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We demonstrate antimonene as a saturable absorber (SA) to generate an ultrafast mode-locked and Q-switched laser in
the 2 pm wavelength region. The two antimonene-based SAs were prepared and inserted separately in a thulium—holmium-
doped fiber laser to produce the pulsed laser. Antimonene was coated onto a tapered fiber to generate soliton mode-locked
pulses and used in thin-film form for the generation of Q-switched pulses. The mode-locking was stable within a pump
power of 267 mW-511 mW, and the laser operated at a central wavelength of 1897.4 nm. The mode-locked laser had a
pulse width of 1.3 ps and a repetition rate of 12.6 MHz, with a signal-to-noise ratio of 64 dB. Q-switched laser operation
was stable at a wavelength of 1890.1 nm within a pump power of 312 mW-381 mW. With the increase in pump power
from 312 mW to 381 mW, the repetition rate increased to a maximum of 56.63 kHz and the pulse width decreased to a
minimum value of 2.85 ps. Wide-range tunability of the Q-switched laser was also realized within the wavelength range of

1882 nm—-1936 nm.

Keywords: mode-locking, Q-switched fiber laser, optical saturable absorber

PACS: 42.60.Fc, 42.60.Gd, 42.55.Wd, 42.70.—a

1. Introduction

Laser technology has gained the attention of researchers
due to its extensive applications in military, medical, telecom-
munications, materials engineering and long-range optical
fiber sensing fields.!'-7! All-fiber-based passive lasers can op-
erate at different wavelength regions such as 1 pum, 1.5 pum,
and 2 pm depending on the gain medium used. For in-
stance, an ytterbium-doped fiber laser can operate at a wave-
length of 1 pm, and 1.5 pm lasing can be achieved by using
an erbium-doped fiber laser (EDFL).[®-101 The 1.5 pum laser
domain is typically limited to backbone telecommunication
network applications only. On the other hand, lasing in a
2 um wavelength regime can be achieved by a thulium-doped
fiber laser (TDFL) or a thulium-holmium-doped fiber laser
(THDFL).['-12] These lasers operate at a wavelength range
of around 1.7 um-2.2 wm, which is an eye-safe region.!'3] As
there is reasonable water absorption in this region and some
gas molecules such as carbon dioxide are present in the envi-
ronment, there will be strong absorption occurring at 2 pm.
Lasers operating in this regime have attracted researchers for
their potential use in medical, light detection and ranging (LI-

[14.15] The two techniques

DAR) and gas-sensing applications.
commonly used to initiate laser pulsing are mode-locked and
Q-switched approaches. The strategies for achieving these
pulsed lasers use active or passive means. Among them, active
techniques usually require external signal modulators to trig-

16,17

ger the pulses.!'®!7] On the other hand, a saturable absorber

(SA) can initiate signal modulation to generate pulses from a
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continuous-wave (CW) laser without the need for any exter-

r.[18-201 Ultrafast techniques can generate

nal active modulato
short pulses in the region of nanoseconds (1079 s) to femtosec-
onds (10~ 13 s). Ultrashort pulses are very important for scien-
tists and can generate new findings such as changes in molec-
ular structure. In materials science, for instance, the physics
of matter such as lattice vibration occurs in femtoseconds and
atomic diffusion occurs in nanoseconds. ?!)

There is an extensive literature on the production of
pulsed lasers based on SAs dating from the early work us-
ing semiconductor saturable absorber mirrors (SESAMs) by
Keller et al.l'® The alignment issue and low damage thresh-
old associated with SESAMs led researchers to explore other
SA materials. Real SAs are formed by materials that have
sufficient nonlinear optical absorption to trigger the laser
pulses by passive means. These SAs can be produced by
various techniques such as thin film formation using poly-
mer hosts,?>->41 direct dripping over fiber ferrules,!*! drop-
casting over side-polished fibers/?®! and electron-beam depo-

27.281 These real SAs have proven

sition over D-shaped fibers.|
to be promising devices for producing ultrashort pulses in all-
fiber lasers.

