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Low-dimensional nanomaterials, owing to their unique and versatile properties, are very attractive for enormous
electronic and optoelectronic applications. PbS quantum dots (QDs), characterized by a large Bohr radius and
size-tunable bandgap, are especially interesting for photonic applications in the near-infrared region. Here, oleic
acid capped colloidal PbS QDs as a saturable absorber are investigated for ultrashort-pulse generation. The PbS
QD:s exhibit outstanding nonlinear saturable absorption properties at 1550 nm: a modulation depth up to 44.5%
and a thermal damage threshold larger than 30 mJ/cm?. By incorporating PbS QDs into a fiber laser, a trans-
form-limited soliton pulse as short as 559 fs with a bandwidth of 4.78 nm is realized at 1563 nm. Numerous
applications may benefit from the nonlinear saturable absorption properties of PbS QDs, such as near-infrared

pulsed lasers and modulators.
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1. INTRODUCTION

Ultrafast pulsed lasers that generate picosecond to femtosecond
optical pulses have been extensively investigated in the fields of
medicine, frequency combs, materials processing, and telecom-
munication [1-4]. Currently, the most-widely used ultrashort
pulse laser adopts a passive mode-locking technique, which uses
a nonlinear optical element called a saturable absorber (SA) to
transform the continuous wave into optical pulses [5-8]. Key
demands for SAs are broad bandwidth, fast charge carrier
relaxation, large modulation depth, high thermal damage
threshold, and simple fabrication and integration into an opti-
cal fiber system [9-13].

Low-dimensional nanomaterials have attracted tremendous
interest from the applied physics community due to their
excellent optoelectronic features [14—18]. Owing to short
recovery time and high third-order nonlinear susceptibility,
one-dimensional (1D) carbon nanotubes and two-dimensional
(2D) graphene and graphene-like materials with ultrashort
pulse generation in extremely wide wavelength range have been
discovered one after another in the past few years [19-23].
Among these SAs, the main challenge is that the fast charge
carrier relaxation, large modulation depth, and high damage
threshold usually cannot be endued simultaneously on an
individual material [24-28]. Therefore, it is necessary to find
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a novel SA that can overcome all the above challenges and pro-
vide saturable absorption over a wider wavelength range.

PbS quantum dots (QDs) have been widely researched due
to their tunable optical properties via control of size, structure,
and composition [29,30]. Given to the large exciton Bohr
radius (18 nm), narrow bandgap energy (0.41 eV for bulk
material), and quantum confinement effect, adjustable absorp-
tion of PbS QDs over the entire near-infrared (NIR) spectral
range can be easily achieved [31], resulting in the advancement
of fascinating applications as transistors, photodetectors, and
photovoltaic cells [29,32,33]. In the field of nonlinear saturable
absorption, Asunskis e /. revealed that nonlinear optical ab-
sorption of PbS QDs depended on their surface properties [34].
Later, a 2.6-ps pulse at around 1 pm with an output power
of 250 mW was observed in PbS QD-doped glass SAs [35].
Gumenyuk et a/. demonstrated a vector soliton fiber laser cen-
tered at 2 pm with a modulation depth >40% [36]. The gen-
eration of transform-limited fs optical pulses with QDs was
predicted almost two decades ago [37]; however, experimental
study on PbS QD mode-locked fs fiber lasers is still rarely
reported.

Here, we demonstrate saturable absorption of PbS QDs and
generation of a high-power ultrafast-pulse erbium-doped fiber
(EDF) laser. Results show a nonlinear saturable absorption fea-
ture at 1550 nm with modulation depth up to 44.5%. In a PbS


mailto:xuxx@njnu.edu.cn
mailto:xuxx@njnu.edu.cn
mailto:xuxx@njnu.edu.cn
mailto:kehanyu@njupt.edu.cn
mailto:kehanyu@njupt.edu.cn
mailto:kehanyu@njupt.edu.cn
https://doi.org/10.1364/PRJ.6.001028

Research Article o

QD-mode-locked fiber laser, a transform-limited soliton pulse
as short as 559 fs is delivered at 1563 nm with a spectral band-
width of 4.78 nm, and the thermal damage threshold of the
PbS QDs is larger than 30 m]J/cm?.

2. PREPARATION AND CHARACTERIZATION
OF THE PbS QD SA

The PbS QDs were prepared by a modified hot-injection
method described elsewhere [38,39]. Briefly, PbO, oleic acid,
and 1-octadecene were loaded in a flask in vacuum at 120°C to
obtain a transparent solution. The S-precursor was prepared
by adding S to oleylamine at 120°C in vacuum. Then the
S-precursor was quickly injected in and let react for 30 s under
argon atmosphere. The reaction mixture was cooled in an ice-
water bath [40]. The PbS QDs were separated with ethanol by
centrifugation of the reaction solution at 12,000 r/min for
3 min. The precipitated PbS QDs were redispersed in cyclo-
hexane forming a long-term stable colloidal solution [40].

Under a transmission electron microscope (TEM), well-
dispersed QDs with uniform size were observed, as illustrated
in Fig. 1(a). According to statistical analysis on 515 PbS QDs in
the TEM image, the average diameter of the QDs was about
5.7 £ 0.5 nm, as described in the size distribution histogram
in Fig. 1(b).

The fiber-based PbS QD SA was fabricated by drop-cast
of the as-prepared colloidal QDs on the fiber connector end
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Fig. 1. (a) TEM image and (b) corresponding size distribution
histogram of PbS QDs.

