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1.

Introduction

Solitons are localized waves formed by a balance of focusing and defocusing effects. These nonlinear waves exist in
diverse forms of matter yet exhibit similar properties including stability, periodic recurrence, and particle-like evolution. In the optical domain a temporal soliton can form from the controlled balance of the nonlinear Kerr effect with
linear group-velocity dispersion (GVD) [1]. In semiconductor materials one must also account for nonlinear absorption and free carriers at typical intensity levels [2]. The nonlinear absorption attenuates the peak power, restricting the
desirable nonlinear phase change due to the Kerr effect. In addition, the nonlinear absorption generates free carriers.
The free-carrier plasma modifies the nonlinear pulse evolution with both dispersive (FCD, nFC ) and absorptive (FCA,
σ ) contributions leading to non-trivial dynamics unavailable in other optical systems. For example, while in the spectral domain optical pulses undergo a spectral blueshift due to FCD [3], in contrast the temporal properties are governed
by the dynamic interaction of FCD and dispersion together leading to, for example, nonlinear pulse temporal broadening [4]. These free-carrier effects also interplay with and modulate the classical soliton evolution. Temporal solitons
in semiconductors have been shown [5, 6] including soliton self-frequency blueshift [7] and soliton acceleration [8, 9].
In this talk we describe the dynamics unique to solitons in semiconductors through experiment, theory, and modeling.
2.

Solitons in semiconductor photonic crystal waveguides

Bright solitons are one class of analytic solutions to the nonlinear Schrödinger equation (NLSE) with Kerr nonlinearity
(γ) and anomalous GVD (β2 <0). Fig. 1(a) summarizes the key parameters in the various platforms in which temporal
solitons have been demonstrated. The red circle indicates the region of photonic crystal waveguides that we use in these
experiments. In photonic crystal waveguides the Kerr nonlinearity is enhanced by the square of the group index [10].
Fig. 1(b) summarizes experimental autocorrelation results demonstrating the temporal evolution of optical solitons in
a semiconductor photonic chip. As the pulse energy increases, the output pulse returns to the input duration before
further compressing to a minimum duration of 800 fs (deconvolution factor of 1.54 for sech), limited by the laser
output power. These on-chip results follow traditional soliton theory with good fidelity. Recently, we demonstrated a
new class of ‘pure-quartic solitons’ with remarkably different properties arising from fourth-order dispersion and the
Kerr effect [16]. We next examine solitons with perturbations.
2.1.

Solitons with perturbations

The illustrations in Fig. 2 provide an insight into soliton perturbations in both glass and semiconductor media. The left
side of the figure describes intrapulse Raman scattering which plays an important role in glass media [11]. These effects are known and we refer the reader to the literature for more detail. The right side of the figure describe intrapulse

TRT 15.0 kV 13.9 mm x20.0 k SE(M)

1,530

1,540

1,550

1,560

1,000

−1.5

d

γeff (W−1 m−1)

γeff (W −1 m−1)

800
600
400
200
0

6

8
Group index, ng

0.05
LTu5D.1.pdf

−2

1,530

(a)$$

Wavelength (nm)

c

0.1

10

1,540

1,550

1,560

0

Latin America Optics and Photonics Conference © OSA
2016

NATURE PHOTONICS
(b)$$

Wavelength (nm)

Fibre
FBG
PhCF
Tapered fibre
Integrated WG
PhCWG (this work)

10−2 10−1

100

101

GaInP$

a

104
103
102
101
100
10−1
10−2
10−3
10−4
10−5
10−6
102

103

AR

DOI: 10.1038/NPHOTON.2010.261
λ = 1,555 nm

b
5

Input

14 pJ

Autocorrelation, TFWHM (ps)

4

−1

Autocorrelation (a.u.)

