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Abstract: Topological insulator Sb,Te; has the advantage of broadband saturable absorption from the visible to the infrared bands.
Herein, the two-dimensional material Sb,Te; saturable absorber (SA) of the topological insulator family was first applied ex-
perimentally in a wideband tunable passively Q-switched Yb-doped fiber laser. High-quality Sb,Tes crystals were synthesized by
the flux zone method. The Sb,Te; SA with fewer layers was further prepared via a modified mechanical exfoliation procedure.
Meanwhile, stable wavelength-tunable passive Q-switching pulse operation was obtained in a Yb-doped fiber ring cavity based on
the Sb,Te; SA, where the central wavelength can be continuously tuned from 1040.89 to 1092.85 nm. Results suggest that Sb,Tes
has wideband saturable absorption properties, and that the tunable pulse laser can provide a convenient and simple source for

practical applications.
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1 Introduction

Owing to their excellent nonlinear optical char-
acteristics, tunable energy bandgap, and easy pro-
cessing, various two-dimensional (2D) and quasi-2D
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materials have become popular choices as modulators
in optical devices and pulse fiber laser generation in
the past few years, such as graphene (Bao et al., 2009;
Bonaccorso et al., 2010), black phosphorus (BP)
(Hisyam et al., 2017; Wang T et al., 2019c), transition
metal dichalcogenides (TMDs) (Xia et al., 2015; Liu
W1/ et al., 2018; Yang et al., 2019), and other 2D ma-
terials (Guo J et al., 2020; Guo PL, 2020; Li et al.,
2020; Zhang Q et al., 2020; Zhang Y, 2020b, 2020c).
Recently, topological insulators (TIs) have also been
widely applied in pulsed fiber laser systems (Luo
et al., 2013; Lin et al., 2015; Jhon et al., 2018; Rong
et al., 2018) because of their unique optical and elec-
trical characteristics (Hsieh et al., 2008). These pos-
sess a graphene-like energy band structure with a
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small bulk state bandgap (0.2-0.3 eV) (Hsieh et al.,
2008; Zhang HIJ et al., 2009), which enables the po-
tential of broadband absorption extending from visi-
ble light to infrared band. Moreover, it has been ex-
perimentally evidenced that TIs have saturable ab-
sorption not only in the optical band, but also in the
microwave/terahertz band (Chen SQ et al., 2014),
compared with other novel materials such as an-
timonene (Wang YZ et al., 2019), MXene (Huang
WC et al., 2020; Wu Q et al., 2020), SnS (Wu LM
etal., 2018; Xie et al., 2019), and Se (Xing et al.,
2017). Researchers are constantly seeking potential
candidates for next-generation optoelectronic devices
(Qiu et al., 2013, 2015, 2016; Huang HY et al., 2016;
Xiong, 2019). TIs have also been employed in high-
performance photodetectors in recent years due to
their photodetection characteristics (Zhang Y et al.,
2019, 2020a). As a typical TI that possesses saturable
absorption and giant third-order nonlinearity charac-
teristics, Sb,Te; has also been widely investigated for
pulsed laser (Sotor et al., 2014a; Kowalczyk et al.,
2016; Liu W] et al., 2016). It has a refractive coeffi-
cient of up to 10~ m*/W (Liu J et al., 2010), which is
at least four orders of magnitude larger than that of
graphene (107 m*W) (Zhang H et al., 2012). The
first mechanically exfoliated Sb,Te; based Er-doped
mode-locked fiber laser was achieved by Sotor et al.
(2014b). Liu WJ et al. (2015) demonstrated a dark
soliton Er-doped fiber laser by incorporation of the
Sb,Te; saturable absorber (SA). Furthermore, Yan
et al. (2016) fabricated a Sb,Te; saturable absorption
mirror and achieved Q-switched pulse output. Later,
the Sb,Te; SA was first applied at 2 um regime in a
pulsed fiber laser (Wang JT et al., 2018). Next, a
Sb,Te; based harmonic mode-locking ultrafast fiber
laser was presented (Wang ZH et al., 2019). These
results indicate that Sb,Te; SA can be applied as a
fiber device for various methods of pulsed laser gen-
eration with excellent optical performance.
Wavelength-tunable laser sources have attracted
a lot of attention due to the pressing need in spec-
troscopy, optical communication, biomedical science,
and other fields (Zhang H et al., 2010; Meng et al.,
2015; Liang et al., 2016; Li et al., 2019). Wave-
length-tunable Q-switched fiber lasers based on var-
ious 2D SAs have been widely investigated, but most
of them operate at the 1.5 pm region (Popa et al., 2011;
Caoet al., 2012; Chen Y etal., 2014; Huang YZ et al.,

