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The interest in tunable ultrafast fiber lasers operating in the 1.3 μm region has seen a significant increase due to
rising demands for bandwidth as well as the zero-dispersion characteristic of silica fibers in this wavelength
region. In this work, a tunable mode-locked praseodymium-doped fluoride fiber (PDFF) laser using single-walled
carbon nanotubes as a saturable absorber is demonstrated. The mode-locked pulses are generated at a central
wavelength of 1302 nm with a pulse repetition rate of 5.92 MHz and pulse width of 1.13 ps. The tunability of the
mode-locked PDFF laser covers a tuning range of 11 nm.
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Ultrafast fiber lasers with tunable wavelength outputs
have attracted substantial attention due to their applica-
tions in the areas of spectroscopy, biomedical diagnostics,
material processing, and optical communications[1–4]. Pas-
sively mode-locked fiber lasers are known to be economi-
cal, simple, and flexible sources of ultrafast pulses, and the
incorporation of an optical filter as a tuning element in the
laser cavity provides these lasers with significant potential
for commercial applications.
Various passive mode-locking techniques have been

explored in fiber lasers as a means to meet current
demands for ultrafast signal sources in communication
systems. Initially, mode locking in fiber lasers required
the use of complex techniques or components, such as
acousto- or electro-optical modulators[5,6] and semiconduc-
tor saturable mirrors (SESAMs)[3,7]. However, the com-
plexity and fragility of these components made their
use less than desirable. For instance, SESAMs are complex
devices that are fabricated through the use of molecular
beam epitaxy (MBE) in distributed Bragg reflectors
(DBRs)[8], and the optimization of their recovery time
towards sub-picoseconds levels requires post growth ion
implantation or low-temperature growth[9]. As a result
of this, significant research efforts have been made to de-
velop materials that can serve as saturable absorbers
(SAs) that are more cost effective to fabricate and easy
to integrate into laser cavities, while at the same time
achieving satisfactory mode-locking performance. The ad-
vent of low-dimensional materials provided a viable solu-
tion towards passively mode-locked fiber lasers, allowing
for compact and cost-effective platforms to be realized.
In this regard, various low-dimensional materials,

such as single-walled carbon nanotubes (SWCNTs)[10–21],
graphene[22–28], and transition metal dichalcogenides
(TMDs)[29–37] have all demonstrated high potential to be
used as SA materials. Among these materials, SWCNTs
in particular have shown significant promise as low-

dimensional SA materials as a result of their simple
synthetization process, short recovery time, high optical
damage resistance, and wide absorption wavelength
range. This is because SWCNTs are direct-bandgap ma-
terials, with a gap that is dependent on the diameter and
chirality of the nanotube[38]. Furthermore, SWCNTs
exhibit large optical nonlinearity in the near-infrared
region, making them advantageous for generating mode-
locked outputs in fiber lasers within the 1.2 to 2.0 μm
region[39]. This would be a crucial development, as most
SWCNT-based SA mode-locked fiber lasers are reported
in the 1.0[18,19], 1.5[10–12,14–17,21], and 2.0 μm[20] regions, and
few to none are reported in any other wavelength region.
The shortest mode-locked pulse was obtained in the 1.5 μm
region by Hou et al. with a pulse width of sub-200-fs in a
dispersion-managed soliton ytterbium-doped fiber
laser using an SWCNT-based SA[18], while Popa et al. suc-
cessfully demonstrated mode-locked pulses with a 74 fs
width at 1.5 μm from a stretched-pulse laser with a
SWCNT SA[21]. Furthermore, SWCNT SAs have also been
seen to be able to generate mode-locked outputs from a fi-
ber laser in the 2.0 μm region with a pulse width as narrow
as 450 fs, as reported by Chernysheva et al.[20].

