2D Materials in Ultrafast Lasers
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Ultrafast lasers are the key component of ultrafast photonics, which have come into practice in various fields, such as
micromachining, communication, medical procedures, gas detection, and remote sensing. With the advantages of
stability, compactness, and easy implementation, mode-locking and Q-switching are two notable techniques to achieve
ultrafast pulsed lasers, where SAs perform crucial roles in many types of ultrafast lasers, such as fiber, solid-state, and
waveguide lasers.
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| 1. Graphene

As the pioneer of 2D materials, graphene came to the first use as SA in 1.5-um region owing to the telecommunication
boom. In 2009, Hasan et al. first reported on an ultrafast laser mode-locked by a solution-processed graphene-polymer at
1557 nm with a pulse duration of ~800 fs [, Almost at the same time, Bao et al. demonstrated the use of graphene SA as
mode-locker in an erbium-doped fiber laser (EDFL) at 1565 nm, in which a graphene film was synthesized by CVD and
coated on the core of a fiber [&. Subsequently, Zhang et al. employed a graphene-polymer and atomic layer graphene as
SAs in an EDFL to achieve large-energy mode-locked pulses with single pulse energies of 3 and 7.3 nJ, respectively &,

Since this pioneering work, the applications of 2D materials including graphene in ultrafast lasers started flourishing 4. In
2010, Sun et al. proposed a broadband tunable ultrafast laser mode-locked by graphene at the central wavelengths
ranging from 1525 to 1559 nm with a pulse width about 1 ps near transform limitation 2. Such wavelength-tunable pulsed
lasers enjoy great potential in various applications, such as spectroscopy and sensing €. Figure 1a shows the
transmission electron microscope (TEM) image of the folded graphene flake. The output spectra, corresponding
autocorrelation traces, and output pulse train are shown in Figures 1b—d, respectively.
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Figure 1. The experimental results of mode-locked EDFL enabled by graphene SA. (a) TEM image of a folded graphene
flake. (b) Output spectra. (c) Autocorrelation traces. (d) Output pulse train. (a—d) adaped from &l

After abundant work on mode-locked lasers, graphene started to be applied in Q-switched lasers to gain pulses with high
pulse energy 4. Luo et al. first exploited graphene as SA to obtain Q-switched pulses in EDFL, which achieved dual-
wavelength pulses at 1566.17 and 1566.35 nm with a pulse width of 3.7 us and pulse energy up to 16.7 nJ €. In the next
year, a graphene-based Q-switched fiber laser with a tunable broadband between 1522 and 1555 nm was demonstrated



by Popa et al., in which a pulse width of 2 ym and pulse energy of 40 nJ were obtained &. Such a broadband laser could
be applied as the light source for metrology X9, biomedical diagnostics 111, and environmental sensing 12,

In 2012, Gao et al. reported on the first use of graphene SA in a Q-switched Er-doped yttrium aluminum garnet (Er:YAG)
laser at 1645 nm with a repetition rate of 35.6 kHz and maximum output power of 251 mW 221, Soon after that, Sobon et
al. realized a passive harmonic mode-locked EDFL with atomic multilayer graphene SA, where a high repetition rate of
2.22 GHz was achieved at the 21st harmonic 24!, In 2013, Fu et al. also reported on a 32nd harmonic mode-locked laser
with excellent stability, in which the supermode suppression was up to 50 dB and the signal-to-noise ratio (SNR) was
better than 67 dB (12, Cafiso et al. deployed monolayer graphene in a Chromium-doped YAG (Cr:YAG) laser, obtaining
stable mode-locked pulses with a short pulse duration of 91 fs 18],

In 2015, Sotor et al. integrated a CVD-grown graphene-polymer composite (60-layer) into a dispersion-managed fiber
laser and obtained a stretched mode-locked pulse of 88 fs in 1.5 ym 4. The study also validated that the modulation
depth of multilayer graphene was proportional to the number of its layers, which can reach up to the 10% level. In 2019,
Fu et al. demonstrated the bound states of solitons and harmonic mode-locking from a fiber laser based on graphene 18!,
The laser could produce 26th harmonic stable pulses with a pulse duration of 720 fs and an SNR of 65 dB at the repetition
rate of 409.6 MHz, which promoted the applications of graphene-based lasers, including spectroscopy and nonlinear
imaging.

