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Ultrashort pulse lasers have vital significance in the field of ultrafast photonics. A saturable absorber (SA) as the
core device to generate ultrashort pulses has innovative design strategies; the most interesting of which is the
integration strategy based on 2D materials. This review presents recent advances in the optoelectronic properties
of 2D materials and in the way the materials are prepared, characterized, and integrated into devices. We have
done a comprehensive review of the optical properties of materials and material-based devices and their current
development in the field of fiber lasers and solid-state lasers. Finally, we offer a look at future applications for 2D

materials in ultrafast lasers and their prospects.
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1. INTRODUCTION

Ultrafast pulses have extensive applications in nonlinear imag-
ing and microscopy [1,2], material processing [3], terahertz
spectrometers [4], and supercontinuum generation [5]. After
the first ultrafast laser, the Kerr-lens mode-locked Ti:sapphire
laser was developed in the 1990s [6], scientists’ interest in ultra-
fast mechanisms dramatically increased. The key device to gen-
erate an ultrashort pulse light source [7,8] is the saturable
absorber (SA). SA devices have attracted the attention of scien-
tists because of their simple, economical construction and the
fact that they are a key factor influencing the excellent output
parameters of the lasers. In the business field, semiconductor
SA mirrors (SESAMs) have been commonly used as SAs
[9,10], and SESAMs were rapidly developed in both solid-state
lasers and fiber lasers over the past decades. There are, however,
some deficiencies: SESAMs are incapable of mode-locking in a
wide wavelength range and problems occur that include a nar-
row operating bandwidth, long recovery time, difficult modu-
lation depth, and low optical damage threshold. Therefore, it is
a far-reaching task to explore new SA materials to achieve ultra-
fast pulses.

Experts in ultrafast optics favor 2D materials with high op-
tical nonlinear polarization coefficients, ultrafast carrier dynam-
ics, and broad operating wavelengths. Atomically layered
materials that can be a single layer to a few layers, which have
strong intralayer covalent bonds and weak interlayer van der
Waals forces are examples of 2D materials. In the absence
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of interference from interlayer interactions, the motion of elec-
trons is confined to the 2D system, which leads to 2D materials
with many novel physical properties. In 2004, Novoselov et al.
at the University of Manchester succeeded in stripping gra-
phene, a layered material composed of individual carbon atoms
[11]. This discovery acted as a guiding light and caused a world-
wide research boom in various graphene fields because of its
rich physical properties. Since then, scientists have been enthu-
siastic about the exploration of 2D materials and, stimulated by
the success of graphene, other layered materials such as topo-
logical insulators (TIs), transition metal dichalcogenides
(TMDs), black phosphorus (BP), MXenes, heterostructures,
and graphdiyne have been discovered for applications, thus en-
riching the family of 2D layered materials. In 2009, in a review
of carbon nanotubes for ultrafast photonics, Hasan ez al. pro-
posed that graphene has good SA properties and a wider range
of operation and tunability compared to single-wall nanotubes
[12]. Bao er al. successfully obtained ultrashort pulse outputs
for fiber lasers based on graphene [13]. Sun ez al. achieved
mode-locked fiber lasers with pulse durations on the order
of 460 femtoseconds based on graphene SAs [14]. In 2012,
they demonstrated that inkjet printing is a feasible method
to fabricate graphene devices over large areas and that the
method can be used to print on any substrate. This study
not only paved the way for flexible and transparent graphene
devices, but also greatly advanced the application of graphene
materials in ultrafast photonics [15]. These eatly explorations
drove the rapid development of graphene in ultrafast photonics.
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Evolution of SAs based on materials (0D, 1D, and 2D) in the field of mode-locked lasers.