Earlier, carbon nanotubes (CNTs) were reported to pro-
duce ultra-fast lasers, demonstrating their shortest pulse width

29,301 However, the geome-

in picoseconds to femtoseconds. !
try of CNTs is rather complex, making the bandgap tunability
and SA fabrication process complex. Graphene has been ex-

tensively reported as an SA in the 1 pm, 1.5 um and 2 pm
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wavelength regimes for generating pulsed lasers.>!=33] Since
graphene has the limitation of a low damage threshold, a com-
promise has to be made on operating the laser at lower pump
powers to protect the graphene-based SAs.!3*! In contrast to
graphene, black phosphorus (BP) has broadband optical ab-
sorption and a BP SA can produce the shortest pulses of up
to 272 fs.[31 Unfortunately, BP is a hydrophilic material that
reacts with the oxygen in the atmosphere. This can be favor-
able for sensing applications but the lasing performance may
degrade over time under normal laboratory conditions.!3¢-37]
Since then, two-dimensional materials have gained the atten-
tion of researchers for use as SAs because of their nonlinear
optical response and suitable optoelectronic properties. 3831
Recently, the family of MXenes and MAX-phases has been
demonstrated to perform well as a SA to achieve ultra-fast

40451 A few other material categories have also

fiber lasers. !
been explored to produce Q-switched and mode-locked lasers,
such as transition metal dichalcogenides, metals, transparent
conductive oxides and organic materials. [8:46-33]

Furthermore, ternary transition metal dichalcogenides
(TTMDs) have also recently gained the interest of researchers
for ultrafast photonics. TTMDs involve three-elemental com-
positions to achieve the optimum electrical and optical re-
sponse of materials for various applications. These TTMDs
were recently integrated into fiber laser cavities to achieve
numerous Q-switched and mode-locked lasers.[>*%! For in-
stance, W Nb(;_,)Se, and Re,Nb(;_,)S2 nanosheets were in-
tegrated into EDFLs to achieve Q-switched and mode-locked
laser pulses at 1.5 um wavelength. Ultrashort soliton mode-
locked pulses of 131 fs and 285 fs were achieved using these
TTMDs. 53561 However, for a three-elemental material com-
position the physical and chemical limitations of all three el-
ements must always be taken into consideration. Lately, rare-
earth oxides such as yttrium oxide (Y,03) have also been used
as SAs to initiate mode-locked EDFLs operating at 1.5 pm
wavelength. [57] Antimonene, a novel two-dimensional mate-
rial, has recently gained the attention of researchers for its ap-
plications in optoelectronics and fiber lasers and can be formed
in nanosheets similar to TTMDs.[?%38-601 The optical absorp-
tion of antimonene was studied in the ultraviolet (UV) to in-
frared (IR) wavelength range, proving that antimonene is a
potential candidate for applications such as solar cells and

(61-631 The semiconducting behavior of anti-

supercapacitors.
monene is also another interesting feature in regard to its use
as a SA.[6463]

Bulk antimonene behaves like a semimetal with good
electrical conductivity and was expected to have similar be-
havior to a few layers.[%°) An indirect bandgap of 2.28 eV
was predicted for monolayer antimonene, which was likely
to be altered to a direct bandgap under certain physical

5. 167

conditions.[%”! This indicates the possibility of a wide varia-

tion in the bandgap of antimonene. Antimonene shows a non-

linear absorption behavior similar to other two-dimensional
materials such as TTMDs, BP and graphene.[%! When light
is incident on antimonene nanosheets, the electrons jump from
the ground state to the excited state by gaining energy from the
incident photons. After a certain period, the electrons release
energy and fall into the middle of the conduction band and
valence band. When the incident light is intense enough, the
electrons halt the absorption of excess photons (optical bleach-
ing), validating Pauli‘s blocking principle in which multiple
electron states cannot be occupied simultaneously. Wu et al.
have reported the promising optical nonlinear response of anti-
monene nanosheets for possible application as a SA for pulsed
laser generation.[%”) Additionally, antimonene has a fast recov-
ery time of about 2 ps in the visible band spectrum, which al-
lows antimonene to generate ultrashort pulses.[®® The nonlin-
ear optical behavior of antimonene and its significant optical
Kerr nonlinearity pave the way for its potential applications as
an optical switcher or beam shaper.!”"!

Although antimony has been explored as a SA at differ-
ent wavelength regimes of 1 um, 1.5 pm and 2 pm,[7'-73
antimonene is rarely investigated as a SA for passive gener-
ation of Q-switched and mode-locked lasers. Currently, anti-
monene has only been reported as a Q-switcher at the C-band
wavelength region by integrating it into an EDFL.["+73] In this
work, we report the incorporation of an antimonene-based SA
in a THDFL to achieve mode-locked and Q-switched pulses
at a longer wavelength of 2 wm. The ability of antimonene-
based SAs to produce pulsed lasers at this wavelength region
is demonstrated for the first time. The achieved mode-locked
laser operated at a central wavelength of 1897.4 nm and Q-
switched pulses were achieved at 1890.1 nm. The Q-switched
laser was also broadly tunable from 1882 nm to 1936 nm
by adding a tunable bandpass filter (TBF) to the laser cavity.
The antimonene-based SA could produce both O-switched and
mode-locked lasers in the eye-safe region of 2 um wavelength
as a potential laser source for various industrial applications.