The research of graphene-based ultrafast laser in 1 pm was carried out simultaneously along with that in 1.5 ym. In 2010,
Yu et al. reported on the first Q-switched ultrafast laser by employing graphene epitaxially grown on silicon carbide (SiC)
in a neodymium-doped YAG (Nd:YAG) crystal laser centered at 1064 nm, obtaining a maximum pulse energy of 159.2 nJ
(191, subsequently, Zhao et al. proposed the first mode-locked ytterbium-doped fiber laser (YDFL) based on CVD-grown
graphene film with a dissipative soliton pulse of 580 ps 2%, In 2011, a graphene-based Q-switched YDFL was
demonstrated by Liu et al. 2. In the experiment, the graphene polyvinyl-alcohol (PVA) composite was deposited on a
broadband reflective mirror, and the laser generated stable pulses with a pulse width of 70 ns at maximum output power
of 12 mW.

In 2011, Cho et al. proposed the first graphene-based solid-state laser with a tunable wavelength from 1.22 to 1.25 pm,
where stable 94-fs pulses with an SNR of 62.2 dB were achieved at a repetition rate of 75 MHz 22, In 2014, Zhao et al.
realized a rectangular pulsed fiber laser mode-locked by microfiber-based graphene, the operating wavelength of which
could be set to 1061.8 and 1068.8 nm by tuning the bandpass filter or rotating the polarization controllers 23],

In 2011, Wang et al. first used graphene as SA in a Q-switched thulium-doped YAG (Tm:YAG) laser at the wavelength of
2-um, achieving a pulse energy up to 1.74 pJ and a maximum average output power of 38 mwW 24, |n 2012, Ma et al.
reported on the first mode-locked laser enabled by graphene-polymer composite at 2018 nm with a pulse width of 729 fs,
where Tm-doped calcium lithium niobium gallium garnet (Tm:CLNGG) crystal was used as gain media [22]. Later, Zhang et
al. reported on a Tm-doped fiber laser (TDFL) mode-locked by graphene-polymer, achieving low-noise pulses with a pulse
width of 3.6 ps and an SNR of ~70 dB [28],

Liu et al. achieved the first Q-switched operation based on graphene SA in 2 ym, which possessed a pulse duration of
1.4 us and a single pulse energy of 85 nJ 2. These works laid the foundation for the applications of graphene SA in 2-um
region. In 2013, Fu et al. achieved a pulse energy up to 35 nJ in a graphene-based mode-locked Tm-Ho co-doped fiber
laser (THDFL), which possessed a tunable waveband from 1897.69 to 1930.27 nm [28]. Jiang et al. proposed an ultrafast

TDFL Q-switched by CVD-grown graphene SA with a maximum output power of 96 mW at the repetition rate of 202 kHz
29

In 2014, Zhao et al. achieved Q-switched pulses in a graphene-based holmium-doped YAG (Ho:YAG) ceramic laser,
obtaining a pulse energy up to 9.3 pJ B9, Furthermore, Fu et al. employed graphene as SA in ytterbium (Yb)-, Er-, and
Tm-Ho co-doped fiber lasers successively and all achieved passively mode-locking, which demonstrated the broadband
operation property of graphene in wide operating wavelengths from 1 to 2 ym 11,

As for the mid-IR region, the first graphene mode-locked Cr:Zinc Selenide (Cr:ZnSe) laser centered around 2.5 ym was
proposed by Cizmeciyan et al. in 2013 82, Soon after that, Tokita et al. reported on the first graphene Q-switched laser in
3 um by incorporating a graphene SA mirror in an Er-doped ZBLAN fiber laser, obtaining a repetition rate of 59 kHz, a
pulse width of 400 ns, and an average output power of 380 mW, respectively 53],

In 2015, Zhu et al. demonstrated a mode-locked fiber laser in 3-um region for the first time based on graphene SA mirror
(34 According to the results, mode-locked pulses had a pulse width of 42 ps at a repetition rate of 25.4 MHz. Without



stopping, the working wavelength of ultrafast mode-locked laser based on graphene kept extending, which reached up to
4.4 ym under Pushkin et al.’s work in 2020 B2,

Unfortunately, the application of graphene SA is limited due to its low absorption co-efficiency (2.3% per layer) and
absence of bandgap @38, However, the modulation depth of graphene increases with number of its layers, which enables
the remarkable performance of graphene in broadband operations 24, Additionally, other merits compared with
traditional SA, such as the ultrafast recovery time, lower saturation intensity, and wavelength-independent saturable
absorption, make graphene an outstanding SA that is widely used in mode-locked and Q-switched lasers 29381, |t s the
applications of graphene in ultrafast lasers that opened the curtain on the research of 2D materials in ultrafast photonics
with excellent performance.

