/i\

Check for
updates

Vol. 45, No. 2 /15 January 2020 / Optics Letters 419

Optics Letters

SnSSe as a saturable absorber for an ultrafast
laser with superior stability

WENJUN Liu,"2

MenNGLI Liu,' Ximel Liu," MiNG LE1,"® AND ZHIYI WEI>*

'State Key Laboratory of Information Photonics and Optical Communications, School of Science, Beijing University of Posts and

Telecommunications, Beijing 100876, China

2Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

3e-mail: mlei@bupt.edu.cn
*Corresponding author: zywei@iphy.ac.cn

Received 10 October 2019; revised 21 November 2019; accepted 1 December 2019; posted 5 December 2019 (Doc. ID 380183);

published 10 January 2020

Compared with SnS, and SnSe;, SnSSe shows high hole
mobilities and short relaxation time, resulting in potential
applications in photoelectric devices. Here SnSSe is investi-
gated for the ultrashort pulse generation in the mode-locked
fiber laser. The prepared SnSSe saturable absorber (SA)
exhibits a large modulation depth of 56.75%. Because of the
saturable absorption characteristic of the SnSSe SA, mode-
locked pulses as short as 158.6 fs with a signal-to-noise
ratio of 94 dB are obtained at 1560.9 nm. The nonlinear
exploration of SnSSe offers the possibility to explore further
applications of SnSSe in near-infrared regions, especially for
ultrafast photonic devices and modulators. © 2020 Optical
Society of America

https://doi.org/10.1364/0L.380183

The fiber laser has aroused much attention due to advantages
such as compact structure and beam quality [1-4]. Up to now,
the femtosecond fiber laser has not only held a critical position
in the fields of material micromachining, medicine, aerospace
and photo-communication [5-8], but also has greatly driven
the innovation of relevant disciplines. For instance, an optical
frequency comb based on an ultrafast laser can improve mea-
surement accuracy and sensitivity [9,10]. Femtosecond optical
ranging in biological systems can be used to investigate the
optical properties and microstructure of research targets [11].

The rapid growth of scientific and commercial requirements
has greatly promoted the development of ultrafast photon
technology [12-16]. With the rise of two-dimensional (2D)
materials, the research of ultrafast lasers based on saturable
absorbers (SAs) has begun to usher in an upsurge of devel-
opment. The materials of the SA have been extended from
classical graphene [17,18], topological insulators (TT) [19,20],
black phosphorus (BP) [21,22] and transition-metal dichalco-
genides (TMDs) [23-28] to new materials, including MXene,
bismuthene, and BP quantum dots etc. [29-31].

Meanwhile, the imperfections of existing SAs open the door
for other competitors. In recent years, SnSSe has shown poten-
tial application in photoelectric devices and can be considered
as a promising candidate for SA [32]. The bandgap of SnSSe
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is adjustable in the range of 1.08-1.25 ¢V, which is the opti-
mum value of the solar spectrum [33]. In addition, it has been
reported that SnSSe shows higher hole mobilities compared
with SnS; or SnSe; [34-36]. Meanwhile, the relaxation time of
SnSSe is shorter than that of SnS, or SnSe,, which indicates that
it has greater potential in the realization of ultrafast photonics
[35,36].

In this Letter, a fiber laser was used for exploring the nonlin-
earity properties of SnSSe. The obtained SnSSe film exhibited
high crystallinity and quality. In the measurement of non-
linear absorption, SnSSe exhibited a large modulation depth
of 56.75% and low saturation intensity of 1.5 MW/cm.? In
combination with a ring laser resonator and SnSSe SA, a stable
mode-locked system was demonstrated at 1560.9 nm with
a bandwidth of 28.67 nm. The pulse duration obtained was
158.6 fs. To the best of our knowledge, this is the first successful
application of SnSSe in fiber lasers, which reveals not only the
optical nonlinearity of SnSSe, but also the enormous potential
in ultrafast photonics.

With the chemical vapor transport (CVT), SnSSe is trans-
ported within a certain temperature gradient with the aid of the
transfer agent to produce high-quality crystals. Then, with the
help of a polymethyl methacrylate (PMMA) transfer method,
PMMA-coated SnSSe is transferred to the fiber ferrule, and the
PMMA is dissolved by acetone. In the experiment, SnSSe film
is switched between two fiber ferrules, this integrated structure
offers convenience for experiment and storage, and further pro-
vides stringent optical constraints to enhance the light-material
interaction.

