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ABSTRACT
Ultrafast fiber sources having short pulses, broad bandwidth, high energy, and low amplitude fluctuations
have widespread applications. Stretched-pulse fiber lasers, incorporating segments of normal and anomalous
dispersion fibers, are a preferred means to generate such pulses. We realize a stretched-pulse fiber laser based
on a nanotube saturable absorber, with 113 fs pulses, 33.5 nm spectral width and ~0.07% amplitude fluctuation,
outperforming current nanotube-based designs.
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1. Introduction
Passively mode-locked fiber lasers are attractive for
many applications, such as optical communications
[1], spectroscopy [2], and biomedical diagnostics [3],
because of their simplicity, compactness, efficient heat
dissipation, and ability to generate high-quality pulses
[3–5]. The dominant mode-locking technology is based
on semiconductor saturable mirrors (SESAMs) [6].
However, SESAMs are typically complex quantum
wells, fabricated by molecular beam epitaxy on distributed Bragg reflectors [1, 3, 6], and ion implantation
is normally required to reduce the recovery time [6].
Therefore, novel saturable absorbers with better performance, cheaper fabrication and easier integration are
of great interest. Alternative saturable absorbers
based on single wall carbon nanotubes (SWNTs) and
graphene are at the centre of an intense research
effort [7, 8], due to their broad operation range, low
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saturation power, easy fabrication, mechanical and
environmental robustness, and quick recovery times
[7–28]. These have been used to mode-lock fiber [8–23],
waveguide [24], solid-state [25–27], and semiconductor
lasers [28]. Present mode-locking technology typically
relies on soliton-like operation. In this regime, nonlinear
effects due to strong mode confinement [5, 29, 30],
and the long fibre required (typically ~10 m [5, 30]),
distort the transform-limited soliton pulses, and limit
the generation of high-energy pulses [5, 29, 30]. The
resulting pulses normally have strong sidebands, in
both frequency and time domains [5, 29, 30]. Indeed,
the shortest pulse to date using a SWNT-based modelocker at 1550 nm is ~115 fs, with traditional soliton-like
operation [22], but with strong sidebands in the
spectral and time domains [22] and random multiple
pulses [5, 12, 22, 29, 30], limiting the achievement of
ever shorter pulses, clean spectra, low amplitude
fluctuations and higher energy.
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To overcome these restrictions, a dispersion management design utilizing different types of fibers with
alternating anomalous and normal group velocity
dispersion (GVD) (i.e., group velocity decreasing
and increasing, respectively, with decreasing optical
frequency) has been proposed [5, 29, 30]. Dispersion
plays a critical role in the propagation of ultrafast
pulses within optical fibers, as different spectral
components move at different speed. In principle,
dispersion-induced pulse broadening could be compensated by an equal amount of dispersion of opposite
sign. As indicated in Fig. 1, alternating normal and
anomalous GVD allows periodic stretching and
compression of the intracavity pulses in the resonator
[5, 29, 30]. The average pulse width in one cavity round
trip can increase by an order of magnitude or more
[5, 29, 30]. This significantly decreases the intracavity
average peak power, compared to soliton-like operation.
Thus, nonlinear optical effects triggered by high
intensity are mitigated. This allows high quality pulses
with larger energy (up to nanojoules) to be achieved
for a specific system-bearable nonlinearity [5, 29–31].
This configuration is known as the stretched-pulse
design. Ultrafast high-energy fibre lasers enabled by
the stretched-pulse design have a variety of potential
applications, such as amplification, frequency doubling,
and spectroscopy [4, 5, 32, 33].
Here, we demonstrate the stretched-pulse fiber
design for a laser using a SWNT saturable absorber.
We achieve 113 fs pulses at 1.56 µm, with 18.76 MHz

Figure 1 Simplified scheme of a stretched-pulse laser, with the
dispersion map (top) and pulse width distribution (bottom). Normal
(positive) and anomalous (negative) dispersion are marked with
different colours

repetition rate, ~33.5 nm output spectral width, and
~0.07% fluctuation.