| 2. Topological Insulators

Due to the similarity to graphene in band structure (39]1401[41] ' T|s, such as Bi2Te3, Bi2Se3, and Sb2Tes, have also been
widely studied and applied in ultrafast photonics. In 2012, Bernard et al. made a preliminary exploration of the optical
properties about Bi2Te3 and used it as SA to realize a mode-locked fiber laser in the 1.5-um region 2. Triggered by this
work, Zhao et al. also demonstrated a mode-locked laser based on Bi2Te3 that was fabricated by the hydrothermal
intercalation/exfoliation method 49,

Figure 2c,d shows the spectrum centered at 1558.4 nm and the pulse width of 1.86 ps. Scanning electron microscopy
(SEM) and TEM images of the as-prepared Bi2Te3 are shown in Figure 2a,b. Later, the saturable absorption property of
Bi2Se3 was experimentally investigated by Zhao et al. from a mode-locked fiber laser with a tunable waveband ranging
from 1557 to 1565 nm 2. This pioneering work paved the path for applications of Tls in ultrafast photonics.
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Figure 2. The experimental results of mode-locked EDFL enabled by Bi2Te3 SA. (a) SEM and (b) TEM images of
Bi2Te3 nanosheets prepared by the hydrothermal intercalation/exfoliation method. (¢) Soliton spectrum. (d)
Autocorrelation trace. (a—d) adapted with permission from 49, Copyright 2012 American Institute of Physics.

In 2013, Tang et al. obtained Q-switched operation from a Bi2Te3-induced Er:YAG ceramic laser at 1.645 pm with a
maximum output power of 210 mW, which indicated that TIs SAs could be suitable candidates for high-power applications
3] |n the same year, Chen et al. achieved a dual-wavelength fiber laser at 1545.85 and 1565.84 nm, and a wavelength-
tunable fiber laser ranging from 1510.9 to 1589.1 nm both Q-switched by Bi2Se3 successively, which confirmed the
potential of TIs in broadband optical operation 44!,

In 2014, Lee et al. demonstrated a femtosecond mode-locked fiber laser at the central wavelength of 1547 nm 43,
Different from previous work that used high-quality nanosheet-based Tls as mode-lockers, they used bulk-structured
Bi2Te3s fabricated by ME and finally obtained 600-fs pulses with an average output power of 0.8 mW. The results illustrated
that the bulk-structured TI could also be an efficient mode-locker with the advantages of low cost and easy fabrication.
After that, Liu et al. used a Bi2Se3-PVA composite as SA in an anomalous dispersion fiber ring laser and achieved
femtosecond mode-locked pulses of ~660 fs with an SNR more than 55 dB, indicating its high stability (48],



Sotor et al. reported on the first stretched-pulse mode-locked laser based on TIs. In this work, they deposited bulk
Sbh2Te3 on the side-polished fiber and spliced it to a dispersion-managed laser resonator, which generated 128-fs pulses
with an average output power of 1 mW (44, |n 2015, Yan et al. proposed a passive harmonic mode-locked fiber laser
operating at 1562.4 nm enabled by a Bi2Tes film SA, where the microfiber-based Tl SA was fabricated by the PLD method
for the first time 28], As a result, stable fundamental mode-locking was demonstrated with a pulse width of 320 fs and an
output power of 45.3 mW at the repetition rate of 2.95 GHz.

In 2015, the dissipative solitons operation of a fiber laser based on Sb2Te3 was proposed by Boguslawski et al. for the first
time, which possessed a central wavelength of 1558 nm with a pulse duration of 167 fs and pulse energy of 0.21 nJ 2, |n
2019, Wei et al. reported a passively mode-locked all-fiber EDFL based on CVD-grown Bi2Te3 film with the maximum
output power, as well as pulse energy of 40.37 mW and 23.9 nJ 9. [ ater, Guo et al. employed CVD-grown Bi2Se3 as SA
in a bidirectional pumped laser cavity, raising the parameters to 82.6 mW and 48.3 nJ 21 and 185.3 mW and 171.3 nJ 52,
successively. The improvement of the parameters validated that CVD-grown Bi2Se3 exhibits a remarkable capability in
high power mode-locked lasers.