The surface morphology is exhibited in Fig. 1(a) using atomic
force microscopy (AFM). The reference surface and film reveal
a certain thickness difference, as shown in Fig. 1(b), which indi-
cates that the thickness of the prepared SnSSe film is 109 nm.
Figure 1(c) is the Raman spectrum of SnSSe, the obvious E,
and Aj, peaks are consistent with previous results [37]. The
chemical element composition analysis of this ternary com-
pound is investigated by X-ray photoelectron spectroscopy
(XPS). In Fig. 1(d), the main peak near 54 ¢V is considered to
be a combination of two peaks centered at 54.5 and 53.7 ¢V,
which are related to Se 3ds/, and Se 3ds,,, respectively. This is
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Fig. 1. Characterizations of SnSSe. (a) AFM micrographs of SnSSe;
(b) height difference between SnSSe and datums; (c) Raman spectrum
of SnSSe; (d) XPS spectra of Se 3d, (¢) Sn 3d, and (f) S 2p, Se 3p in
SnSSe.

the obvious sign that Se? exists in the sample. From Fig. 1(e),
the peak separation between Sn 3d3,, (495.1 eV) and Sn 3ds,,
(486.6 €V) is nearly 8.5 eV, which indicates the existence of Sn
in IV. It is worth mentioning that the peak at 486.6 €V is also
related to the S-Sn bond. From Fig. 1(f), the orbital peaks of
Se 3p, 5, Se 3ps,, and S 2p are located, respectively, at 166,
161.7, and 162.6 eV, which proves once again the existence of S
element and further shows the coexistence of elements Se and S
[38]. The above results demonstrate the successful preparation
of SnSSe.

From the absorption curve of the SnSSe SA in Fig. 2(a), SnSSe
shows a linear transmission of 75% at 1560.9 nm and presents
the optical properties of SnSSe. At the same time, the bandgap
of SnSSe is estimated to be 0.6 eV, which indicates that the
SnSSe SA can operateina2 m region. By using a two-terminal

Fig. 2.
SnSSe SA.

(a) Linear and (b) nonlinear absorption spectrum curve of

Letter

power-dependent measurement mentioned in our previous
research [26], the nonlinear absorption properties of SnSSe SA is
revealed. The laser source centered at 1550 nm with 700 fs pulse
duration and a 120 MHz repetition rate is used. As shown in
Fig. 2(b), the absorptive capacity gap up to 56.75% at low- and
high-intensity light irradiation is observed. Meanwhile, the low
saturation intensity of 1.5 MW /cm?” and small unsaturated loss
0f25.35% are obtained.

An all-fiber erbium-doped fiber laser (EDFL) is established
to investigate the optical nonlinearity of SnSSe, as shown in
Fig 3. The driving source of the entire cavity is 2 976 nm laser
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Fig. 3. Optical nonlinear verification platform for SnSSe: an

all-fiber EDFL.
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Fig. 4. (a) Pulse sequence, (b) spectrum, (c) autocorrelation

trace after a sech’ ficting, and (d) RF spectrum of the established
mode-locked EDFL.
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Fig.5. (a) Functional relationship between the output power of the

EDFL and the pump power; (b) output power stability monitoring up
to15h.
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(fs) Frep (MHz) SNR(dB) OutputPower (mW) Reference

Table 1. Comparison of Mode-Locked Lasers Based on Various 2D Materials
Materials Saturation Intensity Nonsaturated Loss Modulation Depth

Graphene 190 J/cm? 65% 11%

BP - - 0.6-4.6%

Sb, Tes 31 MW /cm? 43% 6%

MoS, 2.02 MW /cm? 14.74% 10.69%

MoSe, 7.747 MW /cm? 46.46% 22.57%

WS, 157.6 MW /cm? 45.9% 15.1%

SnSSe 1.5 MW /cm? 25.3% 56.75%

88  21.15 65 15 [42]
272 28.2 65 0.5 [43]
270 34,58 70 1 [44]
960 12.99 55 - [45]
207 64.6 85 - [16]
1490 0.487 71.8 62.5 [46]
158.6  74.9365 94 17.12 This work