2. Preparation and characterization of

antimonene-based SAs

The liquid phase exfoliation (LPE) technique was per-
formed to synthesize a few layers of antimonene from its bulk
state. One hundred milligrams of antimony powder was first
dissolved in 10 ml of isopropyl alcohol solution and stirred
for 15 min on a magnetic stirrer under normal conditions to
obtain a 10 mg-ml~! concentration of antimony suspension.
The solution was then sonicated for 8 h in a bath sonicator for
the exfoliation process. The antimony was exfoliated in the
sonication process, which breaks the weak interlayer bonds in
antimony, resulting in a few layers of antimony known as an-
timonene. To remove the unexfoliated antimony powder, the
suspension was centrifuged for 10 min at 4000 rpm. The black
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supernatant containing a few layers of antimonene was then
collected and stored in a glass vial before being used as a SA.

A Raman spectroscope (Renishaw inVia Raman)
equipped with a 532 nm laser was used to obtain the Raman
spectrum for both antimony and the antimonene samples, as
depicted in Fig. 1. Based on the Raman spectrum of antimony,
two Raman peaks can be observed at 117 cm~! and 140 cm™!,
which correspond to the Eg and A, modes, respectively. The
in-plane longitudinal vibrational mode of antimony is desig-
nated by E, whereas the out-of-plane vibrational mode is des-

.76 These two characteristics of Raman peaks

ignated by Ay,
witness a change towards a higher wavenumber, as evidenced
in the Raman spectrum of antimonene. The E, peak shifted
from 117 cm™! to 145 cm™! while the A; ¢ peak moved from
140 cm~! to 188 cm™!. Tt has been reported that the changes
in antimony thickness cause the peak position to shift;!’’]
therefore this shows the successful synthesis of antimonene

from bulk antimony.

145

—— Antimonene

Intensity (arb. units)

—— Antimony

1 1 1
100 120 140 160 180 200

Raman shift (cm™!)

Fig. 1. Raman spectrum of antimony and antimonene.

The morphology of antimonene was investigated using
field emission scanning electron microscope [FESEM; JEOL
JSM 7600-F FESEM equipped with an energy dispersive x-ray
(EDX) detector] at an operating voltage of 2.0 kV and high-
resolution transmission electron microscope (HRTEM; JEM
2100-F HRTEM) with an accelerating voltage of 200 kV. Fig-
ure 2(a) shows the FESEM image of antimonene which was
obtained after the LPE process. The antimonene flakes are
seen to have uneven forms and sizes, with the lateral dimen-
sion of the flakes ranging from a few hundred nanometers
to a few micrometers. Figure 2(b) displays the HRTEM im-
age of antimonene observed at low magnification (15000x); a
high-magnification (800000x ) HRTEM image of antimonene

in the selected area is shown as an inset in Fig. 2(b). The ob-
tained result further proves that the prepared antimonene has a
flake-like morphology, and is made up of stacks of a few an-
timonene layers. Furthermore, the observed bright contrast on
the HRTEM image is evidence for the formation of a thin layer
of antimonene after the LPE process.

Fig. 2.
zoomed-in HRTEM image of antimonene).

(a) FESEM and (b) HRTEM images of antimonene (inset:

Figure 3 shows the EDX spectrum and elemental map-
ping (inset) of antimonene. Based on the EDX spectrum ob-
tained, several energy peaks referring to the elements carbon
(C), oxygen (O) and antimony (Sb) can be observed. Carbon
and oxygen are common elements present in the environment
or surroundings, whereas antimony is the main constituent
of antimonene. No signal from other impurity elements can
be detected, indicating the high purity of the prepared anti-
monene.

G

Fig. 3. EDX spectrum of antimonene (inset: EDX elemental mapping of
antimonene).