In 2013, Luo et al. proposed the first passively Q-switched YDFL based on Bi2Se3 at 1067 nm, indicating that Tls SAs had
come on the stage in ultrafast lasers at 1 ym 53, In 2014, Li et al. achieved both Q-switched and Q-switched mode-locked
operation in a solid-state laser in 1-um band by using a Bi2Te3 SA mirror, obtaining the maximum output power of 183 and
247 mW, respectively B4, Shortly afterward, Chi et al. reported on the generation of all-normal-dispersion dissipative-
soliton pulses with a bulk Bi2Te3 at 1.06 ym 551, At a repetition rate of 1.44 MHz, stable mode-locked pulses had a pulse
duration of 230 ps. Equally important is that Dou et al. also exploited Bi2Se3 as SA in an all-normal-dispersion YDFL,
which possessed a pulse width of 46 ps and maximum average output power of 33.7 mW at 44.6 MHz (28],

In 2015, Xu et al. achieved Q-switched operation at 1313 nm by using LPE-prepared Bi2Se3 nanosheets as SA and
Nd:LiYF4 (YLF) crystals as the gain medium, obtaining pulse energy up to 1.23 pJ at a repetition rate of 161.3 kHz B,
Later, Xu et al. proposed passively Q-switched mode-locked Nd:yttrium vanadate lasers enabled by large-size
Bi2Tes sheets at 1064 and 1342 nm separately both with a short pulse duration of a nanosecond, revealing the promising
application of large-size Bi2Te3 in high-energy short pulse generation 58!,

In 2018, Wang et al. demonstrated an all-solid-state mode-locked laser based on a large-area Bi2Te3 SA mirror prepared
by the spinning coating-co-reduction approach (SCCA), which had a repetition rate up to 1 GHz, output power up to 180
mW, and SNR of 61 dB 29, These results indicates that Tls could be potential SAs in solid-state lasers for the generation
of highly stable ultrafast pulses.

In 2014, Luo et al. employed Tls as SA in a Q-switched TDFL at 1.98 um for the first time, where TI-Bi2Se3 nanosheets
were prepared by the LPE method €9, Later, the first mode-locked fiber laser based on Bi2Te3 in the 2-um region was
obtained by Jung et al. 84, They utilized the bulk-structured Bi2Te3 prepared by ME and achieved 795-fs pulses at a
repetition rate of 27.9 MHz. In 2015, Yin et al. demonstrated the generation of stable bunched solitons and harmonically
mode-locked solitons in a Bi2Te3-based mode-locked THDFL, obtaining a pulse duration of 1.26 ps at a repetition rate of
21.5 MHz €2,

Compared with Bi2Te3, the other commonly used Tl (Bi2Se3) was applied to mode-locked fiber lasers in 2 pm very late
until 2018, when Lee et al. proposed a mode-locked THDFL enabled by a bulk-structured Bi2Se3 with a pulse duration of
~853 fs 831, |n the same year, Loiko et al. demonstrated a Q-switched thulium-doped gadolinium vanadate laser based on
a Sh2Tes film that was fabricated by the MSD method, obtaining a maximum average output power of 0.70 W at the
repetition rate of ~200 kHz [64],

In 2015, Yin et al. reported on the first mid-IR fiber laser mode-locked by Bi2Te3 SA mirror at 2830 nm with a pulse
duration of ~6 ps and maximum pulse energy up to 8.6 nJ [, Lj et al. achieved passively Q-switched operation in a Ho-
doped ZrF4-BaF2-LaF3-AlF3-NaF (ZBLAN) fiber laser induced by Bi2Te3 SA, which produced high-energy pulses with a
maximum output power of 327.4 mW and pulse energy of 3.99 pJ B8l This work indicated that Tls could be reliable SAs
for mid-IR pulse generation.

In 2016, Tang et al. demonstrated a Q-switched Er-doped ZBLAN fiber laser by utilizing Bi2Te3 as SA, which possessed
an average power up to 856 mW at the repetition rate of 92 kHz 87, In 2018, Li et al. reported on a miniaturized all-fiber
Ho-doped fiber laser (HDFL) Q-switched by Bi2Se3 nanosheets, in which the shortest pulse duration was 1.54 ps at the
maximum output power of 315 pw [68],



As another 2D material widely applied in ultrafast photonics right after graphene, TIs enjoy various merits, including
broadband saturable absorption properties, a large nonlinear refractive index, and an innate giant modulation depth (up to
950%) A6 Therefore, TIs have been considered as remarkable SAs for the generation of ultrashort, high energy, and
high repetition rate pulses within a wide wavelength ranging from visible to mid-IR regions BUIAIAIZS]  However, the
relatively slow relaxation time, complicated fabrication process, and relatively low mode-locking stability limit the
applications of Tls in ultrafast photonics Z4IBAZ5],

