large dispersion regime away from the bandedge,
where the backscattering losses are known to scale with S2

(ref. 49), in contrast to the loss scaling with only S here50.
Compared to previous results using un-engineered PhC-wgs51,
created by simply removing a row of holes from the PhC lattice,
the sample used in this work avoids the excessive impact of linear
loss on the nonlinear induced phase shift. We also note that the
mode is guided by the photonic bandgap effect in present regime,
which allows for the large variation in b2 shown in Fig. 2b while
keeping the mode area approximately constant52.

For the time-resolved ultra-short pulse characterization we
have constructed a phase-sensitive FREG38 apparatus (see
Methods). FREG allows for simultaneous pulse intensity and
phase retrieval in both temporal and spectral domains with
greatly increased sensitivity, up to 10� 17 J, compared with
nonlinear all-optical gating techniques such as frequency-resolved
optical gating53. In our cross-correlation configuration, we also
measure the pulse time of flight.

Figure 3a shows the FREG spectrograms (see also Supple-
mentary Movie 1) for the input pulse and for the output pulse at
three different coupled power levels, along with the associated
soliton number, N. The spectrograms clearly reveal the pulse
spectrally blue-shifting with increasing power due to larger free-
carrier concentrations. The spectrogram cross-correlations are
broader in time than the optical pulses due to the B12-ps
electronic gate pulse. Figure 3b,c show the experimentally
retrieved pulse intensities in the spectral and time domains,
respectively, indicated as the dashed red lines. We confirm these
measurements with NLSE modelling (blue line), demonstrating
excellent agreement. The retrieved spectral shapes in Fig. 3b
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illustrate the asymmetry caused by the effect of FCA on the red
part of the pulse and by the blue components introduced by
FCD45.

In the time domain (Fig. 3c) the effect of the free carriers over
the trailing edge of the pulse noticeably results in the pulse
developing a steep leading edge and getting accelerated in time.
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More importantly, we observe compression of 3.7-ps pulses to a
minimum duration of 1.6 ps (compression factor wc¼ 2.3) at
2.4W (B9 pJ), which represents the first experimental demon-
stration of picosecond pulse soliton compression in silicon. The
phase of the 0.5W case in Fig. 3c is mostly flat, indicating the
characteristic balance of SPM and GVD for the fundamental
soliton. This case, corresponding to NB1.3, could be described as
a path-averaged fundamental soliton, in which the input peak
power needed to get a fundamental soliton (N¼ 1) is increased by
averaging the pulse-peak power over the waveguide54. By doing
so, we are accounting for the linear and nonlinear loss that the
pulse will undergo when propagating over the waveguide length.
For this particular case, the peak power averaged over the
waveguide is P0,avg¼ (1/L)

R
P0(z)dz¼ 0.35W. This averaged value

gives rise to a path-averaged soliton number of NB1.1, roughly a
fundamental soliton. Figure 3c also shows that the pulse phase is
significantly affected by free-carrier dynamics at larger input
powers, with strong modulation at positive delay (pulse tail) due
to the time-delayed response of the free carriers. We suspect that
the discrepancy in the highest power case is due to the formation
of a dispersive wave as revealed by the spectrogram55.

Strong coupling of free carriers and solitons in silicon. To gain
a deeper understanding of the physics of the measured spectro-
grams, in Fig. 4 we overlap the spectral blue shift, temporal
acceleration and pulse width retrieved from the experimental
measurements (blue dots) with the NLSE modelling results (solid
black line). The results of the NLSE modelling are in very good
agreement with the experimental data for both blue shift (Fig. 4a)
and acceleration (Fig. 4b) as a function of peak power coupled
into the PhC-wg. Recall that femtosecond pulses in channel
waveguides are too short in temporal duration to experience the
free-carrier effects and consequently exhibit negligible accelera-
tion36. The black dashed line in Fig. 4a,b indicates simulations in
equivalent 3PA media. The acceleration is less noticeable in this
simulated case due to an order of magnitude lower free-carrier
concentration. Soliton acceleration in silicon clearly requires a
careful balance of large carrier concentration characteristic of
TPA media (versus 3PA media), anomalous dispersion, as
well as pulses of sufficient time duration (picoseconds versus
femtoseconds) to experience the FCD in a medium with
anomalous dispersion.

