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We experimentally demonstrate a long-term stable two-dimensional saturable absorption material under ambient
conditions—multi-layer antimonene feasible for the mid-infrared spectral region—for the first time to our knowl-
edge. The multi-layer antimonene material prepared using a liquid-phase exfoliation method was coated on a
quartz/CaF, for characterizations and an Au mirror as a reflection-type saturable absorber (SA) device. It has a modu-
lation depth of 10.5%, a saturation peak intensity of 0.26 GW /cm?, and a non-saturation loss of 19.1% measured
at 2868.0 nm using the typical power-dependent method. By introducing the SA device into a linear-cavity
Ho®* / Pr3*-codoped fluoride fiber laser at 2865.0 nm, stable Q-switched pulses were obtained. It generated a maxi-
mum output power of 112.3 mW and pulse energy of 0.72 pJ, while the shortest pulse duration and largest repetition
rate were 1.74 pis and 156.2 kHz, respectively. The long-term stability of the SA device was also checked using the same
laser setup within 28 days. The results indicate that multi-layer antimonene is a type of promising long-term stable SA
material under ambient conditions that can be applied in the mid-infrared spectral region. ~ ©2018 Chinese Laser Press
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1. INTRODUCTION

Pulsed fiber lasers in the 3 pm mid-infrared region are currently
promising sources for longer-wavelength mid-infrared emis-
sions by means such as optical parametric oscillators [1],
stimulated Raman scattering (SRS) [2], supercontinuum (SC)
generation [3], and soliton self-frequency shift (SSFS) [4].
Moreover, such lasers have quite large potential in medical sur-
gery for cutting/ablating tissues containing water [5—7] and
specific material processing [8] owing to the high overlapping
of the output spectral region with the strong water (or OH
bond) absorption band.

Saturable absorbers (SAs), as the core devices for pulse gen-
eration by passive Q-switching or mode-locking, have been
well developed. Different from mode-locking, which has a
femtosecond (fs) to picosecond (ps) temporal duration [9,10]
commonly with a quite high peak power [10], Q-switching can
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usually give a larger pulse energy with a longer pulse duration of
nanoseconds (ns) to microseconds (ps) and a moderate peak
power [11]. This technique more easily avoids some nonlinear
effects that are undesired for some cases. For example, when
scaling pulse output based on a master oscillator power ampli-
fier (MOPA) for only higher average power and energy, a
too-high peak power will lead to spectrum broadening, thus
reducing spectrum density. Moreover, Q-switching is also more
favored by laser surgery as a result of its sufficiently energetic
and powerful output [12,13].

Until now, different SAs have been applied in Q-switched
fiber lasers around 3 pm [14-24]. Semiconductor saturable
absorber mirrors (SESAMs), as one of the most mature SAs,
have been confirmed to be a reliable Q-switcher in this spectral
region [14,15]. Despite their high stability and flexibly control-
lable parameters, the narrow operation bandwidth [typically
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hundreds of nanometers (nm)] and typically longest effective
wavelength of 3.2 pm limit its further applications at longer
wavelengths within the mid-infrared region. Fe?™:ZnSn crystal
is another mature mid-infrared SA that has a relatively broad
mid-infrared absorption range of 2.5-4.2 pm. It has been also
used to Q-switch fiber lasers around 3 pm, especially for high
power conditions [16,17], resulting from its high damage
threshold. However, the bulk nature blocks its development
toward all-fiber SA devices. Recently, the fabrication of
Fe?™:ZnSn nanocrystals [18] has unlocked its potential in
an all-fiber scheme.