diode (LD), the maximum output power of which is 630 mW.
Light from the LD passing through a 980/1550 nm wavelength
division multiplexer (WDM), pumped a 0.4 m EDF which
owns the GVD of 12 ps*/km for the optical amplification
effect of intra-cavity pulses. An isolator (ISO) is incorporated
into the cavity to prevent the generation of reverse light, which
ensures the unidirectional transmission of light and avoids the
accidental damage of reverse light to optical devices. After a
SnSSe SA is incorporated into the laser, a polarization controller
(PC) is employed to control the intra-cavity polarization state
and birefringence to optimize the working state of the laser.
20% of optical signals are exported through a 20/80 optical
coupler for real-time optical signal characteristic detection.
The measuring equipment used for optical signals is the oscillo-
scope (Tektronix DPO3054), radio-frequency (RF) spectrum
analyzer (Agilent E4402B), and optical spectrum analyzer
(Yokogawa AQ6370C).

The minimum pump power sufficient to support mode-
locked output is 148 mW. With the continuous increase of
power, the system maintains stable mode-locked pulse output.
Figure 4 shows a summary of the performance of the mode-
locked EDFL when the output power of the pump reaches a
maximum of 630 mW. Figure 4(a) are the uniform mode-locked
pulse trains observed on an oscilloscope, the time interval of
which is 13.34 ns. Figure 4(b) is the optical spectrum of the
mode-locked EDFL with symmetrical Kelly sidebands. The
spectrum remains in shape during long-term monitoring with
3 dB bandwidth of 28.67 nm at a 1560.9 nm center wave-
length. The autocorrelation trace after a sech” fitting is shown
in Fig. 4(c), which demonstrates that the pulse duration is
158.6 fs. The RF spectrum has a fundamental repetition rate at
74.9 MHz in Fig. 4(d), which indicates that the mode-locked
operation shows a signal-to-noise ratio (SNR) above 94 dB
at the narrow resolution bandwidth (RBW) of 20 kHz. The
broadband RF spectrum in the range of 1 GHz is recorded in the
illustration of Fig. 4(d). The decreasing trend of the RF intensity
is determined by the intrinsic property of photodetectors called
the frequency response characteristic. According to previous
research [39], there is no Q-switched phenomenon, and the
system is stable.

In Fig. 5(a), the functional relationship between the output
power of the EDFL and the pump power is revealed. The maxi-
mum output power of the mode-locked EDFL is 17.65 mW.
The output power performance of a laser at the highest pump
power is monitored in Fig. 5(b). During 15 h of monitoring
the output power, a calculated standard deviation is 0.157 mW,
which indicates the excellent stability of the system.

After SnSSe SA is removed from the cavity, no mode-locked
pulse can be obtained. Our experiments show that SnSSe

exhibits a SA property at 1560.9 nm (0.794 ¢V), which is lower
than the bandgap of SnSSe in Ref. [33]. In fact, the sub-band
absorption has been widely observed in TMDs. Although
the internal mechanism is still uncertain, some researchers
have theoretically proved that the defect state can reduce
the bandgap of TMDs, and this theory has been accepted
[40,41]. Therefore, as an analog of TMDs, SnSSe shows similar
sub-band absorption due to the defect state.

A comparison of mode-locked lasers based on various 2D
materials is shown in Table 1. According to Table 1, the prepared
SnSSe SA has the maximum modulation depth of 56.75%,
which is beneficial to the generation of ultrashort pulses [47].
Additionally, the nonsaturated loss is lower than that of most
saturable absorption devices. Moreover, the SnSSe-based laser
exhibits an SNR above 94 dB, which indicates the excellent
stability of the laser. From the performance comparison of the
laser, SnSSe is not inferior to the materials commonly used in
the past, such as graphene, BP, and TT. Its potential in ultrashort
pulse generation prompts further research for its application in
ultrafast photonics.

In summary, we have demonstrated the optical nonlinearity
of CVT-grown SnSSe nanosheets in the passively mode-locked
EDFL. The prepared SnSSe SA shown a large modulation depth
0f 56.75%. After SnSSe SA is applied to the EDFL system, sta-
ble pulses with a pulse duration of 158.6 fs have been observed.
The mode-locking operation at 1560.9 nm with a 28.67 nm
bandwidth has shown a SNR above 94 dB, which indicated
low-amplitude fluctuations and high stability of the system.
To the best of our knowledge, this is the first time that the opti-
cal nonlinearity of SnSSe has been investigated in fiber lasers.
The excellent performance of the EDFL system in generating
ultrashort pulses with high stability demonstrates that SnSSe is a
promising candidate for ultrafast photonic devices.
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