To use antimonene as a mode-locker, the antimonene was
deposited onto a tapered fiber and then incorporated in the
THDFL. The tapered fiber was first prepared via the flame
brushing technique, as explained in our previous work.[”8! The
insertion loss of the tapered fiber was around 3.2 dB and the
fiber waist diameter was reduced to about 9 um. Then, around
10 pl of antimonene solution was drop cast over the tapered
region of the optical fiber and left to dry at room temperature.
Figure 4(a) shows a microscope image of the antimonene-
coated tapered fiber and figure 4(b) illustrates the drop-casting
process of antimonene over the tapered fiber.
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(b)

v,

A

Antimonene over
tapered fiber

N

Optical fiber cladding

Optical fiber core

Va

Fig. 4. Antimonene coated over tapered fiber (a) microscopic image, and
(b) illustration of antimonene coated tapered fiber.

The evanescent field interaction is achieved by using the
tapered fiber in which the light—matter interaction particularly
occurs in the tapered region of the optical fiber. Typically,
the signal propagates in the fiber core/cladding and a por-
tion of it penetrates the surrounding environment, which is the
coated SA material. As such, this evanescent field will inter-
act with the nonlinear optical material, which in this case is
antimonene. This technique has the advantage of providing a
longer light-matter interaction, avoiding optical damage to the
SA, and also having low laser-induced thermal damage.!7%-80]

For generation of Q-switched pulses, an anti-
monene/poly(vinyl alcohol) (PVA) film was fabricated using
the solution-casting method. Initially, the PVA solution was
prepared by adding 100 mg of PVA powder into a glass beaker
containing 10 ml of deionized water. The suspension was then
stirred at 60 °C to form a homogeneous solution of PVA with
a concentration of 10 mg-ml~!. Next, 10 ml of PVA solution
was mixed with 10 ml of antimonene solution and stirred at

a temperature of 60 °C until only a third of the original so-

lution was left. Then, the mixture was relocated into a glass
Petri dish and dried overnight in an oven at 60 °C. The anti-
monene/PVA film produced was then peeled off from the Petri
dish to be used as a SA. The fiber ferrules were first cleaned
using lens cleaning tissue and then a small portion of anti-
monene thin film was cut and transferred over the fiber ferrule
tip, as shown in Figs. 5(a) and 5(b). The antimonene thin film
was held over the fiber ferrule using an index-matching gel.
The thin film was then sandwiched between two fiber ferrules
using a FC/PC fiber connecter as shown in Fig. 5(c). The SA
was then integrated into the THDFL to generate Q-switched
and tunable Q-switched fiber lasers.

Fig. 5. Antimonene thin-film SA (a) clean fiber ferrule, (b) antimonene
thin film over fiber ferrule, and (c) sandwiching of antimonene thin film
between fiber ferrules.

The optical characterization of antimonene-based SAs is
shown in Fig. 6. Figures 6(a) and 6(b) show the linear ab-
sorption of both SAs within the wavelength range 1850 nm-—
1950 nm. The measurement was done by using an ampli-
fied stimulated emission (ASE) source at a low intensity of
0.25 mW output power, together with an optical spectrum an-
alyzer (OSA) at 1 nm resolution. The linear absorption near
a wavelength of 1900 nm was around 11 dB for the tapered
fiber coated with antimonene and 6.7 dB for the antimonene
thin film.

14 10
(a) (b)

12 1 8
an)] e~ jas]
Z = JE . o e
- 10 - 6
g 5
=) e
g 87 £ 44
o 15
wn wn
Q Q
< 6 < 9

4 T T T 0 . . .
1850 1875 1900 1925 1950 1850 1875 1900 1925 1950
Wavelength (nm) Wavelength (nm)
0.7 0.5
T ‘ @

0 Saturable intensity =0.11 MW /cm? 0 Saturable intensity = 0.24 MW /cm?
= £ 04
2 0.6 1 g
=] =]
:%3 7 —e% 0.3 4
~— 0.5 —
5 £ 0.2
'é Saturable absorption = 15% 'é Saturable absorption =26%
3 3 01
wn wn .
Re) a 000 0 o O o o—Y o
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Power intensity (MW /cm?)

