Sub-150 fs dispersion-managed soliton
generation from an all-fiber Tm-doped laser
with BP-SA
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Abstract: We demonstrate an all-fiber, thulium-doped, mode-locked laser using a black
phosphorus (BP) saturable absorber (SA). The BP-SA, exhibiting strong nonlinear response, is
fabricated by inkjet printing. The oscillator generates self-starting 139 fs dispersion-managed
soliton pulses centered at 1859 nm with 55.6 nm spectral bandwidth. This is the shortest pulse
duration and widest spectral bandwidth achieved directly from an all-fiber thulium-doped fiber
laser mode-locked with a nanomaterial saturable absorber to date. Our findings demonstrate the
applicability of BP for femtosecond pulse generation at 2 pm spectral region.
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1. Introduction

Ultrafast fiber lasers operating at ~2 um spectral region are in demand for many applications,
such as optical communications[ 1], gas sensing[2], mid-infrared pump sources for wavelength
extension[3], and biomedical treatment[4]. Of the rare-earth doped fiber gain media, thulium
(Tm)- and holmium (Ho)-doped fiber lasers have emissions at ~2 pm._These fiber lasers have
gained popularity due to their commercial availability for ultrashort pulse generation with
versatile pulse parameters[S5, 6]. Given that the silica fiber shows a negative dispersion at
wavelength around ~2 pm, a large majority of the current Tm-doped fiber lasers operate in the
soliton mode-locking regime, limiting the achievable pulse duration (sub-picosecond) and
spectral bandwidth (<10 nm)[7, 8]. While obtaining ~150 fs soliton pulses is possible through
external amplification and compression process, it is challenging to achieve such ultrashort
pulses directly from a soliton laser. This is because the pulse duration (t) of a stable

fundamental soliton is limited by ©~ V 8. 2 , where 52 is the group velocity dispersion (GVD),
and L is the cavity length[9]. With a typical GVD of —61 ps*km at 1.86 pm, generation of 150
fs pulse would require 37 cm long cavity, which creates practical difficulties in compensating
the dispersion and nonlinearity. An effective and compact solution to overcome this limitation
is to utilize a dispersion management approach, balancing the dispersion and nonlinearity in
the cavity [10-12] to achieve a close-to-zero net dispersion. In this strategy, inclusion of
segments of normally and anomalously dispersive fiber allows the pulse in this cavity to
experience periodic broadening and compression in each round trip. Some recent progresses
have been made on dispersion-managed Tm-doped laser, with 98 fs pulse generation in a
nonlinear polarization evolution (NPE) cavity[13], and 65 fs pulse generation utilizing an
external chirped pulse amplification (CPA) process[14]. However, these systems are not
without limitations, and usually suffer from non-fiber integration issues, environmental
sensitivity, and complex configuration requirements.



For the generation of pulsed laser emission, saturable absorbers (SA) are commonly
integrated into fiber lasers to provide an intensity-dependent absorption. While many SA
devices have been studied for pulse generation in fiber lasers, two-dimensional (2D)
nanomaterials have dominated as promising SA candidates in the past 10 years as they are easy
to integrate in all-fiber systems, and exhibit wideband saturable absorption and ultrafast carrier
dynamics. A number of 2D material-based SA devices (e.g. graphene[15-17], semiconducting
transition metal dichalcogenides (s-TMDs)[18, 19] and black phosphorus (BP)[20, 21]), with
parameters optimized for the use in fiber lasers operating at ~2 um, have been extensively
investigated to achieve reliable mode-locking performance. The first experimental
demonstration of 2D material SAs for mode-locking at ~2 um was performed by Zhang et al.
using a graphene SA to produce pulses with a duration of 3.6 ps [15]. This was followed by a
growing number of studies reporting the performances of Tm-doped and Ho-doped fiber lasers
mode-locked by 2D material SAs, with pulse durations covering from 0.19-1.16 ps [7, 16, 17,
19, 20, 22-24], summarized in Fig.1. The shortest pulse achieved at ~2 um region to date is 190
fs, operating at 2060 nm with 53.6 nm bandwidth [16]._It is directly from an all-fiber,
dispersion-managed Ho-doped fiber laser mode-locked with a graphene SA. Recently, BP has
attracted interest as a SA material compared with zero-bandgap graphene and large bandgap
TMDs. The layer-dependent band structure of BP covers from 0.3 eV (bulk) to 2 eV
(monolayer), exhibiting strong photon absorption in the 2 um region, making it suitable as a
broad bandwidth SA for mid-infrared short-pulse technology. While great progress has been
made for integrating BP into fiber lasers for pulse generation from 1 to 2.8 um either at discrete
wavelength or with broadband tunability[25-28], the shortest pulse duration demonstrated
directly from a Tm-doped fiber oscillator mode-locked by BP-SA is 739 fs[20]. Achieving
<150 fs pulse at 2 um from a BP-SA fiber laser, is yet to be achieved.
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Fig.1. Comparison of the temporal and spectral parameters of pulses from previously reported
Tm-doped and Ho-doped fiber lasers mode-locked with nanomaterial SAs.