Figure 4c shows the pulse temporal duration retrieved from the
FREG measurements as a function of input power (blue dots).
The plot indicates stronger pulse compression with increasing
power and a tendency to saturate at large powers, in agreement
with our NLSE model with all effects taken into account (solid
black line)—linear loss, TPA, FCA and FCD. We further simulate
the canonical case of SPM and GVD in our model (turquoise
dashed line). Comparing this case to the experimental data, it is
clear that the presence of TPA and free carriers in our system has
reduced the maximum compression factor by a factor of B3. The
simulations in equivalent 3PA media (black dashed line) show
compression factors closer to the canonical case due to lower
nonlinear loss and weaker interaction of the optical soliton with
the free carriers.

Figure 5 illustrates the modelled soliton evolution along our
soliton period z0E1.8mm for several cases: canonical soliton
dynamics (Fig. 5a) and the more complex dynamics that arise
when TPA (Fig. 5b) and its accompanying free carriers
(Fig. 5c,d) come into play. Figure 5a shows NLSE modelling
of higher-order canonical soliton (N¼ 3.1) periodic evolution
along z0. The slight asymmetry barely perceivable in Fig. 5a is
due to the tiny residual chirp of the input pulse. When TPA is
present, as indicated in Fig. 5b, the pulse compression occurs
later along the propagation length due to the nonlinear loss
mechanism. As a consequence of the power saturation caused by
TPA loss, the expected intensity increase associated with pulse
compression does not take place anymore. The acceleration is
clearly linked to the TPA-induced free carriers as indicated by
the contour plots in Fig. 5c,d. Note that the free-carrier density,
shown in Fig. 5d, is only significant over the trailing part of the
pulse and along the propagation distance where the pulse is
intense enough to trigger TPA.

Discussion
Here using a slow-light PhC-wg, we have reported the
experimental demonstration of compression of 3.7-ps pulses
to a minimum duration of 1.6 ps at 9 pJ energy in silicon.
The physics governing this result have been thoroughly
investigated, with an emphasis on the role of TPA and
TPA-induced free carriers. The strong interaction of the on-chip
optical solitons and free carriers has been elucidated through an
ultra-sensitive phase-resolved FREG technique and confirmed by
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excellent agreement with NLSE modelling. These observations are
due to the careful selection of a huge anomalous dispersion in the
dispersion-engineered photonic crystal waveguide, allowing for
picosecond soliton evolution in the compact device; a slow-light
enhanced Kerr effect, enabling strong nonlinearities at peak
powers of only a few watts; and the appropriate selection of the
pulse width required to observe compression in the TPA-
restricted material. These results further our understanding of
nonlinear wave propagation in silicon waveguides, opening the
possibility of soliton functionalities for metrology, ultrafast pulses
and chip-scale communication systems in a monolithic CMOS
platform.

Methods
Free-carrier schematics. The free-carrier schematics of Fig. 1c are generated
via nonlinear Schrödinger numerical modelling shown in the main text with
suppressed dispersion (b2¼ b3¼ 0). Equal pulse energies (different peak power)
were assumed for the pulse inputs. The input pulses are 3.7 ps (Pavg¼ 1,200mW,
P0¼ 2.4W, N¼ 3.1), as in our experiments, and 100 fs (Pavg¼ 1,200 mW,
P0¼ 40W, N¼ 0.33), with all other parameters kept constant. The point is to
illustrate the difference in chirp between the two regimes, namely that significantly
more blue components are generated by picosecond pulses.

Device and linear characterization. The present experiment was performed using
a silicon photonic crystal air-suspended structure with a hexagonal lattice (p6m
symmetry group) constant a of 404 nm, a hole radius r of 116 nm and a thickness t
of 220 nm, yielding an effective mode area Aeff¼ 0.47 mm2. A 396-mm-long dis-
persion-engineered PhC-wg is created by removing a row of holes and shifting the
two innermost adjacent rows 50 nm away from the line defect. The air-clad devices
were fabricated with a combination of electron beam lithography, reactive ion and
chemical wet etching. The measured linear propagation loss in this slow light
region is B70 dB cm� 1, with a total linear insertion loss of B13 dB (5 dB per
facet). Light was coupled in with tapered lensed fibres to SU8 polymer waveguides
with inverse tapers. The linear loss in the nanowires that couple light into and out
of the PhC-wg is negligible. Nonlinear absorption in the coupling nanowire (Aeff

B0.2 mm2) was taken into account in the NLSE model.