Fig. 6. Optical characterization of antimonene saturable absorbers (a) linear absorption of antimonene coated tapered fiber, (b) linear absorption
of antimonene thin film, (c) nonlinear absorption of antimonene coated tapered fiber, and (d) nonlinear absorption of antimonene thin film.
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A balanced twin detection measurement was performed
to characterize the nonlinear optical response of the two SAs.
The characterization for both the SAs was performed sepa-
rately using the same setup. A mode-locked pulse laser oper-
ates at a central wavelength, repetition rate and pulse width of
1950.7 nm, 30 MHz and 4.57 ps, respectively. The amplified
output of the pulsed laser was then connected with a variable
optical attenuator (VOA) having a maximum attenuation of
50 dB. A 3 dB coupler was connected at the output of VOA
to split the signal in a 50:50 ratio. One output end of the 3 dB
coupler was then connected to a single-mode fiber (SMF) as
a reference and the other end was connected to the SA. Two
optical power meters were then connected simultaneously at
the output ends to measure the output power from the refer-
ence SMF and the SA. The attenuation of the VOA was then
tuned from 0 dB to 50 dB and the output power readings were
then measured in situ at intervals of every 1 dB attenuation.
The data were then plotted as illustrated in Figs. 6(c) and 6(d).
Figure 6(c) shows the nonlinear absorption of the tapered fiber
coated with antimonene and figure 6(d) shows the saturable
absorption graph of antimonene thin film. The experimental
data (blue circles) was fitted (red line) using Eq. (1), where o,
Olys, I and Iy are the modulation depth, non-saturable absorp-
tion, input intensity and saturation intensity, respectively. 8!l
For the tapered fiber coated with antimonene, the saturable
absorption, non-saturable absorption and saturation intensity
were 15%, 34%, and 0.11 MW-cm 2, respectively. For the
antimonene thin film, the saturable absorption was 26%, the
saturation intensity was 0.24 MW-cm~2 and the non-saturable
absorption was 6%

a(l)&+%s. (1)

1 sat

3. Experimental setup

Figure 7 shows the experimental setup of the THDFL cav-
ity to generate mode-locked and Q-switched pulse lasers. The
gain medium was dual pumped using the two 1560 nm laser
diodes (LDs) as the optical power sources. Both the LDs were
separately connected with 1550 nm polarization-independent
isolators for protection from back reflection. The two wave-
length division multiplexers (WDM-1 and WDM-2) were then
placed after each isolator. The 1550 nm ports of WDM-1 and
WDM-2 were connected with isolators and the 2000 nm ports
were connected to the gain medium. The 1.5 m long thulium-
holmium doped fiber (THDF; CorActive TH-512) was used in
the cavity as a gain medium. The THDF had an absorption co-
efficient of 15 dBm ™! at 1550 nm and a numerical aperture of
0.16. The length of THDF used in the setup was 1.5 m to allow
suitable absorption and continuous wave (CW) laser emission
at 2 um wavelength. If a shorter THDF is used, there is a

possibility of having excess pumping, and when the THDF is
longer it can result in the remaining length at the end not hav-
ing the required population inversion. This will not provide the
required amplification and the output signal power can be low
due to the re-absorption. After the THDEF, the 2000 nm isolator
was connected between WDM-2 and optical coupler (OC) to
maintain the signal in one direction. The OC has a 90:10 out-
put ratio, where 90% of the signal was connected to oscillate
inside the cavity and 10% of the output was connected to var-
ious measuring devices to measure the lasing characteristics.
The 90% port was then connected to a polarization controller
(PC), and the SA was connected between the PC and the OC.
Likewise, the output of the PC was then connected back with
WDM-1 to complete the optical cavity.

Laser diode 1 Laser diode 2

lIsolator Isolatorl

WDM-1

THDF WDM-2

90% feedback

PC Isolator
-—

SA Coupler
,”10% output

Fig. 7. Experimental setup of THDFL cavity.

The total cavity length was around 16.5 m, with a 1.5 m
THDF and a 15 m single-mode fiber (SMF-28). The dis-
persion parameters for the SMF-28 and THDF were ob-
tained from the manufacturers as 31.43 ps-nm~'-km~' and
29.1 ps-nm~!-km~!, at 1897 nm. The group velocity disper-
sion (GVD) was calculated using

D(A)-A2

GVD = —
2-w-c

; @)

where ¢ is the speed of light, A is the operating wavelength
and D(A) is the dispersion parameter. From Egq. (2), the
GVD was calculated as —0.056 ps>-m~! for the THDF and
—0.060 ps>-m~! for SMF-28. Hence, the net cavity disper-
sion was calculated to be —0.984 ps? for the 16.5 m cavity
length by summing up the length and GVD of the SMF and
THDF.