Inspired by graphene research, researchers have applied a vari-
ety of 2D materials to lasers, entering the era of combining 2D
materials with ultrafast lasers. Among ultrafast lasers, mode-
locked lasers can produce pulse widths in the picosecond
(ps) range and even the femtosecond (fs) range [13,16], which
is an important field to explore. Figure 1 summarizes the re-
search done on SAs based on materials (0D, 1D, and 2D)
in mode-locked fiber lasers and mode-locked solid-state lasers.
However, 2D materials are more able to make the output
parameters of mode-locked lasers even better, so this review fo-
cuses on summarizing mode-locked lasers. As the research con-
tinues to progress, the preparation and application of mode-
locked lasers at 1 pm have become more and more mature
and much excellent research has been done [17,18] that has
led to the practical and commercialization stage of ultrashort
pulse lasers. The first successful implementation of mode-
locked lasers based on SAs of 2D materials was at 1.5 pm.
That implementation was followed by many other studies
on mode-locked lasers based on different materials and
1.5 pm received more attention. There are many device inte-
gration strategies and comprehensive comparisons of laser per-
formance output. In addition, the relatively slow development
of mode-locked lasers at 2 pm means that there is still much
research to be done. Therefore, based on the research hotspots
and development speed, in this paper we have focused on the
1.5 pm and 2 pm bands of mode-locked lasers based on 2D
materials.

This review offers an in-depth look at the electrical and op-
tical properties of 2D materials, preparation strategies, and de-
vice integration strategies, and describes nonlinear testing of 2D
materials possessing unique properties. Different 2D materials

also are discussed as SAs for mode-locked lasers, and the per-
formance indexes of lasers such as the operating wavelength,
pulse width, repetition frequency, and peak power are dis-
cussed. In addition, the mode-locked laser output characteris-
tics of graphdiyne, a currenty popular 2D material, are
discussed in terms of its use as an SA. Ultimately, the develop-
ment trend of ultrafast mode-locked lasers based on 2D mate-
rials is discussed and related conclusions are given. Given the
importance of nonlinear optical materials in the field of ultra-
fast photonics, 2D nanomaterials have great promise to advance
ultrafast laser technology.

2. FUNDAMENTALS OF 2D MATERIALS
APPLIED IN ULTRAFAST MODE-LOCKED
LASERS

A. Electrical and Optical Properties of 2D Materials
Graphene is the first 2D material to be discovered, and it is a
flactened single layer of carbon atoms arranged in a tightly
packed 2D honeycomb lattice, as shown in Fig. 2(a) [19]. It
is an isotope of carbon and is the basic component of graphite.
Graphene has been widely used in electronics and optics
[26,27], mainly because of its ultrafast relaxation time (relax-
ation time <200 fs), low saturation energy, and large modula-
tion depth. In addition, graphene is a zero-energy-gap
semiconductor with excellent nonlinear optical properties that
allow it to produce a broadband nonlinear response in the vis-
ible to IR optical band. In 2013, a mode-locked laser at 2 pm
with multilayer graphene was completed by Sobon [28]. They
have experimentally demonstrated for the first time that gra-
phene has good SA properties in the mid-IR band.
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Fig. 2. Atomic structures of 2D materials. (a) Graphene; (b) TIs; (c) TMDs; (d) BP; (e) MXenes; (f) heterostructures; (g) graphdiyne;
(a) Reprinted from Ref. [19], copyright 2020, IEEE; (b) reprinted from Ref. [20], copyright 2012, American Chemical Society; (c) reprinted
from Ref. [21], copyright 2019, AIP Publishing; (d) reprinted from Ref. [22], copyright 2012, Wiley; (e) reprinted from Ref. [23], copyright
2021, De Gruyter; (f) reprinted from Ref. [24], copyright 2017, Chinese Laser Press; (g) reprinted from Ref. [25], copyright 2016, Springer Nature.

TIs are a new Dirac material with an asymmetric topological
order. The surface is in the gapless conducting state, but the
bulk state is an insulator, and the band gap of TIs can be ad-
justed by varying the material thickness and making hetero-
structures. Their atomic structure is shown in Fig. 2(b) [20].
Generally, TTs include Sb, Te;, Bi,Ses, and Bi, Tez with a band
gap of 0.2-0.3 eV [29-32]. TIs have broadband absorption
properties and can be used as SAs in pulsed lasers. In 2012,
Bi, Te; was first used as an SA in ultrafast lasers [33]. Since
then, other TI materials have been widely reported in
Q-switched lasers and mode-locked lasers.