In this letter, we report an all-fiber Tm-doped laser mode-locked with an inkjet-printed BP
SA. With careful control of intracavity dispersion management, the oscillator generates 139 fs
pulses with 55.6 nm spectral bandwidth. This is the shortest pulse duration and widest spectral
bandwidth achieved directly from an all-fiber thulium-doped fiber laser mode-locked with a
nanomaterial saturable absorber reported to date. Our work demonstrates that BP has great
potential as an excellent SA at ~2 um spectral region for photonic applications requiring stable
femtosecond pulses.



2. BP SA fabrication and characterization

To fabricate the SA, BP flakes (~3.4 nm, 6 layers) are first exfoliated from bulk crystals using
ultrasound assisted liquid phase exfoliation in N-Methyl-2-pyrrolidone solvent. We then
transfer the BP flakes into isopropyl alcohol through a solvent exchange process. A secondary
alcohol, 2-butanol is added to formulate the BP ink. This binary solvent-based ink has a low
surface tension and low boiling points, leading to good substrate wetting and fast ink drying,
critical to avoid BP degradation[27]. The secondary alcohol used in the formulation induces a
Marangoni enhanced spreading for a uniform material deposition on the substrate[29]. The
printed BP thin-film on to an ultrathin (1.5 pm) polyethylene terephthalate (PET) substrate after
deposition is then encapsulated with a 100 nm thick pin-hole free parylene-C passivation layer
to protect it from environmental degradation[27, 30]. The nonlinear saturable absorption of the
fabricated BP SA is characterized using a Tm-doped fiber laser (927 fs pulse duration, 1900
nm operation wavelength, 15.4 MHz pulse repetition rate) as a pump light. The transmitted
power through SA and the reference beam are recorded as a function of the incident light, while
the transmitted power through the SA is recorded against a reference power. A typical dataset
from a single measurement, at a fixed transverse position on the BP sample, can be well-fitted
| TU)=1-AT*exp(-1/1,,)-T,

sat

using a two-level SA mode , where T(J) is the intensity
dependent transmission, A7 is the modulation depth, / is the intensity of the input optical pulse,
Lsat 1s the saturation power intensity, and 7hs is the non-saturated loss. The extracted parameters
of the SA give a AT 0f 20.1% and an /st of 112 MW/cm? [Fig.2]. With increasing peak intensity
beyond the saturation intensity (/at), the transmittance of the BP SA becomes be constant,
confirming saturable absorption.
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Fig.2. Measured power-dependent transmittance of the SA at 2 pm waveband (circles,
experimental data; red curve, numerical fit).

3. Experimental setup and results
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Fig.3.Schematic diagram of the BP-SA based near zero-dispersion fiber laser.

We construct an all-fiber Tm-doped laser by adopting a travelling wave ring cavity
configuration. The Tm-doped fiber amplifier consists of a 1.83 m-long Tm-doped active fiber



(Nufern SM-TSF-9/125, with an estimated GVD of -70 ps?/km at 1.86 um), co-pumped by a
continuous-wave 1570 nm fiber laser through a 1.1 m fused 1550/1900 wavelength division
multiplexer (WDM, where its pigtail consists a piece of SMF-28e fiber with a GVD of -61
ps¥km at 1.86 pm). In addition to the fiber amplifier, the cavity comprises of an inline
polarization-independent isolator to ensure unidirectional signal propagation, a 50:50 fiber
output coupler for signal diagnostics, a second WDM to extract the residual pump light and a
polarization controller (PC) to adjust the intracavity birefringence. The BP-SA is inserted into
a fiber laser by sandwiching it between two fiber connectors.