The two antimonene-based SAs were used inside the cav-
ity separately to generate soliton mode-locked and Q-switched
pulses. For mode-locked pulses, the antimonene was coated
over the tapered fiber and connected directly to the cavity. For
the Q-switched laser the antimonene thin film was prepared
and sandwiched between two fiber ferrules to be used as a SA.
The PC was excluded from the THDFL cavity during the gen-
eration of Q-switched pulses since the polarization played a
negligible role and the insertion of the PC would introduce
some unwanted loss. %21 The various items of equipment used
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for measurement of the laser output comprised a 500 MHz os-
cilloscope (Yokogawa DLM?2054), a 1200 nm—2400 nm wave-
length range OSA (Yokogawa AQ6375), a radio-frequency
spectrum analyzer (RFSA; Anritsu MS2683A) an optical
power meter (Thorlabs S148C) and an autocorrelator (APE
PulseCheck150). Both the RFSA and oscilloscope were con-
nected via a 2 um InGaAs fast photodetector (Newport 818-
BB-51) for optical to electrical conversion at the output.

4. Experimental results and discussion

The THDFL cavity produced a stable CW laser at a
threshold pump power of 94 mW. The soliton mode-locked
laser was generated when the antimonene-coated tapered
fiber was incorporated in the THDFL and the power was in-
creased to 267 mW. Figure 8 shows the mode-locked laser
characteristics operated from a pump power of 267 mW-

511 mW. Figure 8(a) shows the optical spectrum of the soliton
mode-locked laser which operated at a central wavelength of
1897.4 nm, having a 3 dB bandwidth of 3 nm. The sym-
metric first-order Kelly’s sidebands appeared at 1904.1 nm
and 1891.88 nm, while the second-order Kelly’s sidebands ap-
peared at 1907.11 nm and 1888.87 nm. The presence of dips in
the optical spectrum is due to moisture absorption at the 2 pm
wavelength region.[83] The laser operated at a repetition rate
of 12.6 MHz and the pulse period was 79.3 ns, as illustrated
in Fig. 8(b). Figure 8(c) represents the RF spectrum of the
mode-locked laser within a 1000 MHz frequency span. The
consistent frequency spectrum having more than 83 frequency
harmonics showed that laser operation was stable for a longer
time. The inset of Fig. 8(c) shows that the signal-to-noise ratio
(SNR) of the fundamental frequency was 64 dB. Figure 8(d)
represents the autocorrelator trace of the mode-locked pulse,
where the blue line shows the experimental result and the red
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Fig. 8. Soliton mode-locked pulses: (a) optical spectrum, (b) pulse train, (c) RF spectrum, (d) autocorrelator trace, (e) output power and pulse

energy against pump power and (f) peak power against pump power.
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dashed lines are the fitting data from the autocorrelator. The
data fitted well over the autocorrelator trace and the laser pulse
width or full width at half maximum (Z¢whm) Was about 1.3 ps.
The calculated time—bandwidth product was around 0.324,
which is slightly higher than the typical value of sech? fitting
of 0.315, indicating that the pulses were marginally chirped.
The relationship of pump power with output power and pulse
energy is plotted in Fig. 8(e). Within the pump power range
of 267 mW-511 mW, both the output power and pulse energy
increased linearly with increasing pump power. The output
power increased from 0.34 mW to 2.46 mW and the highest
pulse achieved was 0.2 nJ. The corresponding peak power also
increased linearly with the increase in pump power, and the
maximum peak power achieved was about 150 W, as plotted
in Fig. 8(f).

The interplay of cavity dispersion and nonlinearity within
the laser cavity helps to achieve a soliton mode-locked laser.
The appearance of Kelly’s sidebands in soliton mode-locked
lasers is due to the periodic disturbance of solitons as they ex-
perience loss and gain during propagation in the resonating
laser cavity.[3* A further increase in the length of the tapered
fiber and also the different concentrations of antimonene may
also result in a higher modulation depth, which may reduce
the pulse width. 31 Thus, the pulse width can also be reduced
further by shortening the cavity length.

Since the mode-locking pulses were stable up to the max-
imum operating pump power of 511 mW there is no visible
damage to the SA. Thus, mode-locked pulses could be re-
peated by increasing and decreasing the pump power. The
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optical damage threshold for the SA can be estimated by mea-
suring the average output power, which is 2.46 mW at the 10%
output coupler. Therefore, the average oscillating power in the
cavity was 24.6 mW. By taking the repetition rate and the pulse
width values of 12.6 MHz and 1.3 ps, the pulse energy can be
calculated by dividing the maximum average output power by
the repetition rate. The peak power can be calculated by di-
viding the pulse energy by the pulse width. The correspond-
ing pulse energy and peak power in the cavity were 1.95 nJ
and 1.5 kW. Since the cavity mostly comprises optical compo-
nents with SMF-28 fiber having a core diameter of 9 pm, the
corresponding peak power intensity would be 2.36 GW-cm 2.
Stable mode-locked pulses were obtained even at this maxi-
mum pump power of 511 mWi; this indicates that the damage
threshold of this SA is higher than 2.36 GW-cm—2.