TMDs are a class of semiconductor materials with the
chemical formula MX,, where M is a transition metal element
(such as Mo, W, and Ti) and X is a sulfur group element (such
as S, Se, and Te). The structure of TMDs is similar to a sand-
wich, which consists of two layers of X elements sandwiching a
layer of M elements, the atoms within the layers are combined
with covalent bonds, and the layers are combined with van der
Waals forces. So far, the common TMDs reported are MoS,,
WS,, MoSe,, WSe,, MoTe,, and WTe,. Figure 2(c) shows the
atomic structure of MX, [21]. These materials are semiconduc-
tors with an indirect band gap in bulk form. However, when
the layers are thinned to monolayers, they exhibit an indirect
band gap to direct band-gap transition, mainly due to the
progressive enhancement of quantum confinement, which
ranges from 1.0 to 2.0 ¢V for different TMDs materials
[34-37]. Thus, the photoluminescence in monolayer TMDs is
several orders of magnitude stronger than that in their bulk ma-
terials, even if the amount of materials in monolayer TMD:s is
much smaller. Numerous experimental results have demon-
strated that the band gap of TMDs can be adjusted by control-
ling the number of layers of materials, a property that broadens
the scope of TMDs in electronics applications [38—40].

BP, which is an isomer of phosphorus, is a layered direct
band-gap semiconductor first synthesized in the 1960s [41].
It is a honeycomb-like layered crystalline material formed by
the folding of a single BP layer, and the number of layers
can vary from a single layer to several layers. This property al-
lows the band gap of BP to fill the gap between graphene and
TMDs because its band gap can be tuned from 0.3 eV for bulk
to 2.0 eV for a single layer by changing the number of layers
[42]. BP is widely used as an SA to make a variety of functional
optical devices due to its high carrier mobility, controllable for-
bidden bandwidth properties, and unique in-plane anisotropic
structure [42—45]. Figure 2(d) shows the atomic structure of

BP [22]. In 2015, a mode-locked Q-switched fiber laser with
BP as an SA at the wavelength of 1550 nm was first
reported [46].

Transition metal carbides and nitrides, a 2D material family
widely known as MXenes, have unique properties that can be
altered by simply controlling the composition and surface ter-
minating elements [47]. MXenes have the general form
M, X, T,, where M denotes a transition metal (such as Ti,
Ta, Cr, or Mo), X denotes C and/or N, T is a surface termi-
nation (O, OH, or F), and #» = 1, 2, or 3. The corresponding
atomic structure is given in Fig. 2(e) [23]. Due to its high elastic
modulus, tunable band gap, good electrical conductivity, high
optical transparency, and good stability at room and ambient
temperatures, it has attracted much attention in different re-
search fields, and the typical Ti3C, T, has been extensively
studied. Studies have shown that the effective nonlinear absorp-
tion coefficient of Ti3C, T, (feg ~ -0.297 cm/GW) is slightly
lower than that of graphene oxide (~ -2.2 ¢cm/GW), which is
lower than that of MoS, (~-0.004 cm/GW) and BP
(~-0.006 cm/GW) by two orders of magnitude, suggesting
that Ti3C, T, should have a strong optical switching capability
[16,48-51]. In addition, Ti3C, T, has a high damage threshold
70 mJ/cm? compared to other 2D materials [52], which is a
key parameter for excellent SAs.