In conjunction with these developments, there has re-
cently been renewed interest towards the generation of ul-
trafast pulses in the 1.3 μm wavelength region, also known
as the O-band. The O-band is highly advantageous, as it
allows for the zero dispersion of light propagating through
a silica-based optical fiber[40,41] and would thus be able to
cater to the increasing demands for communication band-
width. Operation in the O-band region is made possible
through the use of praseodymium-doped fluoride fiber
(PDFF), which is a reliable gain medium to induce lasing
in the 1.3 μm region. The low phonon energy characteris-
tics of the fluoride fiber host provides low non-radiative
decay conditions, making the PDFF a highly desirable
gain medium to generate an ultrafast phenomenon in
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the 1.3 μm region[42,43]. In this work, a tunable PDFF laser
(PDFFL) using SWCNTs as an SA to induce mode lock-
ing is proposed and demonstrated. The proposed laser is
designed to operate in the 1.3 μm region, with the ability
to tune the generated output. The proposed laser would
have significant applications, in particular, for communi-
cations systems.
The setup of the proposed tunable mode-locked PDFFL

is given in Fig. 1. The laser cavity consists of a 11.7 m long
PDFF, which serves as the gain medium. Fluoride glass
with a ZrF4-BaF2-LaF3-AlF3-NaF (ZBLAN) composition
is used as a host glass for the praseodymium (Pr3þ) ions, as
the low phonon energy characteristics of ZBLAN glass
leads to low non-radiative decay and in turn greatly en-
hances emissions in the 1.3 μm region.
The PDFF with a Pr3þ concentration of 2.25 × 10−3

and an absorption coefficient of ∼3 dB∕m at 1020 nm
is optically pumped with a 1020 nm laser diode (LD) us-
ing a 1020/1300 nm wavelength division multiplexer
(WDM). An isolator (ISO) is incorporated in the setup
to ensure the uni-directional propagation of light in
the cavity, with the output port of the ISO connected
to the SWCNT-based SA. The SA is formed by sand-
wiching the SWCNT film between two fiber ferrules us-
ing a fiber adaptor. The SWCNT used in this work is
obtained from a previously prepared sample and has been
described and characterized in detail in Ref. [44]. Figure 2
shows the nonlinear absorption curve of the SWCNT-
based SA with a computed modulation depth of
18.6%, obtained with the balanced twin-detector
method. The inset of the figure shows the Raman spec-
trum of the sample, with a sharp peak at 1549 cm−1 that
corresponds to the G peak and confirms the presence of
the carbon nanotubes in the SA. The SA has an insertion
loss of around 3 dB at 1300 nm. A polarization controller
(PC) connected to the output port of the SA assembly is

used to optimize the intra-cavity polarization state of the
oscillating light, which is then channelled into a tunable
Mach–Zehnder filter (TMZF), which serves as a wave-
length tuning element. The TMZF has a tuning range
of ∼35 nm, a 3 dB bandwidth of 10 nm, and a maximum
extinction ratio of ∼26 dB in the 1.3 μm region. The fil-
tered signal from the TMZF is connected to an 80∶20
coupler, whereby 80% of the light is looped back to
the 1300 nm port of the WDM, thus completing the op-
tical cavity. The remaining 20% of the oscillating signal is
extracted from the cavity for further analysis.

The total cavity length of the PDFFL is approximately
35.2 m, comprised of the 11.7 m long PDFF and approx-
imately 23.5 m single-mode fiber (SMF-28). The PDFF
group velocity dispersion (GVD) coefficient is
36 ps2∕km, as provided in the official FiberLabs Inc.
website, whereas the SMF-28 exhibits a GVD coefficient
of −1 ps2∕km at 1302 nm based on the SMF-28 dispersion
curve. The net cavity dispersion of the proposed laser is
thus calculated to be 0.398 ps2.

The generation of mode-locked pulses in the proposed
fiber laser is first studied without the incorporation
of the TMZF into the laser cavity. Under constant
polarization, the proposed fiber laser experiences three
different operation regimes under different pump powers:
continuous-wave (CW), Q-switched mode locking (QML)
and continuous-wave mode locking (CWML). The aver-
age output power from the laser at various stages against
the incident pump power is plotted in Fig. 3. From the
figure, it can be seen that the threshold incident pump
power required to achieve CW operation is approximately
327 mW, and no pulsed behavior is observed until an in-
cident pump power of 385 mW is reached. At this thresh-
old power, the laser then switches to the QML regime and
continues to operate in this mode until a pump power of
458 mW is attained. In the QML operation mode, the gen-
erated mode-locked pulse trains exhibit a fundamental fre-
quency that tallies with the total cavity length and is
modulated by theQ-switched pulse in the kilohertz region.