Figure 9 shows the long-term stability of the mode-locked
laser achieved by using an antimonene-based SA. The optical
spectrum of the mode-locked laser was recorded for 3 h at in-
tervals of 30 min, as shown in Fig. 9(a). Under normal labora-
tory conditions, a stable mode-locked laser was observed for
3 h with no significant shift in the central wavelength. The sta-
bility of the central wavelength and its power intensity against
time is plotted in Fig. 9(b). The wavelength spectrum re-
mains stable around 1897.4 nm with a negligible shift of about
0.2 nm, while the output power at the central wavelength is
also stable with a marginal change of £0.1 dB. This indicates
that the SA could sustain long-term illumination without being

damaged.
19301 (b) e
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Fig. 9. Stability of the mode-locked laser using an antimonene SA: (a) optical spectrum for 3 h, taken at every 30 min, and (b) central wavelength

and output power for 3 h.

A self-started Q-switched laser was achieved when the
antimonene thin film was inserted into the THDFL cavity and
the pump power was increased to 312 mW. Figure 10 repre-
sents the Q-switched THDFL characteristics achieved by us-
ing an antimonene SA. The Q-switched laser operated at a
central wavelength of 1890.1 nm, and the optical spectrum
of the O-switched laser at 381 mW pump power is shown in
Fig. 10(a). The pulse trains at pump powers of 312 mW and

381 mW are given in Figs. 10(b) and 10(c).

At a pump power of 312 mW, the repetition rate and
pulse width were 36 kHz and 3.85 ps, respectively. When
the pump power was increased to 381 mW, the repetition
rate increased to the maximum of 56.63 kHz and the pulse
width gradually decreased to 2.85 us, represented as insets to
Figs. 10(b) and 10(c), respectively. In Fig. 10(d), the repeti-

tion rate was recorded within the 1400 kHz frequency span at
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a pump power of 381 mW. As shown in the inset of Fig. 10(d),
the fundamental frequency was 56.63 kHz and the SNR of
the fundamental frequency was 54.6 dB. The change in rep-
etition rate and pulse width against pump power is plotted in
Fig. 10(e). The Q-switched laser was stable from 312 mW
to 381 mW and the repetition rate increased with increase in
pump power, while the pulse width decreased with increase in
pump power. This behavior of increase in repetition rate and
decrease in pulse width against increase in pump power jus-
tified the typical characteristics of a Q-switched laser.[3¢:87]
The Q-switched laser pulse width can be further shortened
by optimizing both the cavity length and preparation of the

—10

SA. Several antimonene-based SAs can be prepared at differ-
ent concentrations and thicknesses to optimize SA preparation,
which may lead to further reduction of the Q-switched pulse
width. 88891 A shorter cavity length can also reduce the pulse
width; however, a shorter THDF may have a lower gain, re-
sulting in lower output power. The trend of increase in output
power and pulse energy with respect to pump power is pre-
sented in Fig. 10(f). The output power first gradually increases
from 0.014 mW to 0.024 mW and then increases almost lin-
early to the maximum of 0.484 mW. The corresponding pulse
energy also increases with the increase in pump power, to the
maximum of 8.54 nJ at a pump power of 381 mW.
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Fig. 10. The O-switched laser using an antimonene SA: (a) optical spectrum at 381 mW pump power, (b) pulse train at 312 mW pump power,
(c) pulse train at 381 mW pump power, (d) RF spectrum at 381 mW pump power, (e) variation of repetition rate and pulse width with pump

power and (f) output power and pulse energy against pump power.

The TBF was added to the cavity between the antimonene
thin-film SA and the 90/10 coupler to filter out the wavelength

and achieve bandwidth tunability of the Q-switched laser out-

put. The pump power was increased to 511 mW to compen-
sate for TBF insertion loss and to stabilize the Q-switched

