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Abstract: We demonstrate a long-term stable, all-fiber, erbium-doped femtosecond laser
mode-locked by a black phosphorus saturable absorber. The saturable absorber, fabricated by
scalable and highly controllable inkjet printing technology, exhibits strong nonlinear optical
response and is stable for long-term operation against intense irradiation, overcoming a key
drawback of this material. The oscillator delivers self-starting, 102 fs stable pulses centered at
1555 nm with 40 nm spectral bandwidth. This represents the shortest pulse duration achieved
from black phosphorus in a fiber laser to date. Our results demonstrate the great potential for
black phosphorus as an excellent candidate for long-term stable ultrashort pulse generation.
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1. Introduction

Passively mode-locked fiber laser sources are now established as a common tool for
femtosecond pulse generation at MHz repetition rates. The ever-growing demands from laser
end-users for shorter pulse duration and more versatile pulse sources are driving the
community to seek new laser designs, aiming to broaden the parameter space such devices
can achieve. It is widely accepted that the formation of the pulses and their steady-state
characteristics are strongly dependent on the cavity dispersion and nonlinearity, in addition to
the contributions from the spectral filtering effect of a finite gain bandwidth, gain saturation
and loss. For instance, in soliton fiber lasers, the practically achievable pulse duration is
typically limited to ~200 fs as the pulse duration (z) of fundamental solitons has to satisfy

7> /|3,|L , where $, is the group velocity dispersion (GVD), and L is the cavity length [1].
With a typical GVD of —22 ps¥km at 1.55 pm, 100 fs pulse would require 45 cm long cavity.

For such short L, it is not easy to compensate the dispersion and nonlinearity. Achieving ~100
fs pulses is therefore very challenging. To circumvent this limitation, in 1993, Tamura et al.
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proposed stretched-pulse laser [1], where the net cavity dispersion was designed to be close
to zero. By including segments of normally and anomalously dispersive fiber, the pulse in this
cavity experienced periodic broadening and compression in each round trip. The cavity could
therefore tolerate a larger nonlinear phase shift than a soliton laser, leading to a significant
reduction in the achievable pulse duration at specific output positions.

While a large number of studies have reported stretched pulse fiber lasers using saturable
absorbers (SAs) [2-5], two-dimensional (2D) nanomaterials (e.g. graphene [6,7],
semiconducting transition metal dichalcogenides (s-TMDs) [8] and black phosphorus (BP)
[9,10]) are often preferred as they offer strong intensity-dependent absorption, broadband
working wavelength range, ultrafast carrier dynamics, in addition to the ease of all-fiber
integration. In comparison to graphene and s-TMDs, BP is of particular interest due to its
unique band structures [11, 12]. BP has been shown to exhibit a layer-dependent bandgap,
varying from 0.3 eV (bulk) to 2 eV (monolayer), bridging the gap between zero-gap graphene
and large-gap s-TMDs. Most recently, a growing number of studies have reported BP-based
femtosecond fiber lasers, with operating range covering from 1 to 2.8 um either at discrete
wavelength or with broadband tunability [13-18]. Examples of experimental studies
exploiting the saturable absorption properties of BP include demonstrations of 272 fs pulses
with 10.2 nm bandwidth and 516 fs with 12.5 bandwidth in erbium-doped (Er-doped) fiber
lasers [19, 20]. These are the shortest pulse duration and the broadest bandwidth
demonstrated directly from a fiber oscillator mode-locked by BP-based SAs to date.
However, due to BP degradation at ambient conditions [21], the optoelectronic and photonic
device fabrication using BP has been prevalently limited to mechanically exfoliated BP under
protective atmospheres. Scalable fabrication of BP SAs with long-term operation stability in
the ambient remains a key target for the successful use of this novel material.

In this manuscript, we report an ultrafast stretched pulse fiber laser integrating inkjet-
printed BP-based SA fabricated from functional ink of liquid-phase-exfoliated BP. Through
intracavity dispersion management, the BP SA based cavity generates 102 fs pulses with 40
nm spectral width, both of which are ~3 times shorter and wider than previous reports,
respectively. Through a single step, pin-hole free encapsulation process, the SA device also
achieves long- term ambient stability against degradation, demonstrating a self-starting mode-
locking operation stable for >10 days without any noticeable performance degradation. We
further provide numerical simulations of the pulse and spectrum evolution along the cavity,
which are in good agreement with our experimental results. Our work highlights the
applicability of BP-based devices for photonic applications requiring stable femtosecond
pulse generation under ambient conditions.