This confirms QML operation in the laser cavity, which
then evolves into CWML operation as the incident pumpFig. 1. Cavity setup of tunable mode-locked PDFFL.

Fig. 2. Nonlinear absorption curve of the SWCNT SA. The
inset shows the Raman spectrum. Reprinted with permission
from Ref. [44], Science Press.
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power reaches 459 mW. CWML operation is sustained up
to the maximum pump power of 556 mW, corresponding
to the maximum average output power of 1.13 mW, but it
is limited in the proposed laser by the availability of higher
pump powers from the 1020 nm LD. In the CWML regime,
mode-locking operation is achieved at a threshold pump
power of 459 mW, with stable mode-locking operation
observed for pump powers ranging between 459
and 556 mW.
Figure 4 depicts the characteristics of the mode-locked

PDFFL at pump power of 556 mW. As the different spec-
tral components move at different speeds, the output
characteristics of the mode-locked fiber laser are strongly
affected by intra-cavity dispersion[37,45,46]. Both the PDFF
and SMF have positive and negative GVDs of 36 ps2∕km
and −1 ps2∕km, respectively, giving a net cavity
dispersion of 0.398 ps2 and resulting in mode-locking op-
eration in the stretched-pulse regime. This is validated by
the smooth and broad Gaussian-like spectrum that is typ-
ical of stretched-pulse lasers, as given in Fig. 4(a)[11,47,48].
The optical spectrum is obtained with a Yokogawa

AQ6370B optical spectrum analyser (OSA) and observed
at 1302 nm with a 3 dB bandwidth of 2.3 nm. The mode-
locked pulse train is given in inset (I) of
Fig. 4(a) and can be seen to exhibit a repetition rate of
5.92 MHz with a pulse-to-pulse interval of 169 ns,
correlating to the cavity roundtrip time. The mode-locked
pulse is detected with a Newport 818-BB-35 F 12.5 GHz
photodetector with a responsivity of 0.77 A/W at 1300 nm
in conjunction with a 500 MHz Yokogawa DLM2054
oscilloscope with a sampling rate of 2.5 GS/s. Inset (II) of
Fig. 4(a) depicts the autocorrelation trace with a pulse
width of 1.13 ps based on a Gaussian fitting profile.
The achievable pulse width of the passively mode-locked
fiber laser is strongly influenced by the gain bandwidth,
cavity length, and nonlinearities in the laser cavity, as
well as the specific characteristics of the SA, such as its
modulation depth[49–51]. The time-bandwidth product is
calculated to be approximately 0.46, which is slightly
higher than the transform limit of 0.44 and is indicative
of a low chirping in the cavity. Measurement of the RF
spectra of the generated pulses is given in Fig. 4(b) and
shows a high intensity peak at 5.92 MHz, auguring
well with the fundamental frequency of the cavity. The
signal-to-noise ratio (SNR) is measured to be ∼60 dB, in-
dicating a highly stable mode-locked pulse with low timing
jitter. Furthermore, no other spectrum modulation is ob-
served over a larger 500 MHz frequency span, as depicted
in inset (I) of Fig. 4(b), further indicating that only a sin-
gle pulse has been generated. The maximum output power
of the mode-locked pulse is measured to be 1.13 mW, cor-
responding to pulse energy of 191 pJ.

The stability of the pulsed laser’s operation is further
evaluated by monitoring the mode-locked spectra over a
period of 60 min at intervals of 10 min. It can be seen that
the mode-locked spectrum is stable with no significant
degradation observed at any point, as shown in inset
(II) of Fig. 4(b). It can be seen that the central wavelength
and spectral width of the spectrum remain constant over

Fig. 3. Average output power against pump power. Different
marker color represents different laser operation. The inset shows
the oscilloscope trace of QML and CWML operations.