In the past decade, two-dimensional (2D) materials, a new
family of materials, have attracted a large amount of attention in
the fields of condensed matter physics, material science, nano-
technology, chemistry, and optoelectronics, owing to their
extraordinary properties. Because of their broadband saturable
absorption and nonlinear optical properties, they are regarded as
the most promising candidates for broadband SAs. Graphene, as
the first discovered 2D material in 2004 [25], was first applied
in pulse generation in an Er’*-doped fiber laser at 1.55 pm in
2009 [26]. In 2013, its ability of Q-switching in the 3 pm region
was demonstrated first in an Er’*-doped fluoride fiber laser
[19]. However, its low modulation depth resulted from the
low absorption efficiency (2.3% per layer), making it not very
suitable for short Q-switching. After that, some other 2D ma-
terials (e.g., topological insulators (TIs) [20] and transition-
metal dichalcogenides (TMDs) [21,22]) were found and used
to Q-switch Ho*- or Er’"-doped fluoride fiber lasers to gen-
erate pulses around 3 pm. Although TIs can provide a large
modulation depth in a broad band, they possess the drawback
of a complex preparation process as a result of compound with
two different elements. Moreover, the band gaps of TMDs are
so naturally large that they are unavailable for the mid-infrared
region, although they can be reduced to the level available for
mid-infrared application by introducing a series of defects,
which complicates the preparation. Recently, black phosphorus
(BP), a 2D material composed by Group-V elements, began to
attract our attention. Different from the other 2D materials
mentioned above, BP has a unique direct band gap, which is
dependent on the number of layers [27]. Specifically, its band
gap can be tuned from ~0.3 ¢V (bulk) to ~2 ¢V (monolayer)
flexibly by changing the layer number and hence filling up the
gap between the zero band gap of graphene and the large band
gaps of TMDs. This feature makes it very useful for optoelec-
tronic applications, especially in the near- and mid-infrared
spectral regions. Recently, passively Q-switched Er’T-doped
and Ho’*/Pr’T-codoped fluoride fiber lasers at around
3 um using multi-layer BP as SAs were demonstrated [23,24].
However, BP is quite unstable due to its ease of oxidation under
ambient conditions, and it may degrade within hours, especially
for monolayer or few-layer samples. This oxidation would be
further accelerated under thermal effects in the existence of
water and oxygen [23]. This defect limits its application to a
great extent. Although several strategies have been proposed
in order to enhance its anti-oxidation ability, these methods
may complicate the fabrication process while introducing un-
wanted defects or scattering loss [28]. Therefore, people have
started to search for other Group-V materials with high stability.
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Among them, antimonene has been noticed, owing to its
high stability [29] and some other outstanding merits such as
high carrier mobility [30], excellent thermal conductivity [31],
strain-induced band transition [32,33], and broadband absorp-
tion [34]. Although monolayer antimonene is a semiconductor
with a large indirect band gap of 2.28 ¢V, the band gap can
theoretically decrease to 0 with the increase of the number of
layers [32], thus expanding its available absorption band for
the mid-infrared spectral region. Recently, Song ez a/. experimen-
tally characterized the nonlinear absorption of few-layer antimo-
nene at 800 nm and 1500 nm while showing its potential as an
SA for pulse generation (by Q-switching and mode-locking) in
an Er’*-doped silica fiber laser at 1.55 pm for the first time [28],
which opens the door to research on antimony nanosheet SA.
Very recently, Wang ez al. presented a Q-switched Nd:YAG laser
at 946 nm and 1064 nm and a Q-switched Nd:YVOy laser at
1342 nm using multi-layer antimonene SA [35]. These efforts
were deployed in the near-infrared spectral region; however,
there is no report yet on the study of its saturable absorption
property and potential as an SA in the mid-infrared region be-
yond 2 pm to the best of our knowledge.

In this paper, we report on the fabrication of a multi-layer
antimonene sample using a liquid-phase exfoliation (LPE)
method, while revealing its saturable absorption property and
potential as an SA in pulse generation in the 3 pm region, for
the first time to our knowledge. By introducing the multi-
layer antimonene-coated Au mirror SA into a linear-cavity
Ho®* / Pr’"-codoped fluoride fiber laser at ~2.87 pm, stable
Q-switched pulses were obtained. The pulse outputs [e.g., out-
put power, pulse energy, pulse duration, repetition rate, and
optical and radio frequency (RF) spectra] were all characterized.
The long-term stability of the SA within 28 days was also
checked. The results indicate that multi-layer antimonene is
a type of promising long-term stable SA under ambient con-
ditions for the mid-infrared spectral region.

2. PREPARATION AND CHARACTERIZATIONS
OF A MULTI-LAYER ANTIMONENE SA

The multi-layer antimonene material used in our experiment
was prepared using the LPE method. Bulk antimony with high
purity (99.999%) was ground first. Then, the antimony pow-
der was immersed into N-methyl-2-pyrrolidon (NMP) to ex-
perience ultrasonication for several hours (several consecutive
0.5 h with a 0.5-h recess between two adjacent 0.5 h) to form
the liquid dispersion. Finally, the stable multi-layer antimonene
dispersion was collected from the supernatant after centrifuga-
tion to remove the un-exfoliated bulk matrix at 2000 r/min for
30 min, as shown in Fig. 1(a). For different characterizations, a
few same-volume droplets of the dispersion were coated onto a
quartz substrate [for transmission electron microscopy (TEM),
atomic force microscopy (AFM), Raman spectrum and X-ray
photoemission spectroscopy (XPS) measurements], a CaF, sub-
strate (for nonlinear absorption measurement), and an Au mirror
(as the SA), as shown in Fig. 1(b). Then these samples were dried
in a vacuum oven with the addition of the appropriate amount of
ethanol to accelerate the volatilization of the NMP.