In addition, although Sb2Te3 SA demonstrated reliable performance in ultrashort and high power pulses generation 8127,
the majority of applications focus on the telecommunication band. Hence, it is worthwhile to explore more operating
wavelengths of Sh2Te3 SA. Apart from that, more fabrication methods for Tls with lower cost and easier manipulation, as
well as applications in a higher wavelength band of mid-IR region also need to be further studied.

| 3. Transition Metal Dichalcogenides

Since Wang et al. investigated the excellent saturable absorption properties of MoS2 at 800 nm [Z8, TMDs, such as MoS2,
MoSe2, WS2, and WSe2, have come to the stage of ultrafast photonics applications. In 2014, Zhang et al. first reported on
a mode-locked fiber laser at 1054.3 nm with a pulse width of 800 ps, in which a few-layer MoS2 film was fabricated
through the hydrothermal exfoliation method 2. Later, the first Q-switched fiber laser based on a MoS2-polymer
composite SA was demonstrated by Woodward et al. obtaining a typical Q-switched pulse operated at 1068.2 nm with a
pulse width of 2.7 ps B9, Xu et al. realized a Q-switched solid-state laser by employing LPE-prepared MoS2 nanosheets in
an Nd:yttrium aluminum perovskite (Nd:YAP) laser cavity, where high energy pulses with a peak power of 4.92 W were
generated, revealing the promising potential of MoS2 SA for ultrafast solid-state lasers 11,

In 2015, Zhao et al. proposed a simple chemical weathering-assisted exfoliation method to fabricate MoS2 and
WS2 monolayers, which exhibited extraordinary performance in Q-switched and mode-locked all-solid-state lasers 82,
Based on this fabrication method, Hou et al. further disposed WS2 through ultrasonic treatment and used it as SA to
obtain a mode-locked Yb:YAG laser with a pulse duration of 736 fs at a repetition rate of 86.7 MHz, further proving that
WS2 could be an excellent SA for ultrafast solid-state lasers B2, In the same year, Lin et al. demonstrated the first tunable
Q-switched YDFL based on WS2 that prepared by the intercalation method, and the SEM image is shown in Figure 3a
(84 As shown in Figure 3b—d, the typical Q-switched pulses operated at 1048.1 nm with a pulse duration of 1.65 ps and
an SNR of ~50 dB at the repetition rate of 81.5 kHz.
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Figure 3. The experimental results of Q-switched YDFL enabled by WS2 SA. (a) SEM image of WS2 nanoplates. (b)
Output spectrum, (c) single pulse profile, and (d) radio frequency (RF) spectrum at the repetition rate of 81.5 kHz. (a—d)
adapted from [84],

In 2016, Cheng et al. reported on waveguide Nd:YAG lasers passively Q-switched by CVD-grown MoSe2 and
WSe2 respectively, both achieving nanosecond pulse durations B2, Adopting almost the same scheme, Wang et al.
realized Q-switched Nd:YAG lasers based on WS2 solution of different concentrations 8. By changing the concentrations
of the WS2 solutions, they uncovered that the pulse width decreased and the repetition rate rose along with the increase
of concentration.



In 2014, Liu et al. demonstrated a femtosecond mode-locked fiber laser at 1569.5 nm with a pulse duration of 710 fs, and
a repetition rate of 12.09 MHz by exploiting a firmly MoS2-PVA composite as SA, which was the first application of
MoS2 SA in a telecommunication band 4. Following this work, Liu et al. realized a high-order passively harmonic EDFL
mode-locked by microfiber-based MoS2 SA B8l According to the results, the laser achieved highest harmonic order of
369th at the repetition rate of 2.5 GHz. Soon after that, stable Q-switched operation based on MoS2 with a widely tunable
waveband from 1519.6 to 1567.7 nm was achieved by Huang et al. which possessed a maximum pulse energy of 160 nJ
and an SNR of 50 dB 89,