Fig. 4. Characteristics of mode-locked PDFFL at pump power of 556 mW. (a) Optical spectrum [inset (I), pulse train and (II),
autocorrelation trace (dotted line) with Gaussian fit (solid line)] and (b) RF spectrum. Inset (I) shows the RF spectrum with a
500 MHz span and (II) gives the optical spectrum stability of the mode-locking operation over a period of 1 h.
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the entire test period, indicating that the pulsed O-band
output operates very well under typical operating
conditions.
Tunability in the mode-locked PDFFL is achieved by

incorporating the TMZF into the laser cavity. The incor-
poration of the TMZF allows for the central wavelength of
the mode-locked output to be tuned from 1296 to 1307 nm.
The full-width at half-maximum (FWHM) of the PDFF’s
amplified spontaneous emission (ASE) spectrum covers a
range of 1290 to 1319 nm. Thus, the lasing wavelength
range of the PDFFL will be constrained towards this
wavelength region. Figure 5 shows the mode-locked out-
put spectra at a pump power of 556 mW for different cen-
tral wavelengths achieved by adjusting the TMZF. As
seen from the figure, the 3 dB spectral bandwidth of
the spectrum experiences a variation of ∼20% against
the shift of the central wavelength. The change in the
FWHM spectral bandwidth is almost certainly due to
light propagating through silica fiber that experiences dif-
ferent dispersions under different operating wavelengths.
The demand for ultrafast fiber lasers at different oper-

ating wavelengths has long been an issue of concern by the
industry and, thus, been the focus of significant research
efforts. To date, numerous materials and rare-earth-doped
fibers have been employed as SAs and gain media to gen-
erate ultrashort pulses in different wavelength regions.
Figure 6 provides an overview of ultrafast fiber lasers with
pulse widths at different operating wavelengths utilizing
SWCNTs[10–21], graphene[22–28], and TMDs[29–37] as SAs. As
can be seen from the figure, the generation of mode-locked
fiber lasers has been intensively focused on operating in
the 1.0[18,19,23,24,32,34,36], 1.5[10–12,14–17,21,24–28,31–33,35,37], and 2.0 μm
regions[13,20,22,26,29,30] through the use of ytterbium-,
erbium-, and thulium-doped fibers, respectively, as gain
media. However, limited efforts have been made to inves-
tigate mode-locked generation in the 1.3 μm region.
Among the first few demonstrations of a passively
mode-locked fiber laser operating in the 1.3 μm region

was reported by Song et al. in 2005 with a minimum pulse
width of 11.6 ps[52]. In this work, a pulse width of 1.13 ps is
achieved, which indicates a significant improvement over
previous works, and it can be said with high certainty that
the shorter pulse width is almost certainly due to the all-
fiber configuration of the proposed laser. Furthermore, the
proposed laser is also able to achieve mode locking with a
repetition rate of 5.92 MHz, which is slightly higher than
that reported by Song et al. at 3.18 MHz. Contrary to
achievements in the 1.0, 1.5, and 2.0 μm regions, the pulse
width of the 1.3 μm fiber laser is still considered broad, as
it is limited in the picosecond pulse width. This is mainly
constrained by the long length of the PDFF gain medium,
as well as higher power loss of fluoride soft glass in the
1.3 μm region, as compared to the loss profile of silica
in other wavelength ranges.

In this work, tunable mode-locked pulses are generated
from a proposed PDFFL using an SWCNT-based SA,
as experimentally demonstrated in this work. The all-
fiberized and compact PDFFL delivers pulses at
1302 nm with a pulse width of 1.13 ps and produces a
mode-locked pulse train at 5.92 MHz with pulse energy
of 191 pJ. The central wavelength of the laser can be con-
tinuously tuned with the incorporation of TMZF, covering
a tuning range of 11 nm. To the best of the author’s knowl-
edge, these are the shortest mode-locked pulses and the first
tunable mode-locked pulses obtained from PDFFL so far.
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Education, Malaysia under the grants LRGS (2015)
NGOD/UM/KPT and GA010-2014 (ULUNG) and the
University of Malaya under the grant RU 001-2017.
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