Vol. 6, No. 11 / November 2018 / Photonics Research 1029

(a)

90
=y
S 60
=
.2
=
2
S 30
<

1000 1100 1200 1300 1400 1500 1600

Wavelength (nm)

(b)

80 -
S
o 60
Q
s ~ 44.5%
B=
é wl Fitting
s O Experimental data
=

L;J 1 1 1 1
0 2 4 6 8 10
Peak Intensity (MW/cmZ)

Fig.2. (a) Linear absorption spectrum of the PbS QDs and (b) non-
linear transmission curve of the PbS QD-based SA.

using a 1-mL syringe, followed by slow evaporation under
ambient temperature and pressure. This scheme overcomes
the mechanical damage and guarantees high-optical-power-
induced thermal damage. Linear absorption of PbS QDs is
measured by a spectrophotometer. As demonstrated in Fig. 2(a),
the significant absorption peak appears at about 1.5 pm,
which corresponds to the PbS QDs’ first excitonic absorption
state in the strong quantum confinement regime [37].

The nonlinear saturable absorption characteristic of PbS
QDs was assessed using the twin-detector measurement
technique [41]. The incident optical soliton was generated
by a nanotube-mode-locked ultrafast laser source (pulse width
735 fs, fundamental repetition rate 18.8 MHz, central wave-
length 1550 nm). We used an attenuator and an amplifier
to adjust pulse intensity. Then, the incident optical soliton
was equally separated, and the PbS QD SA device was inserted
into one of the two branches. The power meter recorded the
relationship between incident pump power and average output
power. Figure 2(b) shows the saturable absorption characteristic
of the PbS QDs at the telecommunication band. According
to a two-level model with SA, the solid curve is fitted to the
experimental results [42]. The modulation depth of PbS QDs
is given as 44.5%, which is comparable to those of most 1D
and 2D materials.

3. FIBER SOLITON LASER BASED ON
THE PbS QD SA

Figure 3 shows the setup of the fiber laser, and the inset
is a digital photograph of the PbS QDs mode locker. The laser

consists of an EDF with a length of ~3 m and a dispersion
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Fig. 3. PbS QD mode-locked laser setup. Inset: digital photo-
graph of the PbS QD mode locker fabricated on the fiber

connector end.

parameter D of -16 ps/(nm - km), and a standard single-mode
fiber (SMF) with a length of ~12 m and a dispersion parameter
D of 17 ps/(nm - km). The total length of the resonator is
~15 m, and net dispersion is about -0.2 ps?. The PbS QD
SA fabricated on the fiber connector end is used as a mode-
locked element to generate ultrashort pulses. A polarization-
insensitive isolator (PI-ISO) guarantees unidirectional traveling
waves, and an optical coupler (OC) with 10% output ratio is
used to output optical signals. Two 980-nm laser diodes (LDs)
with maximum output power of 1 W are used as pump sources
and are coupled into the resonator through two 980/1550-nm
wavelength division multiplexers (WDMs).

Stable single-pulse mode locking was achieved when the
pump power was increased to P = 50 mW. As shown in
Fig. 4(a), the output spectrum exhibits symmetrically Kelly
sidebands, which confirm that it is a conventional soliton
[43,44]. The center wavelength is ~1563 nm, and the 3-dB
bandwidth is ~4.78 nm, respectively. Figure 4(b) illustrates
the autocorrelation curve of the conventional soliton and gives
a pulse duration of ~559 fs by fitting with a sech? function.
To our knowledge, it is the first report of a fs pulse in fiber
lasers based on a PbS QD SA.

The corresponding time-bandwidth product is 0.33,
indicating that the output pulse has no chirp. The oscilloscope
trace in Fig. 4(c) shows that pulse intensity is equal, and the
pulse interval is ~71 ns. Figure 4(d) presents the radio fre-
quency spectrum recorded at a span of 100 Hz with a resolu-
tion of 1 Hz. The fundamental repetition rate is given as
~13.9 MHz, which coincides with the cavity length. No radio
frequency spectrum modulation is observed over a wide span of
500 MHz, as shown in the inset in Fig. 4(d), indicating no
Q-switching instabilities [45]. The signal-to-noise ratio is
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Fig. 4. Mode-locked pulse characteristics. (a) Spectrum, (b) auto-
correlation trace, (c) pulse train, and (d) radio frequency spectrum.

greater than 60 dB, indicating that the PbS QD mode-locked
fiber laser has good stability.

Moreover, the PbS QD-based SA exhibits excellent thermal
stability. Figure 5(a) shows that the average output power of
the mode-locked fiber laser increases almost linearly with
pump power. An average output power of 23.5 mW is achieved
with maximum available pump power of 1 W. Therefore,
the thermal damage threshold of PbS QDs must be higher
than 30 m]J/cm?. Figure 5(b) shows the corresponding output
spectra at different pump powers. The output spectra remain
almost unchanged, indicating stable mode-locked operation
states at the available pump powers. Experimental results show
that PbS QDs have been proved to exhibit distinct and com-
plementary saturable absorption properties compared to the
mentioned 1D and 2D materials. Due to the PbS QD SA ex-
hibiting an extremely large modulation depth, fast decay time,
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Fig. 5. (a) Average output power versus pump power in mode-
locking states and (b) corresponding spectra at different pump powers.

and high thermal damage threshold, it may benefit applications
in the fields of high-power pulsed lasers, materials processing,
and modulators.

4. CONCLUSION

In conclusion, we fabricate the PbS QD-based SA by drop-cast
of colloidal QDs on the fiber connector end. The modulation
depth of the PbS QD SA at 1550 nm is up to 44.5%, and the
thermal damage threshold is larger than 30 m]/cm?. Soliton
mode-locking operation as short as 559 fs is obtained in an
EDF laser, which is the shortest pulse among all PbS QD-based
SAs reported so far. Our results suggest that PbS QDs show
advantages of uniformity, large modulation depth, ultrashort
pulse duration, and high damage threshold, and therefore
may emerge as a good candidate for ultrafast photonics devices.
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