Considering the defect of the polymer binder for decreasing the damage threshold, Khazaeizhad et al. coated the
MoS2 film on a side-polished fiber to fabricate a polymer-free MoS2 SA. They used it to obtain not only dissipative soliton
pulse trains with a bandwidth of 23.2 nm in the normal dispersion regime but also soliton-like pulses of 637 fs in the
anomalous dispersion regime 9. In addition to MoS2, WSz is also used as a SA for generating ultrashort pulses. In 2015,
Mao et al. uncovered the ultrafast saturable absorption property of WS2 nanosheets with the merit of a high damage
threshold and used it as SA to achieve stable soliton mode-locking 2. In pace with this work, stable Q-switched and
femtosecond mode-locked operation in the EDFL based on LPE-grown WS2 were also reported by Kassani et al. and
Khazaeinezhad et al. separately 221231,

Yan et al. realized a harmonic mode-locked EDFL by inserting WS2 film-SA synthesized through the PLD method, where
the 53rd harmonic with a pulse width of 452 fs and an SNR of 65 dB was obtained at the repetition rate of 1.04 GHz [24],
This work revealed that WS2 could be an outstanding mode-locker and Q-switcher in ultrafast photonics. In the same
year, MoSe2 was first exploited as SAin 1.5 um by Luo et al. who embedded few-layer MoSe2 in a polymer composite and
achieved mode-locked soliton pulses with a pulse duration of 1.45 ps 3. In 2016, Koo et al. utilized a MoSe2-PVA
composite to demonstrate a femtosecond harmonic mode-locked fiber laser with a maximum harmonic order of 212th at
the repetition rate of 3.27 GHz, which is the largest repetition rate achieved by 2D material-based lasers to date 28!,

In 2017, Liu et al. transferred PLD-prepared WS2 on a small waist diameter tapered fiber along with a long fused zone
covered by a gold film to obtain a SA that had a large modulation depth 4. Thus, highly stable pulses with an SNR up to
93 dB and a pulse duration of 67 fs were obtained, which was the shortest pulse duration achieved in mode-locked fiber
lasers based on TMDs, confirming the promising future of WS2 in ultrashort pulse generation. In 2018, a Q-switched
EDFL based on CVD-grown MoSe2 was reported by Liu et al. which emitted 207-fs pulses with an SNR of 85 dB, further
indicating that the combination of the CVD method and the tapered fiber structure is conducive to fabricate high
performance SAs for the generation of stable ultrashort pulses 281,

In 2014, by introducing suitable defects in the process, Wang et al. fabricated a type of few-layered MoS2 with large
broadband saturable absorption extending to 2.4 ym 22, The MoS2 was applied to demonstrate Q-switching in solid-state
lasers at 1.06, 1.42, and 2.1 um separately. Later, Luo et al. reported on broadband Q-switched fiber lasers by using a
few-layer MoS2-PVA composite SA at different wavelengths, where the span of the wavelengths covered from 1 to 2 um
(200 Their work indicated unambiguously that few-layer MoS2 was a promising broadband SA. In 2015, Kong et al.
realized both Q-switching and Q-switched mode-locking in a Tm:CLNGG laser induced by MoS2 golden mirror SA (1041,

Subsequently, the first mode-locked operation based on MoS2 in 2 ym was achieved by Tian et al., who obtained a pulse
energy of 15.5 nJ and a repetition rate of 9.67 MHz 192 |n the same year, Jung et al. proposed the first application of
WS2 in an ultrafast mode-locked fiber laser at 1941 nm with an SNR up to 72 dB (193] |n 2017, Lee et al. achieved a
femtosecond mode-locked fiber laser at 1912 nm based on MoSe2-PVA composite SA with a pulse duration of ~920 fs
and a repetition rate of 18.21 MHz 224, Another relatively typical TMD, WSe2, was not used as a SA in the 2-um region
until 2018 by Wang et al., who demonstrated mode-locked soliton pulses had a pulse duration of 1.16 ps and an average
output power of 32.5 mW at a repetition rate of 11.36 MHz [£05],

In 2016, TMD SA started to be applied in the 3-um region. Fan et al. reported on a Q-switched Er:lutetium oxide
(Er:Lu203) laser at the central wavelength of 2.84 pym induced by a few-layer MoS2-based SA, which possessed a
repetition rate of 121 kHz and pulse energy of 8.5 uJ, corresponding to a Watt-level average output power of 1.03 W 198,
Subsequently, Wei et al. achieved Q-switched operation in a fiber laser based on WS2 at 2865.7 nm 1%, The above are
the early demonstrations of TMD SA for Q-switching in 3 um, which indicated the potential of TMD SA applied in the mid-
IR region.