Figures 2(a) and 2(b) show the TEM images of the multi-
layer antimonene sample measured using a JEOL JEM-2100F
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Fig. 1. Images of (a) multi-layer antimonene dispersion and (b) multi-layer antimonene droplets on quartz substrate, CaF, substrate, and Au

mirror (from left to right).

microscope operated at 200 kV. The low-magnification TEM
image as displayed in Fig. 2(a) reveals that the lateral of the
multi-layer antimonene is in the range of 0.5-1.0 pm. The
high-resolution TEM image, as displayed in Fig. 2(b), shows
that the lattice distance is about 0.31 nm, corresponding to
the (0, 1, 2) lattice plane. The measured AFM (Nanoscope
Multi Mode V, Digital Instruments/Bruker Systems) was used
to characterize the thickness of the multi-layer antimonene
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sample. Figures 2(c) and 2(d) show a typical AFM image and
the relative height profile, respectively. It is seen that the average
thickness is about 35.3 nm, corresponding to about 88 layers
[36], which has a stronger interaction with light than a few-
layer or monolayer one [37,38]. Note that more layers or less
layers with a <0.4 eV (~3 pm) bandgap sample were also avail-
able for our current system in principle. The Raman spectrum of
the multi-layer antimonene sample was also measured using a
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Fig. 2. Material characterizations of the multi-layer antimonene sample: (a) low- and (b) high-magnification TEM images; (c) AFM image and

(d) the corresponding height profile; (e) Raman and (f) XPS spectra.
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confocal microscopy system (RenishaiwnVia, Gloucestershire,
UK) excited at 532 nm at room temperature, as shown in
Fig. 2(e). Two typical sharp scattering peaks (i.c., E, and Alg)
were observed, in which the former, originating from an in-plane
vibrational mode, is located at 113.6 cm™!, and the latter, origi-
nating from an out-of-plane vibrational mode, is located at
150.6 cm™'; this is basically consistent with the results of
31.6 nm thick multi-layer antimonene measured by Lu ez 4/.
[39]. Besides, the Raman peak frequencies also matched well with
the thickness previously measured by AFM considering the rela-
tion between E, and A, peak frequencies and multi-layer anti-
monene sample thickness revealed by Ji e al. [36]. Figure 2(f)
shows the XPS measured using an X-ray photoemission spectros-
copy system (K-Alpha, Thermo Science, UK) in order to detect
the chemical states of the multi-layer antimonene sample. It is
seen that there is a sharp symmetric photoelectron peak, which
describes Sb-Sb *ds , orbital bonding at 528 V. Note that there
is only a mono-peak in the XPS spectrum, indicating the non-
existence feature and the stability of the sample [39].

To reveal the nonlinear absorption of the multi-layer anti-
monene sample at ~3 pm, a typical power-dependent measure-
ment setup involving a balance twin-detector arrangement was
built up as shown in Fig. 3(a). The laser source is a self-built
SESAM passively mode-locked Ho?*/ Pr**-codoped fluoride
fiber laser that has a similar structure to that in Ref. [9]. It gave a
center wavelength of 2868.0 nm, a pulse duration of ~20 ps,
and a repetition rate of 17.86 MHz. A band-pass filter
(FB3000-500, Thorlabs) was placed along the light path to re-
move the residual 1150 nm pump laser. After that, an Au mir-
ror was used to steer the light along the optical table. A beam
splitter was placed at an angle of 45° with respect to the light
path, which had a measured transmittance/reflectance ratio of
55:45 at 2868.0 nm. The transmitted laser was focused using
a 20 mm focal length uncoated CaF, plano-convex lens
(LA5315, Thorlabs) and then went through the multi-layer
antimonene-coated CaF, substrate prepared earlier. A power
meter detector (Detector 1) was placed after it to record the
power, P;. The reflected laser was focused using another similar
CaF, lens and then went through a clean CaF, substrate.
Another power meter detector (Detector 2) was placed after it
to record the power, P, as the reference. In this scheme, the
multi-layer antimonene-coated CaF, substrate was held by a