GVD coefficient, β2 (ps−2 mm−

Group index, ng

8

0.15

−0.5

TOD coefficient, β3 (ps−3 mm−1)

12

10 pJ

8 pJ

4

TFWHM (input) = 3.6 ps

3

2

3 pJ

104

β2 (ps2 m−1)
−10

−5

0

5

10

1
2

4

6

8

10

12

14

e 1 | Dispersion and slow-light properties of the GaInP PhCWG sample. a, Measured group index (dots) and fit (solid line)50. Inset: scanning electron
Delay (ps)
Coupled pulse energy (pJ)
graph of a GaInP membrane with designed mode adapters36 (scale bar, 1 mm). b, GVD coefficient (left axis) and TOD coefficient
(right
derived demonstrating optical soliton formation. a, Autocorrelation measurements at 1,555 nm with 1.8-ps exponential in
Figure
5 | axis)
Measurements
2
21
50
phase-shift group index measurements . At 1,551 nm, the GVD coefficient is 20.91 ps mm . c, Nonlinear parameter geff extracted
(dottedfrom
lines).experimental
The autocorrelation trace is different from that of a sech2 pulse. The pulse experiences dispersion-induced broadening at sma
beforesystems
contracting
at larger pulse energies, thereby demonstrating soliton behaviour. b, As in Fig. 3a at 1,555 nm, but with 1.8-ps exponentia
) and theoretical (line) scaling19,21 due to slow-light enhancement. d, Nonlinear (geff ) and GVD (b2) parameters of different material
with
pulse
initially
broadens
imentally demonstrated soliton effects. The PhCWG examined in this work simultaneously exhibits both large geff and GVD coefficient in a single due to dispersion, then narrows at increased pulse energies due to stronger SPM.
ef f
rial system, together with suppressed two-photon absorption, enabling compression of picosecond pulses at picojoule energies (watt
peak46powers)
and on size and the power budget
photonics
are focusing
as essential ng ¼ cDT/L. The GVD (b2) and TOD (b3) coefficients were ob
metre length scales. Inset in a is # 2009 AIP. 2
properties, as well as speed. Research into compact sources with function numerical derivatives.
these characteristics is well under way. Laser diodes offer a possible
Experimental pulse characterization. For the pulse compressio
route towards the integration of subpicosecond optical sources. used a mode-locked fibre laser (Keopsys/Pritel) delivering nearl
ble 1 | Material parameters of different material systems with experimentally demonstrated soliton effects.
Recent advances in monolithic mode-locking based on quantum 2.5–4 ps pulses at a repetition rate of 22 MHz. The source was tu
dots have pushed pulse widths to below 1 ps (refs 14, 47 and 48), 1,565 nm. After adjusting the source to the desired wavelength,
em
b 2 (ps2 m21)
g eff (W21 m21)
E c (pJ)
T FWHM (ps)
Ref. of the repetition rate and time–bandwidth pulse duration and minimized the time–bandwidth product to a
sometimes at the expense
(a)&&
Silicon&(TPAClimited)&
GaInP&(Kerr&like)&
(b)&&optimization
product,
based on 3the trade-off
of the absorber/gain limit of hyperbolic secant pulses (DlDn ¼ 0.315) within 5% (th
e
0.022 Raman (glass) 0.0011 Free-carrier Dispersion
8 (electrons)
7
negligible). The pulse power was modulated with a variable fibre
!(&0$,1$
!(&0$,1$
6
Slowing + red-shift
Advance
and
blue-shift
5:7$
5:7$
sections
for
each
cavity
length.FROG
In
parallel to the development of preventing misalignment and undesirable modification of the p
80 FROG
e Bragg grating
2000
0.0094
1 × 10
NLSE
NLSE
FROG&
NLSE&4
Input&
5
these novel chip-scale
0.11
5 light sources, fundamental investigations of second series of experiments was performed using an !100 fs m
ow PhCF
0.0183
0.000002
I"
I" 9 × 10
Raman#
Free@carriers"
>'"0)$$
!"##
pulse9 >'"0)$$
compression
in PhCWGs, such as in this laser (Optisiv) operating at 36.5 MHz with a customized picose
•"Slowing""
•"AcceleraDon"
linear PhCF
0.02
0.10
25.4 !"##
0.041 soliton-effect
-6$
-6$
$%#
$%#
N>1"
N>1"
•"Reduced"intensity"
work, can be cascaded
with laser diodes, further compressing including a 1.2-nm-wide (FWHM) tunable filter. This generate
urite PhCF
0.185 (only"SPM"
5.70
573
0.40
29
(only"SPM"and"
•"Asymmetry"
asymmetric in time, with fast rise time and slow fall time, and
pulses
deeper
into
the
ultrafast
regime
in an integrated fashion.
and"β )"
ered PhCF fibre
0.10
0.37
500 β2)"
0.07
8