Phase-resolved characterization method. For the nonlinear experiment, we
used a mode-locked-laser (Alnair) fed into a pulse shaper (Finisar) generating
near transform-limited 3.7-ps pulses at 1,547 nm at 30-MHz repetition rate.
These pulses are then input into the FREG38 apparatus. The pulses are split
into two branches by a fibre coupler, with the majority of the energy coupled
into the PhC-wg. The remaining fraction is sent to a reference branch with a
variable delay, before being detected by a fast photodiode and transferred
to the electronic domain. This electronic signal drives a Mach–Zender
modulator that gates the optical pulse output from the PhC-wg. Using an
optical spectrum analyser, we measure the spectra as a function of delay to
generate a series of optical spectrograms. We deconvolve the spectrograms
with a numerical algorithm (256� 256 grid-retrieval errors G o0.005), to
retrieve the pulse intensity and the phase in both the temporal and spectral
domain56.

References
1. Cundiff, S. T. & Ye, J. Colloquium: Femtosecond optical frequency combs. Rev.

Mod. Phys. 75, 325–342 (2003).
2. Reeves, W. H. et al. Transformation and control of ultra-short pulses

in dispersion-engineered photonic crystal fibres. Nature 424, 511–515
(2003).

3. Temelkuran, B., Hart, S. D., Benoit, G., Joannopoulos, J. D. & Fink, Y.
Wavelength-scalable hollow optical fibres with large photonic bandgaps for
CO2 laser transmission. Nature 420, 650–653 (2002).

4. Takara, H. et al. 1.01-Pb/s (12 SDM/222 WDM/456Gb/s) Crosstalk-managed
Transmission with 91.4-b/s/Hz Aggregate Spectral Efficiency. European
Conference and Exhibition on Optical Communication Th.3.C.1
(2012).

5. Kauranen, M. & Zayats, A. V. Nonlinear plasmonics. Nat. Photonics 6, 737–748
(2012).

6. Eggleton, B. J., Luther-Davies, B. & Richardson, K. Chalcogenide photonics.
Nat. Photonics 5, 141 (2011).

7. Leuthold, J., Koos, C. & Freude, W. Nonlinear silicon photonics. Nat. Photonics
4, 535–544 (2010).

8. Lipson, M. Guiding, modulating, and emitting light on silicon—challenges and
opportunities. J. Light Technol. 23, 4222–4238 (2005).

9. Nozaki, K. et al. Sub-femtojoule all-optical switching using a photonic-crystal
nanocavity. Nat. Photonics 4, 477–483 (2010).

10. Husko, C. A. et al. Soliton dynamics in the multiphoton plasma regime.
Sci. Rep. 3, 1–8 (2013).

11. Takahashi, Y. et al. A micrometre-scale Raman silicon laser with a microwatt
threshold. Nature 498, 470–474 (2013).

12. Assefa, S. et al. A 90 nm CMOS integrated nano-photonics technology for
25Gbps WDM optical communications applications. IEEE Electron Devices
Meeting (IEDM) 33.8–33.8.3 (2012).

13. Dudley, J. M., Genty, G. & Coen, S. Supercontinuum generation in photonic
crystal fibre. Rev. Mod. Phys. 78, 1135–1185 (2006).

14. Froehly, L. & Meteau, J. Supercontinuum sources in optical coherence
tomography: a state of the art and the application to scan-free time domain
correlation techniques and depth dependant dispersion compensation.
Opt. Fibre Technol. 18, 411–419 (2012).

15. Mollenauer, L. F., Tomlinson, W. J., Stolen, R. H. & Gordon, J. P. Extreme
picosecond pulse narrowing by means of soliton effect in single-mode optical
fibres. Opt. Lett. 8, 289–291 (1983).