In the next two years, Q-switched solid-state lasers in 3 ym based on MoS2 and WSe2 were demonstrated by Zhang and
Liu et al. successively 208112091 |n 2020, Guo et al. achieved mode-locked operation based on CVD-grown WSe2 SA mirror



at 2789.6 nm with a maximum average output power of 360 mW and a repetition rate of 42.43 MHz, which is the first time
TMD severed as mode-locker in the 3-um region 10,

Many merits of TMDs, such as layer-dependent bandgap and broadband operation, enable them as outstanding SAs from
the visible to mid-IR regions 2499 especially in the Q-switched operation BALL However, the relatively large direct
bandgap and low optical damage threshold limit the applications in long operating wavelength as well as in high power
lasers 112, Additionally, the commonly used methods for integrating TMD SAs thus far are either complex and difficult, or
induce additional insertion loss to the cavity, which is worthy of optimization to achieve more fruitful results in the mid-IR
region.

For example, Liu et al. prepared a WS2/SiO2 SA by the sol-gel method to overcome the shortcomings of scattering loss
and a low optical damage threshold, as well as to achieve long-term stable mode-locked pulses under high power
operation 131 Furthermore, although MoS2, MoSe2, WS2, and WSe2 have been widely studied and applied, other TMDs,
such as SnS2, SnSe2, and platinum diselenide, which show exceptional excellent properties, also deserve more
investigation regarding ultrafast photonics :14I[115][116][117][118]

| 4. Black Phosphorus

After the broadband nonlinear optical response of BP was reported in 2015 28 Chen et al. utilized BP as SA to realize not
only mode-locking at 1571.45 nm with a pulse duration down to 946 fs but also Q-switching at 1562.87 nm with a
maximum pulse energy of 94.3 nJ 4, Later, Li et al. achieved mode-locked operation based on BP with a pulse duration
of 786 fs and Q-switched operation with a maximum pulse energy of 18 nJ in the telecommunication band 12, They also
studied the linear and nonlinear absorption properties of BP and found that it was polarization and thickness dependent.

In 2016, Chen et al. demonstrated the generation of stable mode-locked soliton pulses with a tunable wavelength
extending from 1549 to 1575 nm by incorporating LPE-prepared BP into an all anomalous dispersion Er-doped cavity 129,
In the same year, Song et al. achieved a vector soliton fiber laser mode-locked by BP for the first time, where the LPE-
prepared BP nanoflakes were transferred onto the end facet of a fiber 121, According to the results, stable 670-fs soliton
pulses centered at ~1550 nm were obtained with a fundamental repetition rate of 8.77 MHz and an SNR of ~60 dB.

In 2017, a dual-wavelength mode-locked vector soliton fiber laser based on few-layer BP centered at 1533 and 1558 nm
with a pulse duration of ~700 fs was proposed by Yun et al. which validated the potential of BP SA for ultrafast vector
soliton generation 222, |n 2018, Jin et al. obtained stable stretched pulses in a mode-locked EDFL based on inkjet-printed
BP with a shorter pulse duration of 102 fs and a wider bandwidth of 40 nm compared with previous reports. According to
the results, the SNR was up to 60 dB, and the stable mode-locked operation could be maintained for a long time (>10
days), which indicated that the laser experiences long-term stability 231,

In 2015, Zhang et al. reported on a mode-locked solid-state laser based on BP SA mirror at 1064.1 nm with a pulse width
of 6.1 ps and average output power of 460 mW 124 |n the same year, Ma et al. realized the first Q-switched solid-state
laser enabled by BP at the central wavelength of 1046 nm where passively Q-switched pulses had an average output
power of 37 mW at the maximum repetition rate of 113.6 kHz, corresponding to a pulse energy of ~325.7 nJ 123, Their
works opened the way for BP SA in applications of ultrafast lasers in 1 ym.

In 2016, Al-Masoodi et al. demonstrated Q-switched operation in a BP-based YDFL, achieving a pulse energy of 328 nJ at
the repetition rate of 32.9 kHz 128, Then, Su et al. obtained femtosecond pulses of 272 fs in a solid-state laser mode-
locked by BP for the first time with the maximum average output power as high as 0.82 W 224, Rashidet et al. proposed a
dual-wavelength Q-switched laser with a BP thin film operated at 1038.68 and 1042.05 nm 128l |n addition, Ahmad et al.
proposed a wavelength-tunable BP-based Q-switched fiber laser at an operational wavelength ranging from 1056.6 to
1083.3 nm 129,

In 2017, Huang et al. achieved a Q-switched laser at 1064 nm where microfibers were sandwiched by BP flakes to
integrate SA, providing an effective way to prolong the life of BP flakes by isolating them from the air 239, |n 2019, Wang
et al. demonstrated both Q-switched and mode-locked lasers based on BP by inserting polarization-maintaining fiber
Bragg gratings 131, The operating wavelength could be turned to 1063.8 and 1064.1 nm, respectively, as well as
concurrently.