Fig. 1. Temporal optical solitons in photonic crystal waveguides. (a) Nonlinear (γ ) and GVD
(β ) parameters of various soliton experiments. (b) Autocorrelation measurements demonstrating
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Conclusion

!1.8 ps (assuming the deconvolution factor to be equal to 2 for a
exp(–t/t0) with t . 0) and spectral width set by the filter. Autoco
recorded using a PulseCheck APE autocorrelator directly coupl
the waveguide. Importantly, we did not use any amplification s
artefacts and pulse distortion. Owing to the excellent mechanic
set-up and the very good stability of the mode-locked laser, we
autocorrelation traces, thereby improving signal-to-noise ratio. T
significant change in pulse duration, we collected data with diff
time spans (5, 15 and 50 ps).
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cal soliton. The strength of these effects depends on the pulse duration. Whereas Raman processes typically require
femtosecond pulses, 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. Mathematically, the rate equation describing free-carrier generation involves an integral corresponding to the accumulation
of free carriers across the pulse [12]. We now show experiments demonstrating temporal solitons in which free-carriers
play a significant role.
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2.2.

Weak free carrier regime (3PA-limited)

While Fig. 1 shows a good first experiment, autocorrelations are symmetric and require an approximation of the pulse
shape. As not all pulse dynamics are symmetric, information can be obscured and it is desirable to obtain the real
electric-field envelope. With this motivation, we constructed a frequency-resolved optical gating (FROG) apparatus to
measure the pulse intensity and phase in both the temporal and the spectral domains. Figure 2(a) shows the retrieved
temporal intensity (solid blue) and phase (dashed magenta) of the experimental spectrograms as a function of pulse
power. We observe temporal narrowing characteristic of higher-order solitons, as well as the temporal separation
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indicating the onset of periodic evolution. To understand the experiment better we conducted NLSE modeling of the
experiment shown in the right panel. As we increase the pulse energy the pulse shifts forward from 0 ps to -1.4 ps,
indicating that the pulse advances in time. The black dashed line indicates simulations with suppressed FCD showing
the pulse shifts noticeably less in this case and we conclude that FCD causes the temporal advance. We suspect
the remaining shift might be due to strong self-steepening in the photonic crystal [13] or residual pulse chirp. More
recently we showed that FCD can induce soliton fission [14]. These results of solitons in the weak free-carrier regime
encouraged us to study this effect in a TPA-limited material where free carriers play a more significant role.
2.3.

Strong free carrier regime (TPA-limited)

For this case, we constructed an electrically gated cross-correlation (X-FREG) [15]. Figure 2(b)(left) shows spectrograms at three different coupled power levels for silicon waveguides [9]. The spectrograms clearly reveal the pulse
spectrally blue-shifting with increasing power due to larger free-carrier concentrations. Figure 2(b)(right) shows the
experimentally retrieved pulse intensities in the time domain indicated as the dashed red lines with NLSE modeling
(blue line). We observe compression of 3.7-ps pulses to 1.6 ps (compression factor χc = 2.3). It is not obvious how
much additional compression is possible in this system due to the presence of TPA. Further, we directly measure the
time advance of pulses in the time-of-flight configuration.
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