SESAM passively mode-
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mount fixed with a one-dimensional translation stage. In order
to find the focused point of the CaF, plano-convex lens where
the beam has an about 10 pm diameter estimated according
to the parameters of the used CaF, lenses and Ho’"/ Prit-
codoped fluoride fiber, the multi-layer antimonene-coated
CaF, substrate was adjusted along the axis of the light path
to maximize P, at an appropriate output power. The transmit-
tance of the multi-layer antimonene sample could be calculated
by 45P,/55P,. At various laser powers, the transmittances
were recorded. Figure 3(b) shows the transmittance as a func-
tion of the pulse peak intensity. The relative parameters of the
multi-layer antimonene sample were obtained by fitting using
the following formula:

T([) =1-AT. eXP(_]/]salt) - Tns’ (1)

where 7'(]) is the transmittance, A7 is the modulation depth,
I is the saturation peak intensity, and 7', is the non-
saturation loss. Finally, AT, I, and T, were fitted to be
10.5%, 0.26 GW /cm?, and 19.1%, respectively.

3. EXPERIMENTAL DESIGN OF Q-SWITCHED
FIBER LASER

The experimental setup of the passively Q-switched
Ho’* / Pr’*-codoped fluoride fiber laser using multi-layer
antimonene as the SA is shown in Fig. 4. In this arrangement,
two commercially available laser diodes (LDs) (Eagleyard
Photonics, Berlin) around 1150 nm were used to pump the
gain fiber after polarization multiplexing through a polarized
beam splitter (PBS) and then focusing by an uncoated CaF,
plano-convex lens (LA5315, Thorlabs) with a 20 mm focal
length. This lens also functions as the collimator of the laser
out-coupled from the gain fiber core. A specifically designed
dichroic mirror with a ~96% transmittance around 1150 nm
and a >95% reflectance around 3 pm was placed between the
PBS and CaF, lens at an angle of 30° with respect to the pump
beam to steer the laser. A 3 pm band-pass filter (FB3000-500,
Thorlabas) with a full width at halffmaximum (FWHM)
of 500 nm was used to block the residual pump. It had a mea-
sured transmittance of ~76% at ~2.87 pm. The gain fiber
(Fiberlabs, Japan) was a piece of commercial double-cladding
Ho®* / Pr’*-codoped fluoride fiber, with an octangular pump
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(a) Experimental setup of nonlinear absorption measurement at 2868.0 nm. (b) Transmittance of the multi-layer antimonene sample as a
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Fig. 4. Experiment setup of passively Q-switched Ho?*/Prit-
codoped fluoride fiber laser using multi-layer antimonene as the SA.

core with a diameter of 125 pm and a numerical aperture (NA)
of 0.5 and a circular core with a diameter of 10 pm and an NA
of 0.2. The concentration of the Ho>* and Pr** were 30,000
and 2500 ppm, respectively. Note that the pump was launched
into the inner cladding of the gain fiber. The launching effi-
ciency was measured to be 82% using a piece of short
Ho®" / Pr’T-codoped fluoride fiber with the same size. The
fiber length of 5.2 m could provide a measured ~90% pump
absorption efficiency. The fiber end close to the pump was per-
pendicularly cleaved as one cavity feedback and the output cou-
pler with the help of 4% Fresnel reflection. The other end of
the fiber was cleaved at an angle of 8° to avoid parasitic lasing.
The multi-layer antimonene-material-coated Au mirror was
placed against the angle cleaved fiber end, acting as the SA,
and terminated cavity. The Au mirror was held by a high-
precision differential mirror mount. An InAs detector with a
response time of 2 ns connected with a 500 MHz bandwidth
digital oscilloscope was used to capture temporal pulse trains
and waveforms. An RF spectrum analyzer (AV4033A) with a
scanning range of 30 Hz—18 GHz was used to measure the
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pulsed RF spectrum. A monochromator with a scanning reso-
lution of 0.1 nm (Princeton Instruments Acton SP2300) was
utilized to measure the optical spectrum.