Layered material heterostructures are structures assembled
by stacking materials with different optical properties on top
of each other that consist of strong in-plane covalent bonds
and out-of-plane weak van der Waals interlayer forces [53].
Great effort has been put into exploring different heterostruc-
tures, including, but not limited to, graphene—hexagonal boron
nitride (hBN), graphene-BP, TMD-hBN, TMD-graphene,
and TMD-TMD combinations [54]. Figure 2(f) shows the
atomic structure of the graphene-Bi,Te; heterostructures pre-
pared by Zhang using the secondary chemical vapor deposition
(CVD) growth method [24]. In the heterostructures domi-
nated by van der Waals forces, the materials can maintain their
respective optical properties while achieving electron migration
and interband leap through interlayer coupling, thus achieving
optical synergy [55,56]. Optoelectronic devices made from
composite materials have better optical response performance
and optical response time [57,58], which will lead to higher
quality mode-locked signals. Therefore, compared to a single
2D material, a heterostructure composed of more than two
types of 2D materials has better future as a new nonlinear
optical material. Heterostructures composed of two or more



2D materials will lead to more exciting discoveries as new non-
linear optical materials compared to single 2D materials.

It is well known that graphene and similar derivatives are
making a splash in fiber-locked lasers, but here it is important
to highlight a very important class of materials in its family,
namely, graphdiyne (GDY). In 1997, Haley et al. proposed
a class of graphdiyne consisting of a diacetylene group and ben-
zene ring in the graphene family [59]. Then, in 2010, the
Institute of Chemistry of the Chinese Academy of Sciences suc-
cessfully synthesized a large area (3.61 cm?) of graphdiyne films
on the surface of copper sheets by using a coupling reaction of
hexaethynylbenzene under the catalytic effect of copper sheets
[60]. Since then, graphdiyne has been transferred from the
theoretical structure to the experimental platform. Compared
to graphene, which is derived from sp? hybridization, graph-
diyne is a composite of sp and sp® hybridization, producing
a high 7 conjugated structure with two acetylene bonds be-
tween benzene rings. The atomic structure of graphdiyne is
shown in Fig. 2(g) [25]. It has the advantages of abundant car-
bon chemical bonding, a large conjugation system, more active
sites, excellent chemical stability, and controlled heteroatom
doping [61-63]. It is its special electronic structure and natural
pore structure that offer important potential applications in
electrochemistry, catalysis, environment, energy, and other
fields [64—68]. As a result of all the in-depth research being
done on GDY, it is beginning to emerge as a nonlinear material
in the field of ultrafast lasers. By density functional theory cal-
culations, some light metals can be adsorbed on the GDY struc-
ture based on the complete relaxation of the GDY geometry as
LM1-3 at GDY (LM = Li, Na, Ca, and Ti). This structure has
an intramolecular electron donor—acceptor framework and ex-
hibits uncommon nonlinear optical properties. And, unlike
graphene, which has a zero band gap, GDY has a natural band
gap that can be regulated between 0.46 and 1.22 eV by varying
the hydrogen coverage [63]. Therefore, it has excellent appli-
cation properties in near-IR optics. Guo ez /. first investigated
and demonstrated the broadband saturable absorption and
transient absorption properties of GDY from the visible to
the IR in 2020 [69]. This accomplishment showed that
GDY has stronger nonlinear absorption, lower saturation inten-
sity, and ultrafast relaxation time compared to conventional 2D
materials. As a result, GDY can be used as a new type of 2D
material for a wide range of photonics devices.

B. Fabrication Strategies and Characterization of 2D
Materials

After browsing and studying a large amount of literature, one
conclusion can be drawn: high-quality material samples are the
key to good experimental data in later experiments. In recent
years, there are several strategies to prepare 2D materials from
chemical and physical perspectives, which can be generally
summarized as top-down exfoliation, bottom-up growth [70],
and topological transformation methods [71]. A macro over-
view of top-down and bottom-up manufacturing methods is
shown in Fig. 3.