2014; Ahmad et al., 2015; Xia et al., 2015). As for the
1 um waveband, Woodward et al. (2014) achieved a
passive Q-switching laser with 40 nm of tunability
based on MoS; in Yb-doped fiber (YDF). Ahmad et al.
(2016) reported a Q-switched fiber laser with a tuna-
ble range of 1056.6 to 1083.3 nm by the incorporation
of BP. Wu HS et al. (2017) achieved a trilaminar
graphene based Q-switching YDF laser with an op-
erating range of over 70 nm. Recently, Wang T et al.
(2019d) also presented a wavelength-tunable
high-order mode Q-switched laser in YDF based on
BP. Wavelength-tunable Q-switched lasers have been
achieved in the 1.5 pm region by applying TIs (Chen
Y et al., 2014; Ahmad et al., 2015). Nevertheless, no
reports on Yb-doped fibers have emerged. Compared
with other results based on TIs, especially Sb,Tes, the
present work has successfully realized wavelength-
tunable Q-switched pulses in the 1 um waveband for
the first time.

The broadband saturable absorption properties
make Sb,Te; an excellent SA for tunable fiber lasers.
Based on these properties, a stable wideband tunable
passive Q-switching operation is demonstrated herein
through incorporation of the Sb,Te; SA. This
Q-switched laser has tunability of more than 50 nm
from 1040.89 to 1092.85 nm. Furthermore, the results
presented in this paper extend the possible applica-
tions of Sb,Te; to nonlinear optics and SA devices.

2 Sample preparation and experimental setup
2.1 Crystal growth and SA preparation

High-quality Sb,Te; crystals were synthesized
via the flux zone method. Considering that the raw
material has a high melting point and is difficult to
volatilize and transport, this method is more condu-
cive to Sb,Tes synthesis than chemical vapor transport
or other methods (Huang WC et al., 2018a, 2018Db,
2019). Typically, a stoichiometric amount of Te
powder (99.999%, Alfa Aesar, USA, in 5% excess)
and Sb powder (99.999%, Alfa Aesar, USA) weigh-
ing 1 g in total were mixed and sealed in an evacuated
quartz glass tube with 200 mm length and 16 mm
inner diameter under 10~ Pa vacuum atmosphere.
The tube was then vertically put in a muffle furnace
and heated to 900 °C at a rate of 1 °C/min. After
maintaining the temperature at 900 °C for 24 h, it was
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decreased to 550 °C within 48 h and held at this value
for another 72 h. Subsequently, the furnace was left at
room temperature to cool down naturally. After sev-
eral attempts, the growth temperature was proved as a
more important factor than the cooling rate for crys-
tallization. The resulting Sb,Te; thin film SA was
transferred onto the end face of a fiber ferrule by the
modified Scotch tape mechanical exfoliation proce-
dure. Thus, a Sb,Te; based SA device was
implemented.

2.2 Sample characterization

A field-emission scanning transmission electron
microscope (Tecnai G2 F20 S-Twin, FEI, USA) was
used to capture the transmission electron microscopy
(TEM) images and acquire the electron diffraction
(SAED) patterns of the selected area. The morphol-
ogy of mechanically stripped Sb,Te; nanosheets was
characterized by scanning electron microscope (SEM,
Quanta 250, FEI, USA). An X-ray diffractometer
system (AXS D8 Advance, Bruker, USA) with Cu Ka
irradiation (4=0.154 06 nm) was adopted to record the
X-ray diffraction (XRD) spectra. Raman spectros-
copy was carried out using an instrument (LabRAM
HR Evolution, HORIBA, France) with the excitation
of 532 nm through a 100x objective.

As shown in Fig. 1, TEM was used to charac-
terize the crystal structure of Sb,Te; samples prepared
by the ultrasonic dispersion method; it was shown
thicker than mechanically stripped samples. A typical
TEM image of the Sb,Te; sample is depicted in
Fig. la. Fig. 1b presents a high-resolution TEM image,
illustrating that the planar distance of lattice fringes is
0.214 nm, which corresponds to the (110) direction
shown in the SAED pattern of Fig. 1d. The high-angle
annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and corresponding
energy dispersive X-ray (EDX) mappings, demon-
strated in Figs. 1c—1f, indicate that the Sb and Te
atoms are evenly distributed in the whole material,
showing good chemical uniformity.