2. Experimental
2.1

Device fabrication and characterization

Pristine SWNTs cannot be stably dispersed in a highly
polar solvent like water without functionalization [34].
Usually, surfactants [34–37] or water soluble polymers
[37–39] are used to exfoliate SWNTs from their
naturally occurring bundles. The most commonly used
surfactants are sodium dodecyl sulfate (SDS) and
sodium dodecyl benzenesulfonate (SDBS) [34–37]. Both
are linear chain anionic surfactants with a hydrophobic
tail and a hydrophilic head [35]. When SWNTs are
isolated by the shear forces from the formation and
collapse of cavities generated by ultrasounds [40],
surfactants—at concentrations above the critical micelle
concentration—form micelles around individual
SWNTs and small SWNT bundles, preventing their
re-aggregation [34].
To make our polyvinyl alcohol (PVA)–SWNT
saturable absorber composite, we use SDBS due to its
efficiency in dispersing large amounts of SWNTs
[35–37]. Importantly, it disperses SWNTs with a larger
diameter range compared to bile salts, the latter being
more effective with small diameter tubes [7]. The
amounts of SWNTs and dispersant used to prepare
solutions vary according to the SWNT purity. For the
PVA–SWNT composites, we use SWNTs grown by
laser ablation, as described in Ref. [41], and purified as
reported in Ref. [42]. The mean diameter (1.3 nm) of
the SWNTs used here ensures that the semiconducting
SWNTs in the sample have an absorption band at
around 1500 nm. We dispersed 2 mg of SWNTs in
14 mL of deionized water with 40 mg of SDBS for 2–3 h
at 10–12 °C using a Bioruptor (Diagenode) sonicator
system operating at 20 kHz with a power of 270 W.
This resulted in a dark dispersion with no visible
SWNT aggregates, Fig. 2(a). Note that the actual power
delivered to the sample is substantially lower than
270 W due to the non-contact operation of this
ultrasonicator. The residual bundles and impurities
were removed by ultracentrifugation at ~80 000 g
for 1 h by using a fixed angle MLA-80 rotor in an
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Optima-Max-E ultracentrifuge (Beckman Coulter). The
supernatant was then decanted. The absorption of the
SWNT dispersion at ~1550 nm was 0.15 for a 10 mm
absorption path length. The dispersion was then mixed
with a 20 wt% aqueous PVA solution. Ultrasonicating
the mixture resulted in a uniform solution which was
then drop-cast on a Petri dish. Slow evaporation (1–2
weeks) under ambient temperature and pressure in a
desiccator gave a free standing SWNT–PVA composite, 50 µm thick with homogeneously dispersed
tubes [7, 11, 13]. The film was then dried at 45 °C.
Figure 2(b) shows a micrograph of the composite,
confirming the homogeneous nanotube dispersion.
Approximately 2 mm2 of the composite were used
between fiber connectors for our transmissive-type
device configuration, Fig. 2(c).
The SWNT films were characterized by Raman
spectroscopy (Fig. 3) and absorption spectrophotometry
(Fig. 4). In the 1550–1590 cm–1 region, the Raman
spectra of SWNTs have two distinct features, the
so-called G+ and G– peaks. These originate from the
tangential (TO) and the longitudinal (LO) modes
resulting from the splitting of the doubly degenerate
E2g phonon of graphene [43]. In metallic tubes, the
LO mode is affected by a Kohn anomaly (KA) [43, 44],
which causes the softening of this phonon [43, 44].
Since KA are not present in semiconducting SWNTs,
the G+, G– assignment in metallic SWNTs is the
opposite of semiconducting tubes [43]. In semiconducting tubes, both the G+ and G– bands appear as
sharp Lorentzian peaks. The G+ is usually more intense
than the G–, and its position is nearly independent
of tube diameter, whereas the G– position decreases
with decreasing tube diameter. On the other hand, in

Figure 2 Preparation and integration of the SWNT–PVA composite: (a) photograph of the SWNT dispersion after ultrasonication;
(b) optical micrograph of the SWNT–PVA composite showing no
aggregation; (c) integration of ~2 mm2 of the composite to a fiber
connector
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metallic tubes the G– peak is usually rather intense,
very broad, and downshifted with respect to its
counterpart in semiconducting tubes [43]. The other
prominent features in the Raman spectrum of
SWNTs are the radial breathing modes (RBM). These
are associated with a symmetric movement of carbon
atoms in the radial direction, whose energy is inversely
related to the tube diameter. The SWNT diameter, d,
can be derived from the RBM frequency, ωRBM, by
means of the expression d = C1/(ω RBM – C2), combined
with the Kataura plot and the known excitation energy
[45–47]. A variety of different values of C1 and C2 have
been proposed [45–47] but their precise value is only
critical for chirality assignment [45–47], which is not an
issue here, since we are interested only in the diameter.
The shapes of the G peaks at the two excitation
energies, shown in Fig. 3, imply the presence of both
metallic and semiconducting tubes. The RBMs indicate
a diameter distribution of 1–1.4 nm, implying a band
gap of 0.7–1.1 eV [48]. We target this range to cover
the gain bandwidth of our erbium fiber at 1550 nm.
This is verified by the absorption spectrum, Fig. 4,
which has a maximum at ~1600 nm with a bandwidth
of ~340 nm.
After packaging (Fig. 2(c)), the nonlinear absorption
of the film is characterized by power-dependent
absorbance performed with a pulsed erbium-doped
fiber (EDF) laser at 1550 nm. This gives a saturation
intensity of ~18.9 MW/cm2 and modulation depth

Figure 3 Raman spectra of pure PVA and SWNT–PVA composite
measured with excitation wavelengths of 633 and 785 nm
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Figure 4 Absorption spectra of the SWNT–PVA composite and
pure PVA film

of ~16.9% (Fig. 5), sufficient to provide strong pulse
shaping, reliable self-starting and stabilized pulse
generation [6].
2.2

Laser setup

The packaged SWNT–PVA composite was inserted in a
fiber laser cavity. The laser was in a ring configuration.
A 3.6 m EDF (Fibercore Ltd.) was forward pumped
by a 980 nm diode laser through a fused wavelength
division multiplexer to provide gain. To realize the
stretched-pulse design at ~1.5 µm, the EDF was selected
with normal dispersion at our operating wavelength,
while the other fibers were chosen with anomalous
dispersion to set the total intracavity GVD close to zero