The performance of the laser is characterized using an optical spectrum analyzer

(YokogawaAQ6375B, with a spectral resolution of 0.05 nm), RF spectrum analyzer (Agilent
N9320B, 9 kHz-3 GHz) and an oscilloscope (Agilent Technologies MSO7054A, 4 GSa/s with
a photo-detector of Newport 818-BB-51F, 28 ps rising time, bandwidth>12.5 GHz), and a
commercial autocorrelator (Femtochrome FR-103XL), respectively.

When the net cavity dispersion is estimated to be —0.038 ps?, the laser operates in the
soliton regime. The typical spectral sideband signature of deviation from average soliton
operation can be observed (Fig.4(a)). In order to shorten the pulse duration and broaden the
output spectrum, 4 m long ultrahigh numerical aperture fiber (UHNA4,with an estimated GVD
of 95 ps*/km at 1.86 pm, calculated using the white-light interferometric technique[16, 31]) is
incorporated into the cavity to manage the intracavity dispersion [Fig. 3]. Figure 4 shows the
evolution of the spectrum of pulses at different overall cavity group delay dispersion (GDD)
when the length of the single-mode fiber (SMF) in the cavity is varied. The achievable broadest
spectral bandwidth is 55.6 nm centered at 1859.3 nm, corresponding to an estimated overall
cavity dispersion of 0.002 ps®. The entire cavity length of 9.92 m (Fig. 4(c)).
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Fig. 4. output pulse spectrum when the net GDD is set at (a) -0.038 ps?, (b) -0.009 ps?, (c)
0.002 ps?, respectively.

Self-starting mode-locked performance is initiated and established by the nonlinear
absorption of the BP SA at the pump power of 487 mW. Figure 5 shows the temporal and
spectral diagnostics of the generated pulses at the pump power of 850 mW. A stable
oscilloscope trace is observed at the fundamental repetition frequency of 20.95 MHz, with a
corresponding time interval of 47.4 ns [Fig. 5(a)]. The average output power is 20.4 mW,
corresponding to a single pulse energy of 0.97 nJ and peak power of 7.49 kW. The optical
spectrum has a full width at half maximum (FWHM) bandwidth of 55.6 nm, and is centered at



1859.3 nm._The operating wavelength of the oscillator is affected by the gain and loss profile
of the cavity. The wavelength could be moved towards the longer wavelength region by scaling
the net gain of the cavity. The spikes shown on the spectrum in Fig. 5(b) are attributed to the
water molecular absorption lines, with a range of 1810-1950 nm. Figure 5 (c) shows the
fundamental frequency spectrum of the laser output, with a signal-to-background contrast of
>60 dB, indicating good mode-locking performance of the cavity. The duration of output pulses
is 139 fs with an optimal length of 1.12 m of fiber pigtail of OC (Fig. 5(d). We note that the
output is fitted by a Gaussian profile. The output power of the fiber laser does not satisfy the
requirement of the input power of 1-fs integration time of the autocorrelator. The 10-fs
integration time we used in the measurement leads to the asymmetry of autocorrelation trace.
The time-bandwidth product is 0.67. This is likely due to the uncompensated high-order
dispersion. We believe that the pulses could be further compressed using an external
compression strategy.
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Fig.5. Tm-doped mode-locked fiber laser: (a) Oscilloscope trace, (b) Optical spectrum, (c)
Fundamental radio frequency spectrum, (d) Autocorrelation trace.

4. Conclusion

We have demonstrated an all-fiber, Tm-doped laser, mode-locked using an inkjet-printed BP-
SA. The oscillator generates stable mode-locked pulses with 139 fs pulse duration and 55.6 nm
spectral bandwidth. This is the shortest pulse duration and widest spectral bandwidth achieved
directly from an all-fiber thulium-doped fiber laser mode-locked with a nanomaterial saturable
absorber to date. The ultrafast pulse generated from our scheme can be extended to a chirped-
pulse amplification system to achieve an extremely high peak power. This simple all-fiber
design supporting stable operation in a small footprint represents a significant step in the
ongoing development of many mid-infrared applications such as Light Detection And Ranging
(LIDAR) measurements, optical free-space telecommunications, and gas sensing.
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