The SEM image (Fig. 2a) reveals a layered
morphology and smooth surface of the grown Sb,Te;
nanosheet. The corresponding elemental analysis and
EDX mappings (Figs. 2b—2d) indicate that the Sb
atoms and Te atoms are homogeneously distributed in
the whole Sb,Te; crystal with atomic ratios of 40.72%
(Sb) and 59.28% (Te) in a ratio of approximately 2:3,

(a)

(270)

I/‘ (110’

[001]

Sb) Te

Fig. 1 Transmission electron microscopy (TEM) char-
acterization of the Sb,Te; sample: (a) TEM image of the
Sb,Te; sample on a copper grid; (b) high-resolution TEM
image of the Sb,Te; sample; (c) HAADF-STEM image;
(d) corresponding SAED pattern showing its single
crystal nature; (e) elemental mapping of Sb; (f) ele-
mental mapping of Te

which confirms that the Sb,Te; crystal is well syn-
thesized. The XRD spectra show the main character-
istic peaks of high crystalline Sb,Te; (Fig. 2¢). The
peaks of (003), (006), (0012), (0015), and (0018) in
Sb,Te; are consistent with the standard card
PDF#15-0874. The Raman spectrum of Sb,Tes is
presented in Fig. 2f, showing characteristic peaks at
65,109, and 162 cm ', corresponding to Al o E2g, and
Azg vibration modes, respectively.

Moreover, the nonlinear saturation absorption
properties of Sb,Te; SA were characterized by a
power-dependent transmission technique, as de-
scribed previously (Wang T et al., 2019a, 2019b). The
seed laser is a commercial pulsed laser (with a central
wavelength of 1060 nm and a pulse width of 400 ps).
The measurement data are shown in Fig. 3, meeting
the properties described below (Garmire, 2000):
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Fig. 2 Characterization of as-grown samples: (a) SEM
image of a randomly selected Sb,Te; nanosheet; (b) cor-
responding elemental analysis of this Sb,Te; nanosheet;
(¢) EDX element mappings for Sb; (d) EDX element
mappings for Te; () XRD pattern; (f) Raman spectrum of
the Sb,Te; nanosheet
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Fig. 3 Nonlinear transmittance of the Sb,Te; saturable
absorber at different light intensities

light intensity, and Iy, the saturated intensity. The
fitting modulation depth and saturated intensity are
4.1% and 5.8 MW/cm’, respectively, as shown by the
fitting curve.

2.3 Experimental setup

The experimental schematic is presented in
Fig. 4. The active fiber was a piece of YDF with 2 m
length. The pump light was provided by a 976 nm
laser diode (LD), and coupled into the cavity via
wavelength division multiplexing (WDM) at
976/1064 nm. A polarization-insensitive isolator
(PI-ISO) was connected into the cavity to enable
unidirectional laser circulation. A tunable filter (TF)
(filter bandwidth of about 1 nm) was used to function
as a spectral filter. A polarization controller (PC) was
integrated between the TF and the coupler to adjust
the polarization. Ten percent of the coupler arm was
adopted to extract the energy. The Sb,Te; SA was
connected between the WDM and the coupler to
construct the ring cavity and induce pulsed laser op-
eration. The total length of cavity was about 32.5 m.
The output laser was characterized by a power meter,
a digital oscilloscope (1 GHz bandwidth), and an
optical spectrum analyzer (0.02 nm resolution).

WD“/ °
LD

e
£ sb,TessSA

Coupler

Fig. 4 Experimental setup for the Sb,Te; SA based
wavelength-tunable passive Q-switching YDF laser

SA: saturable absorber; YDF: Yb-doped fiber; LD: laser
diode; WDM: wavelength division multiplexing; PI-ISO:
polarization-insensitive isolator; TF: tunable filter; PC: po-
larization controller

3 Results and discussion

Based on the experimental schematic presented
above, a broadband wavelength-tunable passive
Q-switching YDF laser could be realized with the aid
of the TF. The output laser wavelength could be tuned
continuously from 1040.89 to 1092.85 nm by
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adjusting the TF. Once the output wavelength was
adjusted <1040.89 nm or >1092.85 nm, only contin-
uous wave (CW) output could be achieved. The ad-
justable wavelength range of the Q-switched laser
was limited by the overall loss of cavity rather than
the TF, which had a tunable range of over 80 nm. The
spectra at 12 typical different wavelengths within the
tunable range are presented in Fig. 5a. No apparent
difference could be observed in the linewidths at
different wavelengths. Fig. 5b shows the pulsed lasing
threshold at each selected wavelength. The threshold
was as low as 240.6 mW at 1060.18 nm, and reached
the maximum value of 336.1 mW at 1092.85 nm. Ata
fixed pump power of 379.6 mW, the maximum output
power among different wavelengths was 9.6 mW at
1060.18 nm, and it declined at shorter and longer
wavelengths (Fig. 5c). The difference in pulse
thresholds and output power under the same pump
power is caused by the combination of wavelength-
dependent active fiber gain and optical device loss.
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Fig. 5 Pulse characteristics at different wavelengths: (a)
spectra; (b) pulse threshold; (c) output power