2. BP SA fabrication and characterization

To fabricate the BP SA, we first produce few layer BP flakes via ultrasound assisted liquid
phase exfoliation. For this, 10 mg bulk BP crystals (Smart Elements) are bath-sonicated in 10
mL anhydrous N-methyl-2-pyrrolidone under nitrogen for 12 h at 15 °C. After centrifugation
at 1500 x g for 30 min, the resultant dispersion [Fig. 1(a)] contains exfoliated BP flakes with
an average thickness of 3.37 nm, equivalent to ~6 layers [Fig. 1(b)]. For ink formulation, the
BP flakes are solvent-exchanged into anhydrous isopropanol through iterative centrifugation;
10 vol.% anhydrous 2-butanol is then added to yield a highly-concentrated BP ink (~5 gL™)
with a viscosity of 2.2 mPas, a surface tension of 28 mNm™, and a density of 0.8 gcm=. With
22 um nozzle (Fujifilm DMC-11610) used in this work, the BP ink gives an inverse
Ohnesorge number of ~10, ensuring a stable inkjet printing [22, 23]. This low ink surface
tension also guarantees adequate wetting of commonly used conformable and rigid substrates
(e.g. Si/SiOy, glass and polyethylene terephthalate (PET) [24-26]). This binary solvent ink
composition also induces recirculating Marangoni flows to redistribute the suspended BP
flakes during the ink drying process, suppressing the formation of ‘coffee rings’ (i.e. ring like
material deposition at the edges of drying droplets [26, 27]) for a spatially uniform deposition
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[Figs. 1(c) and 1(d)] on nonporous substrates. This is of critical importance for stable,
reproducible operation of inkjet-printed-BP-based devices.

We then fabricate the SA by inkjet printing the binary solvent based functional BP ink
onto an ultrathin (1.5 um) PET substrate, followed by encapsulation with a 100 nm thick pin-
hole free Parylene-C passivation layer. The intensity-dependent absorption of the fabricated
BP SA (i.e. two pieces of films stacked together) at 1.55 pm is investigated using open-
aperture Z-scan [28]. The sample is swept through the focal plane of a beam of ultrashort
pulses (150 fs pulse duration, 1562 nm wavelength, 10 MHz pulse repetition frequency),
while the transmitted power through SA is recorded against a reference power. With
increasing peak intensity, the material absorption decreases, confirming saturable absorption.
A typical data set from a single Z-scan measurement, at a fixed transverse position on the
sample, can be well-fitted in a two-level SA model,

a(l)=a,/(1+1/14)+a, @)

where | is the intensity of the input optical pulse, « is the intensity-dependent absorption,
giving a modulation depth ag ~10.03%, non-saturation absorption ans ~9.97% and a saturation
intensity lsx ~14.98 MW/cm? [Fig. 2]. Such SA parameters are similar in magnitude to
previously reported SAs based on BP [13-18].
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Fig. 1. (a) Photograph of the as produced BP dispersion. (b) Atomic force microscopy (AFM)
thickness histogram of the exfoliated BP fakes, showing the flakes are 3.37 nm thick on
average, equivalent to ~6 layers (0.9 nm for the first single layer and 0.5 nm for subsequent
individual layers [29]). Inset: AFM micrograph of selected exfoliated BP fakes. (c) Inkjet-
printed large-scale BP patterns on PET showing university crests, and (d) inkjet-printed BP SA
arrays, showing spatially uniform printed SA devices.
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Fig. 2. A typical data set from Z-scan experiment of the SA device.
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3. Experimental setup and results

We construct an Er-doped fiber laser, using a travelling wave ring cavity design combined
with a dispersion management approach to generate ultrashort (100 fs or sub-100 fs) pulses
[Fig. 3]. To achieve this, the BP SA is inserted into a fiber laser by sandwiching two ~1 mm x
1 mm pieces between two fiber connectors. The Er-doped fiber amplifier consists of a length
of 4.05 m single-mode Er-doped fiber (YOFC, EDF1007, with an estimated GVD of 24
ps?/km at 1.55 pm. This is calculated using the dispersion measurement of an asynchronously
dual-wavelength mode-locked fiber laser [30, 31]), co-pumped by a 980 nm laser diode
through a 0.9 m fused 980/1550 wavelength division multiplexer (WDM, where its pigtail
consists a piece of HI1060 fiber with a GVD of —7 ps?/km at 1.55 pm). In addition to the fiber
amplifier, the cavity consists of a 20: 80 fiber-pigtailed optical output coupler (OC) for both
spectral and temporal diagnostics, a polarization-independent inline fiber isolator to ensure
unidirectional propagation and a polarization controller, all of which is made of single-mode
fiber (SMF) with a GVD of —22 ps?/km. The entire length of the ring cavity is 8.60 m and the
net cavity dispersion is estimated as —0.01 ps2.

__ WDM
Eolarlzatlon .| Er-Doped Fiber
ontroller Pump diode Output
e Coupler
BP-SA 20% Output
Isolator

Fig. 3. Experimental setup of the stretched-pulse fiber laser. WDM, wavelength-division
multiplexer. BP-SA, black phosphorus saturable absorber.