Following the initial applications in 1 ym, BP began to be used in the eye-safe region of 2 ym. In 2015, Sotor et al. first
reported on a mode-locked fiber laser enabled by mechanically exfoliated BP films at 1910 nm with a pulse duration of
739 ps and an average output power of 1.5 mW at a repetition rate of 36.8 MHz (132, |n 2016, Yu et al. achieved the first



Q-switched operation in 2 ym based on BP with the shortest pulse width of 731 ns. Figure 4a shows the SEM image of
the LPE-prepared BP. As shown in Figure 4b—d, the laser produced 1.21-ps pulses with the central wavelength of 1912
nm and an SNR of 32.8 dB at the repetition rate of 79.8 kHz (1331,
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Figure 4. The experimental results of Q-switched THDFL enabled by BP SA. (a) SEM image of LPE-grown BP
nanoplatelets. (b) Single pulse profile, (¢) output spectrum, and (d) RF spectrum at a repetition rate of 113.3 kHz. (a—d)
adapted from [133],

Later, the earliest solid-state laser Q-switched by BP in 2 ym was demonstrated by Chu et al., who achieved the shortest
pulse duration of 1.78 us at the repetition rate of 19.25 kHz, corresponding to a pulse energy of 7.84 uJ 134l Then, Zhang
et al. reported on a dual-wavelength Q-switched Tm:YAP bulk laser operating at 1969 and 1979 nm, which further proved
the capability of BP for Q-switched operation in 2 ym 1331, When it came to 2017, Pawliszewska et al. proposed the first
use of BP SA as a mode-locker in HDFL, where harmonic operation up to 10th order was demonstrated with a pulse
duration of 1.3 ps at the repetition rate of 2900 MHz [138],

In 2015, Qin et al. demonstrated Q-switched operation at 2.8 ym based on a BP SA mirror for the first time obtaining a
maximum average output power of 485 mW and pulse energy of 7.7 uJ 37, without stopping, in the next year, they
adopted the same method to fabricate BP SA and obtained a mode-locked Er-doped ZBLAN fiber laser with a pulse
duration of 42 ps and a repetition rate of 24 MHz, which promoted the applications of BP as SA for ultrafast lasers in the
mid-IR region (138, |n 2016, Kong et al. reported on a BP-based Q-switched Er:Y203 ceramic laser at 2.72 ym with a pulse
energy of 0.48 uJ at 12.6 kHz (139,

Soon after that, Li et al. inserted LPE-prepared BP into rare earth ion doped fluoride fiber lasers to realize mode-locked
and Q-switched operation, respectively, thus, further enhancing the working wavelength of BP-based fiber lasers 149, |n
the same year, a dual-wavelength Q-switched solid-state laser at 2.79 um was demonstrated by Liu et al. 141 They
adopted BP nanoflakes as SA in an Er:strontium fluoride (Er:SrF2) bulk laser that generated 702-ns pulses at a repetition
rate of 77.03 kHz.

In 2018, Qin et al. demonstrated both mode-locked and Q-switched lasers in 3.5 ym enabled by BP SA, which was the
first time mode-locking and Q-switching are operated in such a high spectral region, validating the superb potential of BP
as SA in the mid-IR region. In 2019, Woodward et al. reported on a dysprosium-doped fiber laser Q-switched by BP SA
with a tunable wavelength from 2.97 to 3.32 um by using an acousto-optic tunable filter [142],

Benefiting from the layer-dependent direct bandgap that can be broadly turned from ~0.3 (bulk) to ~2 eV (monolayer), BP
stands out as an excellent filler between zero-bandgap graphene and wide-bandgap TMDs [143I[144I[145] Ajthough BP can
be fabricated conveniently with low cost 137, its instability in air and water molecules requires relatively strict conditions
for its preparation and operation, which restricts the application especially in high power regimes 148I[1471148]  For now,
there is a need for more research on not only economic fabrication methods for stable BP SA but also its application in
certain types of ultrafast lasers; for example, harmonic mode-locked lasers with high repetition rate pulses, which possess
critical applications in optical communication 249, spectroscopy 229, and frequency bombing (1541,
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