pulses and output power. As demonstrated in Fig. 11(a),
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the Q-switched laser was widely tunable within a range of
54 nm spanning from 1882 nm to 1936 nm at a spacing in-
terval of 6 nm. After taking about ten scans, the intensity
peak remained almost unchanged for wavelength tuning from
1882 nm to 1936 nm, indicating that tunable Q-switched laser
operation was stable. This wavelength tunable Q-switched
laser can be applied as a source for several applications, such
as in dense wavelength division multiplexing for optical com-
munication, spectroscopy, sensing, biomedical applications
and LIDAR sensing.!”’! The laser was tunable around a wave-
length of 2 um as demonstrated in the present work using
THDF as the gain medium, which has an emission spectrum
of 2 um. There have also been reports on using antimonene to
operate at different wavelengths, such as in 1.5 pm as demon-
strated in Refs. [74,91] using erbium-doped fiber as the gain
medium. This shows the ability to use antimonene as a SA
over a wider wavelength range. Figure 11(b) shows the trend
of repetition rate and pulse width within the same wavelength
tunability range of 1882 nm-1936 nm. The pulse width var-
ied slightly between 3 ps and 3.1 ps and the repetition rate
followed the ASE gain spectrum (inset Fig. 11(b)).

Table 1 compares the results of the present work with
other reports using antimony-based SAs to generate Q-
switched and mode-locked lasers at 1.5 pm and 2 wm wave-
lengths.

The incorporation of an antimony SA produced the short-
est pulse width of 3.53 ps for the mode-locked EDFL!7!! and
5.36 us for the Q-switched laser.[°”) Rahman et al. reported
Q-switched and mode-locked lasers by using antimony-based
SAs at a 2 um wavelength which could produce the shortest
pulse width of about 4.9 ps and 64 ps, respectively.!”?] Fur-
thermore, antimonene-based SAs are rarely explored, and the

incorporation of an antimonene SA is only reported for the
1.5 um wavelength region.[’*7>! Although Yuan et al. have
reported a Q-switched laser using an antimonene SA, the laser
operated at the shorter wavelength of 1558 nm.!”#! In this
work, we have reported the generation of both Q-switched and
mode-locked laser pulses obtained by incorporating an anti-
monene SA in the eye-safe region of 2 um wavelength. Our
work reports a shorter pulse width of 1.3 ps by using an an-
timonene SA in the 2 um wavelength region compared with

a 64 ps pulse mode-locked laser achieved with an antimony
SA.[73

10
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Fig. 11. Tunable Q-switched operation: (a) wavelength tunability be-
tween 1882 nm and 1936 nm and (b) repetition rate and pulse width of
the tunable Q-switched laser.

Table 1. Comparison of the results of our work with Q-switched and mode-locked lasers produced by antimony and antimonene-based SAs at different

wavelengths.
SA Laser operation Central wavelength Las%ng Repetition rate Pulse width Output power  Pulse energy Ref.
(nm) medium (dB) (mW) (n])

Antimony  mode-locked 1559 EDFL 0.99 MHz 70 3.53 ps 2043 20.59 [71]

Antimony Q-switched 1559 EDFL 70.82 kHz-98.04 kHz 74 7.42 us-5.36 us 8.45 86.19 [92]

Antimony  mode-locked 1914 TDFL 8.65 MHz 77 64 ps 6.5 0.75 [73]

Antimony Q-switched 1947 TDFL  14.5kHz-235kHz 47 11.6 us—4.9 us 1.3-2.8 79.21-120.12  [73]

Antimonene ~ Q-switched 1558 EDFL 25.6 kHz-124.1kHz 48 5.1 pus—1.42 us 4.73 54 [74]
Antimonene mode-locked 1897.4 THDFL 12.6 MHz 64 1.3 ps 2.46 0.2 this work
Antimonene  Q-switched 1890.1 THDFL 36 kHz-56.63 kHz 54.6 3.85 us—2.85 us 0.484 8.54 this work

5. Conclusion

Few-layers antimonene was prepared and successfully
used as a SA to generate mode-locked and tunable Q-switched
lasers in the 2 wm region. A soliton mode-locked laser was
obtained by depositing antimonene onto a tapered fiber that
was then inserted into a THDFL cavity. The soliton mode-
locked laser had a central wavelength of 1890.1 nm and a

pulse width of 1.3 ps. The maximum output power and the
pulse energy of the mode-locked THDFL were 2.46 mW and
0.2 nJ, respectively. For tunable Q-switching operation, few-
layer antimonene was prepared in thin film form and placed
between two fiber ferrules that were fixed using a FC/PC con-
nector. The Q-switched pulse had pulse widths varying from
3.85 ps to 2.85 ps with repetition rates ranging from 36 kHz
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to 56.63 kHz. Wide wavelength tunability was also observed

for the Q-switched laser, ranging from 1882 nm to 1936 nm

by using a TBF. The results show that few-layers antimonene

was suitable for use as a SA to successfully generate mode-

locked and Q-switched pulses in the 2 pm region, and these

lasers could be useful for medical applications.
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