Self-starting mode-locking is observed at the fundamental repetition frequency of cavity
of 23.9 MHz (a corresponding time interval of 41.9 ns [Fig. 4(a)]), with 1.7 mW output power
(corresponding to a single pulse energy of 71 pJ), at a pump power of 34 mW. Figure 4(b)
shows the optical spectrum of the generated pulses, centered at 1555 nm, with a full-width at
half maximum (FWHM) of 40 nm, corresponding to a transform-limit pulse duration of 88 fs
in a Gaussian pulse shape. The autocorrelation trace, measured using an intensity
autocorrelator, is well-fitted by a Gaussian profile, showing a deconvolved pulse duration of
102 fs [Fig. 4(c)]. The time-bandwidth product is 0.51, indicating that the cavity has a low
chirp. This could be attributed to the uncompensated high order dispersion [32, 33]. The
fundamental radio frequency spectrum, measured on a span of 500 kHz, shows a signal-to-
background contrast of >60 dB, indicating good mode-locking performance of the cavity [Fig.
4(d)]. The long-term stability of the BP-based SA device and mode-locking performance are
further evaluated by recording the optical spectra of the laser emission every 4 hours for >
240 hours under a fixed experimental condition. No significant degradation of optical spectra
profile (i.e. central wavelength and spectral width) is observed along the measurement period,
as shown in Figs. 4(e) and 4(f). This demonstrates that the mode-locking operation possesses
a good operation performance against BP degradation at ambient conditions. We note that the
device can potentially operate for much longer as the performance of the laser remained
unchanged when we terminated the measurement.
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Fig. 4. (a) Oscilloscope trace of the laser output. (b) Optical spectrum with a bandwidth of 40
nm. (c) Autocorrelation trace with a Gaussian fit. (d) Radio frequency spectrum, on a 500 kHz
range span, with a 30 Hz resolution, measured around the fundamental repetition rate f1 = 23.9
MHz. (e) Spectra of long-term stable operation over 240 hours. (f) Spectra acquired after 80
hours (blue curve), 160 hours (red dot line), and 240 hours (green dot line), respectively.

4. Numerical simulation

To gain further insight into the dynamics of our stretched-pulse fiber cavity, we perform
numerical simulations based on a modified nonlinear Schrddinger equation (NLSE) [34]:
2]
+iy|U|2U 19y, 98 lzJ
2 20, ot

2]
N _ B @
oz 2 ot
where U is the envelope of the field, g, is the GVD parameter, Z is the propagation distance, t
is the physical time, y is the nonlinear parameter, and € is the gain bandwidth. The laser gain
g is given by

g= G eXp(— Pave/Psat) (3)

where G is the small signal gain coefficient, Psy is the gain saturation power, and Pa is the
average power. The intensity discrimination, necessary for promoting mode-locking (SA),
acts as a small perturbation to the NLSE and is expressed by Eqg. (1). The simulated
parameters of optical devices included in the numerical model are summarized in Table 1.



Research Article Vol. 26, No. 10 | 14 May 2018 | OPTICS EXPRESS 12512 I

Optics EXPRESS N, Y

Table 1. Fiber Parameters of the Numerical Simulations
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Starting from the amplifier, the simulation enables the temporal and spectral dynamics in
the steady-state to be visualized on a single round-trip of the cavity. The co-action of the
GVD and self-phase modulation (SPM) leads to the pulse breathing twice [Fig. 5(a)], while
the spectrum breathing once in one round-trip [Fig. 5(b)]. The breathing ratio of temporal and
spectral widths of the pulse is calculated to be 20.4 and 4.7, respectively. We note that the OC
is placed at the position before the intra-cavity pulse becomes shortest. The pulse taken
directly at the OC has a duration of 1.02 ps with an up-chirp, indicated by the pulse profile
and its spectrogram; Fig. 5(c). This allows the pulse to be further compressed by a length of
external fiber with anomalous dispersion (fiber pigtail of the OC). The optimal length of fiber
pigtail of the OC in the simulation is 1.2 m, in accordance with parameters used in our
experiment, resulting in a nearly chirp-free pulse, with a duration of 105 fs [Fig. 5(d)]. We
conclude that the simulated results are in a good agreement with experimental results for
similar output energies, pulse durations and spectral FWHMs: 73 pJ and 71 pJ, 105 fs and 102
fs, and 43.2 nm and 40 nm for simulation and experiment, respectively.
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Fig. 5. Simulation results of (a) temporal pulse evolution, (b) spectrum evolution against the
position in the cavity. Output pulse profile propagating through (c) 0 m and (d) 1.20 m of the
fiber-pigtailed OC. Insets show the corresponding spectrograms.

5. Conclusion

In summary, we have demonstrated a long-term stable, stretched-pulse Er-doped fiber laser
with 102 fs duration and 40 nm spectral width, mode-locked using an inkjet-printed BP SA.
The laser design enabled the shortest pulses achievable with the broadest bandwidth to date,
directly from an inkjet-printed BP-based mode-locked fiber laser, constituting 2.7 times
improvement in pulse duration and 3.2 times in spectral bandwidth compared to previous
reports. Our simple all-fiber design and scalable fabrication strategy promotes towards the
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development of utilizing 2D materials to generate long-term reliable mode-locking in a small
footprint, suitable for packing in a compact single-unit laser system for applications requiring
ultrashort pulses with broad bandwidth.
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