4. Q-SWITCHED RESULTS

A continuous-wave (CW) laser was first generated at a low
launched pump power of 30.5 mW, which mainly contributed
to the compact backward-pumped cavity scheme and efficient
gain fiber. With the launched pump power increasing to
93.3 mW, a stable Q-switching regime with a low amplitude
fluctuation of £3% was obtained. The pulse train and single
pulse waveform at this pump level were captured as shown in
Fig. 5(a) and its inset, respectively. The repetition rate and pulse
duration were 59.52 kHz and 4 ps, respectively. Further
increasing the pump power, the laser was always operated in
a stable Q-switching regime until the launched pump power
of 489.0 mW, as shown in Fig. 5(c), yielding a repetition rate
of 156.2 kHz and a pulse duration of 1.97 ps. At the middle
launched pump power of 358.6 mW, the pulsed temporal
behavior was also captured as an example, as shown in
Fig. 5(b), giving a repetition rate of 119 kHz and a pulse du-
ration of 1.74 ps. Once the launched pump power was adjusted
beyond 489.0 mW, the pulse train exhibited strongly increased
repetition rate and decreased amplitudes, and then was trans-
formed to CW with the slightly further increased launched
pump power of 498.2 mW. At this time, if the launched pump
power was adjusted back to the level around 489.0 mW, a sta-
ble Q-switching regime was observed again with almost the
same repetition rate and pulse duration as before, indicating
that the multi-layer antimonene material was free from damage.
At this pump level, the influence on the SA was estimated to be
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Fig. 5. Q-switched trains and single pulse waveforms (insets) at the launched pump power of (a) 93.3 mW, (b) 358.6 mW, and (c) 489.0 mW.
(d) Q-switched optical and RF (inset) spectra at the launched pump power of 489.0 mW.
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0.95 J/cm? according to the fiber size and Q-switched pulse
parameters. The disappearance of Q-switching was due mainly
to the temporary failure of the SA under excessive heat from the
Q-switched signal laser and ~10% residual pump, which has
been observed in passively Q-switched fiber lasers at this band
based on other nonlinear materials as well [21,40]. If the
launched pump power was increased to beyond ~1.5 W,
corresponding to an output power of ~340 mW, however, it
became difficult to obtain further Q-switching by decreasing
the launched pump power to below 489.0 mW, due to the
permanent damage of the multi-layer antimonene material
under heat from such a high power. Before its damage, the
optical and RF spectra of the stable Q-switched pulses at the
launched pump of 489.0 mW were measured as shown in
Fig. 5(d) and its inset, respectively. The center wavelength
and FWHM were 2865.0 nm and 1.7 nm, respectively. The
signal-to-noise ratio (SNR) of 34.7 dB was also located at the
typical range of passively Q-switched fiber lasers. The peak fre-
quency of 156.2 kHz was in accordance with the repetition rate.

In the stable Q-switched pump range of 93.3-489.0 mW,
the output characteristics including pulse duration, repetition
rate, output power, and pulse energy with the varied launched
pump power were all measured/calculated. Figure 6(a) shows
the pulse duration and repetition rate as a function of the
launched pump power. It is seen that the pulse duration de-
creases first from 4 to 1.74 ps monotonously with the increased
launched pump from 93.3 to 358.6 mW. Then, it increased
from 1.74 to 1.96 ps with the further increased launched pump
power of 489.0 mW, which may result from excessive heat-
induced performance changes of the multi-layer antimonene
material. This is an indicator of the disappearing Q-switching
with further increased pump power. The shortest pulse dura-
tion of 1.74 ps also matched well with the theoretical limitation
calculated using the following formula [41]:

2T
7 =176 AR’

where 7 is the shortest pulse duration, 75 is the cavity round-
trip time, and AR is the modulation depth. In our case, the
cavity round-trip time was 0.0513 ps where the cavity length
was 5.2 m, the fiber refractive index at 2.87 pm was set as 1.48,
the speed of light was 3 x 108 m/s, and AR was equal to A7,
i.e., 10.5%, measured earlier. Finally, 7 was calculated to be
1.72 ps. The repetition rate increased monotonously from
59.52 to 156.2 kHz with the increased pump power in this
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range as a result of faster population accumulation on the laser’s
upper level after one pulse formation. Figure 6(b) shows the
Q-switched output power and calculated pulse energy with
the varied launched pump power. The output power increased
almost linearly at a slope efficiency of 24.7% with respect to the
launched pump power. This was also the highest level from a
passively Q-switched fiber laser using 2D materials in the 3 pm
region, which can be mainly attributed to the low insertion
loss of the SA and efficient cavity design. The pulse energy
increased linearly first and then tended to saturate. At the
launched pump power of 489.0 mW, the maximum output
power of 112.3 mW and pulse energy of 0.72 pJ were obtained.
To confirm that the Q-switched operation was caused by
the multi-layer antimonene material, the micrometer (um)-
pumped fiber end was removed onto the clean zone of the
Au mirror. No Q-switching signs were seen except some occa-
sional relaxation oscillation signals with low amplitudes, no
matter how the position of the Au mirror was adjusted and
how the pump power changed, indicating that the Q-switched
pulses were indeed induced by the multi-layer antimonene
material.