Top-down exfoliation is a means to prepare single-layer or
few-layer 2D materials through the weaker van der Waals force
between the layers of 2D materials, including mechanical
exfoliation (ME) [76], liquid-phase exfoliation (LPE) [77,78],
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Fig. 3. Overview of bottom-up and top-down approaches to 2D
materials fabrication. (a) ME; (b) LPE; (c) ion embedding and strip-
ping; (d) aqueous acid etching; (¢) magnetron-sputtering deposition;
(f) CVD. (c) Reprinted from Ref. [72], copyright 2020, Elsevier;
(d) reprinted from Ref. [73], copyright 2021, Elsevier; (e) reprinted
from Ref. [74], copyright 2021, American Chemical Society; (f) re-
printed from Ref. [75], copyright 2021, Elsevier.

and ion-intercalation peeling. Bottom-up growth is used to
form 2D materials at the molecular level by chemical means,
specifically including CVD [79], the magnetron-sputtering
deposition method, and aqueous acid etching. These widely
used methods for the preparation of 2D nanomaterials (ME,
LPE, and CVD) will all be discussed in more depth below.

ME, also known as the “transparent tape method,” is a sim-
ple, inexpensive method to repeatedly exfoliate bulk materials
with tape to obtain a single layer or a few layers of 2D materials.
This method has been used in basic research to produce nano-
materials with high crystallinity, few defects, structural integ-
rity, and clean surfaces. Its shortcomings are evident in the
extremely low yield and uncontrollability, so it is only suitable
for small-scale laboratory preparation. LPE is a physical method
that uses ultrasound-generated bubbles to continuously disrupt
the van der Waals forces between layers and then removes the
unexfoliated nanomaterials by centrifugation [80]. It is an ef-
fective, feasible method with a low cost, which can offer high
yields of mixed and composite layered materials. However, the
same disadvantages exist: the yield of single-layer, large-sized
nanomaterials is relatively low, and the size of the materials
is difficult to control. The CVD method is a chemical reaction
in the gaseous or powder state to produce a solid material
deposited on the surface of a substrate, resulting in the synthesis
of high-quality 2D materials. Compared to LPE and ME,
this important process technology can be controlled by adjust-
ing the reaction parameters to regulate the number of layers
during the material preparation process, and the quality, yield,
and size can be guaranteed to a certain extent [81]. However,
the substrate material suitable for its ideal condition is expen-
sive, and the equipment and process involved are relatively
complex. As a result, this preparation method has a high
cost, which makes it most suitable for large-scale commercial
production.
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It is well known that the properties of a material depend to
a large extent on its structure. Each step of material produc-
tion leaves traces in the material organization in the form of
hole shape and volume, inclusions orientation, and size.
Therefore, quantitative structural characterization is essential
to assess the properties of materials and their performances
in practical applications. For 2D nanomaterials, we character-
ize them by various techniques such as SEM, atomic force
microscopy (AFM), transmission electron microscopy
(TEM), higher resolution transmission electron microscopy
(HRTEM), and Raman scattering spectroscopy (Raman).
SEM offers high resolution, wide magnification, good image
depth of field, simple sample preparation, and comprehensive
analysis capability. SEM is due to the interaction of the fo-
cused electron beam with the sample and various signals gen-
erated to excite a variety of images of information. In SEM at
any moment the electron beam and a point on the sample
interact; when scanning point by point, the intensity of
the signal is changing, which reflects the difference between
the points on the sample. AFM is a high-resolution detection
technique based on the interaction forces between atoms to
study the surface structure and properties of materials. It
uses the tip of a needle on a microcantilever in contact with
the surface, and the isotope of interatomic forces on the sam-
ple surface while undulating motion in the direction
perpendicular to the surface of the sample, using the repulsive
forces between atoms to restore the appearance of the atoms.
Hence, AFM can be used to characterize important properties
such as the appearance and nanomechanics of materials. TEM
is a technique that uses a shorter wavelength electron beam
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(instead of visible light) that diffracts to obtain a 2D image;
therefore, the surface image is seen along with the inner
material. This is a very important tool for the microscopic
characterization of 2D materials, allowing the observation
of curved material edges or folded stripes in the sample with-
out external influences to determine the number of layers of
material with high accuracy; HRTEM has a higher resolution
than TEM, can see more microscopic material, can directly
probe the structure of crystals, and can also be used to observe
the phase lining image of very thin specimens, with a thick
scale resolution capability. Raman can be used to determine
the number of layers and quality of a sample quickly and ac-
curately by characterizing the peak intensity, peak area, peak
shift, and full-width at half maximum in the Raman spectrum.
It can also be used to investigate changes in the electronic
structure of a material. Characterization images of 2D mate-
rials fabricated based on ME, LPE, and CVD will be pre-
sented in Fig. 4 [82-84]. For the ME method and CVD
method, AFM, SEM, and Raman are mainly applied to char-
acterize the materials as shown in Figs. 4(a)-4(c) and 4(d)-
4(f). Among them, AFM and SEM are mainly used to confirm
the thickness and uniformity of the materials to determine
whether the height difference of the material surface is within
the acceptable range. Raman spectroscopy is used to measure
the Raman shift of the materials. As for the material prepared
by the LPE method, which is shown in Figs. 4(d)—4(f), not only
must the thickness of the material be determined by applying
AFM, but TEM and HRTEM also are needed to show, respec-
tively, the thin properties of each nanomaterials layer and the
highly crystalline nature of the nanosheets.
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Fig. 4. Structural characterization of 2D materials based on diverse preparation methods. (a)—(c) SEM, AFM, and Raman images of BP based on
ME; (d)-(f) AFM, TEM, and HRTEM images of V,CT, based on LPE; (g)—(i) SEM, AFM, and Raman images of BiyTe; based on CVD.
(@)—(c) Reprinted from Ref. [82], copyright 2016, Optica; (d)—(f) reprinted from Ref. [83], copyright 2022, Elsevier; (g)—(i) reprinted from