Next, we investigated the properties of passive
Q-switching pulsed laser in detail (4=1060.77 nm).
The CW was observed first at a pump power of
159.6 mW. As it was further increased to 217.6 mW,
the Q-switched pulse could be obtained, but the pulse
was not stable at this state until the pump power
reached 241.8 mW. The output power was propor-
tional to the pump power, and peaked at 10.0 mW at
the pump power of 386.8 mW (Fig. 6a). Meanwhile,
the Q-switched pulse became unstable when the

pump power further increased from 241.8 to above
386.8 mW. This increase led to a gradually increased
repetition rate from 26.05 to 33.96 kHz and a de-
creased pulse width from 10.69 to 3.99 ps (Fig. 6b).
The relationship between pump power and single
pulse energy is depicted in Fig. 6¢c. The maximum
value of single pulse energy at the maximum pump
power was 294.5 nJ. The corresponding peak power
at different values of pump power is presented in
Fig. 6d. The increase in pump power led to a gradual
increase in peak power, with the maximum value of
73.74 mW.
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Fig. 6 Q-switched laser properties at 1060.8 nm output
wavelength: (a) output power recorded by a power me-
ter; (b) pulse width and repetition rate of pulse train at
different values of pump power; (c) pulse energy; (d)
peak power

The Q-switched laser properties were also rec-
orded at a fixed pump power of 314.3 mW. Fig. 7a
presents the output spectrum centered at 1060.77 nm,
leading to a bandwidth of 0.11 nm. The pulse train for
the output spectrum with a pulse interval of 34.9 ps is
depicted in Fig. 7b. Fig. 7c plots the pulse profile,
displaying a pulse width of about 5.35 ps as fitted by
the Gaussian function. The radio frequency (RF)
signal of the Q-switched laser was also measured.
Fig. 7d shows the repetition rate measured as
28.65 kHz, with a signal-to-noise ratio (SNR) of
52.1 dB. The inset shows the RF trace spanning
300 kHz, indicating excellent temporal stability.

A relatively complete performance summary of
wavelength-tunable Q-switching YDF based on dif-
ferent SAs is detailed in Table 1. Various optical
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Fig. 7 Pulse properties at fixed pump power: (a) output spectrum centered at 1060.77 nm; (b) pulse train; (c) pulse du-
ration; (d) RF spectra where the inset RF trace ranges from 0 to 300 kHz

Table 1 Comparison of wavelength-tunable passive Q-switching YDF based on different SAs

Saturable Reference Wavelength (nm) Maximum output Repetition rate Minimum pulse SNR
absorber power (mW) (kHz) width (us) (dB)
MoS, Woodward et al. (2014) 1030.00—1070.00 10.50 65.30—89.00 2.68 45.00
BP Ahmad et al. (2016) 1056.60—1083.30 >0.30 6.00—44.80 4.00 52.00
Graphene Wu HS et al. (2017) 1020.00—1090.40 >30.00 — 2.79 49.80
BP Wang T et al. (2019d) 1054.40—1068.20 9.95 15.46-24.59 4.21 37.00
Sb,Tes The present work 1040.89—-1092.85 10.00 26.05-33.96 3.99 52.10

modulators, including MoS,, BP, graphene, and
Sb,Te;, have been employed to generate wavelength-
tunable pulse. In this work, comparatively large SNR
and mediate wavelength tunability range were ob-
tained. In addition, the pulse laser was realized with
the largest wavelength at 1092.9 nm. This result in-
dicates that Sb,Te; SA has the potential to output
stable wideband pulses.

4 Conclusions

A broadband tunable passive Q-switching YDF
laser based on Sb,Te; was experimentally demon-
strated for the first time. The Sb,Te; SA was suc-
cessfully fabricated with the flux zone method and a

modified mechanical exfoliation procedure. The
wideband saturable absorption properties of Sb,Tes
enabled a Q-switched pulse operation range of
1040.89 to 1092.85 nm. However, an even larger
central wavelength tunability range can be expected if
the cavity loss is further improved. The output power,
repetition rate, pulse duration, pulse train, RF signal,
pulse energy, and peak power of the Q-switching
pulse were recorded in detail at the wavelength of
1060.77 nm. Our results suggest that Sb,Te; has
wideband saturable absorption properties. With a
simple and convenient configuration, this broadband
tunable passive Q-switching fiber laser can be highly
attractive for applications in optical communication,
biomedical diagnostics, environmental sensing, and
other fields.
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