To evaluate the stability of our multi-layer antimonene sam-
ple, we repeated the Q-switched laser experiment described
above 2 days before our submission of this paper. Since the
built-up laser arrangement was almost kept unchanged after
the experiment was finished 28 days ago, it should have a great
repeatability if the performance of the SA was stable enough. As
a result, stable Q-switched pulses were still achieved by adjust-
ing the positon of the SA, although the variation ranges of
repetition rate, pulse duration, output power, and pulse energy
with the pump power were a little different. Also, the power
stability of the Q-switched operation at the launched pump
power of ~480 mW was characterized within 10 h as shown
in Fig. 7. The low calculated root mean square (RMS) fluctua-
tions of about 0.54% indicated its stable performance. Note
that the SA sample was stored in the atmosphere only with
an unsealed cover on it to avoid dust pollution in the past four
weeks. This was a sharp contrast with our previously reported
passively Q-switched Ho**-doped and mode-locked Ho?**/
Pr¥*-codoped fluoride fiber lasers in this region using multi-
layer BP as the SA [24], in which there were only about 3 days
for the used BP sample before failure for pulse generation under
ambient conditions. The results indicate that multi-layer anti-
monene is a type of long-term stable SA material under ambi-
ent conditions for the mid-infrared spectral region.
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(a) Pulse duration and repetition rate and (b) output power and pulse energy as functions of the launched pump power.
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Fig. 7. Evolution of Q-switched output power within 10 h at the
launched pump power of ~480 mW.

5. CONCLUSION

In summary, we experimentally confirm multi-layer antimonene
as a long-term stable SA material under ambient conditions for
the mid-infrared spectral region, for the first time to our knowl-
edge. Using the widely used LPE method, a multi-layer antimo-
nene sample was prepared and characterized by TEM, AFM,
Raman spectrum, and XPS measurements. Its saturable absorp-
tion property at 2868.0 nm was studied using the typical
power-dependent measurement method. A modulation depth
of 10.5%, saturation peak intensity of 0.26 GW /cm?, and
non-saturation loss of 19.1% were achieved. Using multi-layer
antimonene as the SA, a passively Q-switched Ho®/ Prit-
codoped fluoride fiber laser at 2865.0 nm was realized. A maxi-
mum output power of 112.3 mW at a slope efficiency of 24.7%
and a pulse energy of 0.72 pJ was achieved. The largest repeti-
tion rate and shortest pulse duration was 156.2 kHz and
1.74 ps, respectively. Moreover, the long-term stability of the
multi-layer antimonene SA under ambient conditions was also
checked after four weeks. The results indicate that multi-layer
antimonene is a promising long-term stable SA material under
ambient conditions for the mid-infrared region. In our case,
further output scaling of Q-switching was terminated by CW
oscillation, resulting from excessive heat-induced SA failure.
This meant that heat control was very critical for the multi-layer
antimonene SA to realize higher power and energy. In the next
step, a special water cooling system for this type of material-
coated Au mirror SA device could be designed to accelerate
the heat dissipation. Besides, the laser spot onto the SA could
be carefully controlled using a pair of suitable lenses to reduce
the intensity, hence enhancing the power damage threshold.

Considering the ultrafast recovery time of multi-layer anti-
monene material, mode-locking should be also feasible for the
mid-infrared spectral region in principle. However, no CW
mode-locking was observed in our case no matter how the
SA and pump power were adjusted, indicating that the well-
known CW mode-locking condition was never satisfied, as
described as the following inequation [42]:

Ep > Esat,LEsat,A AR, (3)

where £, is the intra-cavity pulse energy, E,; and E, 4 are
the saturation energies of the gain fiber and SA, respectively,

and AR is the modulation depth. In the future, more attempts
at mode-locking could be made to exploit its potential in ultra-
fast pulse generation. Few-layer animonene with lower modula-
tion depth and higher uniformity combined with an optimized
ring cavity with a higher intra-cavity pulse energy was planned,
which could make the inequation above satisfied more easily.
Furthermore, as a broadband SA material, multi-layer antimo-
nene has large potential in Q-switching/mode-locking at longer
wavelengths in the mid-infrared spectral region as well, which is
another future research direction.
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