16. Foster, M., Gaeta, A., Cao, Q. & Trebino, R. Soliton-effect compression of
supercontinuum to few-cycle durations in photonic nanowires. Opt. Express.
13, 6848–6855 (2005).

17. Scott, A., Sorensen, M. P. & Christiansen, P. L. Nonlinear Science (Oxford
University Press, 1999).

18. Solli, D. R., Ropers, C., Koonath, P. & Jalali, B. Optical rogue waves. Nature
450, 1054–1057 (2007).

19. Leo, F. et al. Temporal cavity solitons in one-dimensional Kerr media as bits in
an all-optical buffer. Nat. Photonics 4, 471–476 (2010).

20. Zabusky, N. & Kruskal, M. Interaction of ‘solitons’ in a collisionless plasma and
the recurrence of initial states. Phys. Rev. Lett. 15, 240 (1965).

21. Kivshar, Y. & Agrawal, G. P. Optical Solitons: From Fibres to Photonic Crystals
(Academy Press, 2003).

22. Colman, P. et al. Temporal solitons and pulse compression in photonic crystal
waveguides. Nat. Photonics 4, 862–868 (2010).

23. Raineri, F., Karle, T. J., Roppo, V., Monnier, P. & Raj, R. Time-domain
mapping of nonlinear pulse propagation in photonic-crystal slow-light
waveguides. Phys. Rev. Lett. A 87, 041802 (2013).

T
im

e 
(p

s)
0

–5

5

T
im

e 
(p

s)

0

–5

5

T
im

e 
(p

s)

0

–5

5

T
im

e 
(p

s)

0

–5

5

0

3

6

0

0.5

1

I (a.u)

I (a.u)

0

0.5

1
I (a.u)

0

1

2
Nc (1017 cm–3)

0 1,800600 1,200 0 1,800600 1,200

Propagation distance (μm) Propagation distance (μm)

Canonical case

TPA included

All effectsz = L z = L
a

b

c

d

Figure 5 | Comparison of the canonical soliton with the soliton perturbed by TPA and free carriers. NLSE-modelled normalized temporal intensity as a

function of the propagation distance for the higher-power case (2.4W), (a) considering only the effect of SPM and GVD, (b) considering also higher-order

dispersion and TPA, and (c) considering also the absorptive and dispersive effects of free carriers. (d) Free-carrier density as a function of the propagation

distance for case (c).

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms4160 ARTICLE

NATURE COMMUNICATIONS | 5:3160 | DOI: 10.1038/ncomms4160 | www.nature.com/naturecommunications 7

& 2014 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


24. Joannopoulos, J. D., Johnson, S. G., Winn, J. N. & Meade, R. D. Photonic
Crystals: Molding the Flow of Light 2nd Edn (Princeton University Press,
2008).

25. Baba, T. Slow light in photonic crystals. Nat. Photonics 2, 465–473 (2008).
26. Bhat, N. A. R. & Sipe, J. E. Optical pulse propagation in nonlinear photonic

crystals. Phys. Rev. E 64, 056604 (2001).
27. Tan, D. T. H., Sun, P. C. & Fainman, Y. Monolithic nonlinear pulse compressor

on a silicon chip. Nat. Commun. 1, 116 (2010).
28. Karle, T. J., Chai, Y. J., Morgan, C. N., White, I. H. & Krauss, T. F. Observation

of pulse compression in photonic crystal coupled cavity waveguides. J. Light
Technol. 22, 514–519 (2004).

29. Eggleton, B. J., Slusher, R. E., de Sterke, C. M., Krug, P. A. & Sipe, J. E. Bragg
grating solitons. Phys. Rev. Lett. 76, 1627–1630 (1996).

30. Mok, J. T., Littler, I. C. M., Tsoy, E. & Eggleton, B. J. Soliton compression and
pulse-train generation by use of microchip Q-switched pulses in Bragg gratings.
Opt. Lett. 30, 2457–2459 (2005).

31. Gordon, J. P. Theory of the soliton self-frequency shift. Opt. Lett. 11, 662–664
(1986).

32. Roy, S., Marini, A. & Biancalana, F. Self-frequency blueshift of dissipative
solitons in silicon-based waveguides. Phys. Rev. A 87, 065803 (2013).