Figure 5 Nonlinear power-dependent absorbance of SWNT–PVA

[4, 5, 29–33]. The GVD was measured by inserting the
same EDF into a home-made soliton-like fiber laser.
We evaluated the EDF dispersion by measuring the
wavelength shift (Δλ) between sidebands and central
wavelength of the soliton pulse spectrum [49]. We
obtained a GVD coefficient β 2 ~36 ps2/km. The rest of
the laser was constructed from Flex 1060 and Corning
SMF-28 fibers, with anomalous dispersion. The
total length of Flex 1060 (β 2 = –7 ps2/km) was ~1.83 m,
while for SMF-28 (β 2 = –22 ps2/km) we used ~5.74 m,
providing an intracavity GVD ~–0.008 ps2 ± 0.005 ps2.
The total cavity length was ~11.17 m. A polarizationindependent optical isolator ensured unidirectional
operation. For mode-locking optimization, we adjusted
the polarization using two intracavity polarization
controllers. A fused 20/80 output coupler was utilized.
The 20% port extracted the pulses from the cavity. The
pump and average output power were monitored
by a photodiode power meter (Ophir PD300-IR). A
spectrum analyzer (HP 86140A) with 0.1 nm resolution
and a second harmonic generation (SHG) autocorrelator
(Inrad 5-14-LDA) with ~5 fs resolution were used to
measure the output spectrum and pulse duration.

3. Results and discussion
Continuous wave operation starts at ~7.5 mW pump
power. Self-starting single-pulse mode-locking is
observed at ~12.8 mW. Figure 6 shows a typical output
pulse spectrum. The full width at half maximum
(FWHM) bandwidth is ~33.5 nm. To the best of our
knowledge, this is the widest spectrum achieved thus
far from an EDF laser mode-locked by SWNTs. No
sidebands are observed. Figure 7 shows a plot of a
typical output SHG autocorrelation trace, including
Gaussian and sech2 fits. A sech2 pulse profile is typically
expected for soliton fiber lasers. However, a Gaussian
also fits well our experimental data, as expected for
stretched-pulse lasers [30]. The autocorrelation
FWHM is ~160 fs. Assuming a Gaussian profile, the
data deconvolution gives a pulse duration of ~113 fs,
the shortest reported to date from an EDF laser
mode-locked by SWNTs. The time–bandwidth
product (TBP) of the output pulses is ~0.467, with a
minor deviation from the value of 0.44 expected for
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intensity [53]. The repetition rate is ~18.76 MHz,
corresponding to a ~53.3 ns round-trip time, Fig. 8(a).
No spectrum modulation is observed over 1.5 GHz
(Fig. 8(b)), with no Q-switching instabilities. Figure 9(a)
shows a plot of the RF spectrum around the
fundamental cavity round-trip frequency. A signalto-noise ratio ∆P = ~77 dB (107.7 contrast) is observed,
highlighting the low-amplitude fluctuation ∆E/E of
ΔE
Δf
= ΔP ×
, where Δ f and
the laser. From
E
Δ fres
Δ fres are frequency jitter bandwidth and resolution

Figure 6

Typical output spectrum, with bandwidth ~33.5 nm

respectively [53], we estimate an amplitude fluctuation
∆E/E ≈ 7 × 10–4. Figure 9(b) shows a plot of the RF
spectrum around the tenth harmonic. A ~60 dB peakto-background ratio is measured, indicating low timing
jitter and good mode-locking stability [53].
Compared with previous SWNT mode-locked EDF
lasers [9, 20, 22], our system provides shorter durations,
wider and cleaner spectra, and lower amplitude
noise fluctuations, thanks to our dispersion-managed
stretched-pulse configuration realized by using fibers

Figure 7 Autocorrelation trace, with Gaussian and sech2 fits

transform-limited Gaussian pulses [50]. This could be
caused by uncompensated third-order dispersion,
distorting the intracavity pulse [31] and also limiting
the minimum achievable pulse width [51, 52]. Another
limitation to shorter pulses could be spectral filtering
effects introduced by the erbium gain medium [5, 29].
Using a ~–0.03 ps2 fiber patchcord (1.37 m SMF-28),
the FWHM of the fitted autocorrelation trace is
~1.358 ps, corresponding to ~961 fs for a Gaussian
temporal profile. This shows that the output pulse
stretches ~8 times after passing a fiber with ~0.033 ps2
GVD. The pulse evolution and the ~–0.096 ps2 GVD of
the intracavity fibers (3.78 m SMF-28 and 1.83 m Flexcor
1060) confirm the stretched-pulse design of our laser.
The operating stability is characterized from radiofrequency (RF) spectrum measurements of the output

Figure 8 (a) Oscilloscope trace. (b) RF spectrum up to 1.5 GHz
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meeting the pulse length, quality and energy requirements for many applications, such as micro-machining
and optical tomography, opening new opportunities
in metrology, spectroscopy and biomedical diagnostics.
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