33. Peacock, A. Soliton propagation in tapered silicon core fibres. Opt. Lett. 35,
3697–3699 (2010).

34. Lin, Q., Painter, O. J. & Agrawal, G. P. Nonlinear optical phenomena in silicon
waveguides: modelling and applications. Opt. Express. 15, 16604–16642 (2007).

35. Zhang, J. et al. Optical solitons in a silicon waveguide. Opt. Express. 15,
7682–7688 (2007).

36. Ding, W. et al. Time and frequency domain measurements of solitons in
subwavelength silicon waveguides using a cross-correlation technique. Opt.
Express. 18, 26625–26630 (2010).

37. Hou, L. et al. Subpicosecond pulse generation at quasi-40-GHz using a
passively mode-locked AlGaInAs–InP 1.55. IEEE Photon. Technol. Lett. 21,
1731–1733 (2009).

38. Dorrer, C. Simultaneous temporal characterization of telecommunication
optical pulses and modulators by use of spectrograms. Opt. Lett. 27, 1315–1317
(2002).

39. Skryabin, D. V., Luan, F., Knight, J. C. & Russell, P. S. J. Soliton self-frequency
shift cancellation in photonic crystal fibres. Science 301, 1705–1708 (2003).

40. Agrawal, G. P. Nonlinear Fibre Optics (Academic, 2007).
41. Kibler, B. et al. Observation of Kuznetsov-Ma soliton dynamics in optical fibre.

Sci. Rep. 2, 463 (2012).
42. Wu, M. & Patton, C. E. Experimental observation of Fermi-Pasta-Ulam

recurrence in a nonlinear feedback ring system. Phys. Rev. Lett. 98, 47202
(2007).

43. Bristow, A. D., Rotenberg, N. & van Driel, H. M. Two-photon absorption and
Kerr coefficients of silicon for 850–2,200 nm. Appl. Phys. Lett. 90, 191104
(2007).

44. Lin, Q., Painter, O. J. & Agrawal, G. P. Nonlinear optical phenomena in silicon
waveguides: modelling and applications. Opt. Express. 15, 16604–16644 (2007).

45. Monat, C. et al. Slow light enhancement of nonlinear effects in silicon
engineered photonic crystal waveguides. Opt. Express. 17, 2944–2953 (2009).

46. Yin, L. & Agrawal, G. P. Impact of two-photon absorption on self-phase
modulation silicon waveguides. Opt. Lett. 32, 2031–2033 (2007).

47. Marko, M. D. et al. Phase-resolved observations of optical pulse propagation in
chip-scale silicon nanowires. App. Phys. Lett. 103, 021103 (2013).

48. Soller, B. J., Gifford, D. K., Wolfe, M. S. & Froggatt, M. E. High resolution
optical frequency domain reflectometry for characterization of components and
assemblies. Opt. Express. 13, 666–674 (2005).

49. Hughes, S., Ramunno, L., Young, J. F. & Sipe, J. E. Extrinsic optical scattering
loss inphotonic crystal waveguides: role of fabrication disorder and photon
group velocity. Phys. Rev. Lett. 94, 033903 (2005).

50. Patterson, M. et al. Disorder-induced incoherent scattering losses in photonic
crystal waveguides: Bloch mode reshaping, multiple scattering, and breakdown
of the Beer-Lambert law. Phys. Rev. B 80, 195305 (2009).

51. Husko, C. et al. Non-trivial scaling of self-phase modulation and three photon
absorption in III-V photonic crystal waveguides. Opt. Express. 17, 22442–22451
(2009).

52. Li, J., O’Faolain, L., Rey, I. H. & Krauss, T. F. Four-wave mixing in photonic
crystals waveguides: slow light enhancement and limitations. Opt. Express. 19,
4460–4463 (2011).

53. Trebino, R. Frequency-Resolved Optical Gating: the Measurement of Ultrashort
Laser Pulses (Kluwer, 2002).

54. Yin, L., Lin, Q. & Agrawal, G. P. Dispersion tailoring and soliton propagation in
silicon waveguides. Opt. Lett. 31, 1295–1297 (2006).
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