Ref. [84], copyright 2019, Optica.
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C. Integration Strategies Based on 2D Nanomaterial
SAs
2D materials as SAs cannot act directly in lasers because the thin
sheets of 2D materials are approximately nanometers thick.
Therefore, they must be subjected to a special coupling design
to facilitate the interaction of light with 2D materials. For solid-
state lasers, SAs must have high damage thresholds, while in-
creasing the area to reduce the energy density. As shown in
Fig. 5, there are two main transfer techniques: wet transfer
and dry transfer [85]. The wet transfer method, which is widely
used for 2D materials fabricated by CVD and ME, has three
steps: first, the 2D material dispersion is mixed with an organic
reactive material such as polymethyl methacrylate (PMMA);
next, 2D materials polymer film is transferred to the substrate
through a spin-coating process; and finally, the polymer-coated
sample is separated from the substrate. The wet transfer method
is an easy processing method, but residual polymer, as well as
irregular folds and cracks, is difficult to avoid, and excessive
cleaning steps contribute to the tedious nature of the prepara-
tion. The dry transfer method can compensate for the disadvan-
tages of the wet transfer approach to some extent. First, the 2D
materials are peeled off from the substrate by multiple imprinters
[dimethyl siloxane, polydimethylsiloxane (PDMS)]; then, an
impression is brought into contact with another to lift the
2D layer on the impression; and third, the process above is re-
peated to obtain more 2D layer stacks with clean interfaces.
The devices based on 2D material integration strategies in
solid-state lasers and in fiber lasers are shown in Fig. 6. Due to
the customizability of the fiber morphology, the integration
strategies for fiber laser devices are far more than those for
solid-state lasers. For fiber lasers, the 2D materials coupled
to the cavity can be divided into two categories: the transmis-
sion integration method and the swift wave integration
method. The transmission integration method is a sandwich
structure formed by inserting a small piece of material directly
into the two fiber ends, as shown in Fig. 6(a) [86]. The trans-
mission integration method is suitable for thin-film 2D nano-
material devices, with the advantage of a simple structure.
There is, however, a disadvantage: the close connection of
two fiber ends leads to heat accumulation at the exit end
and a low damage threshold of the device. The swift wave in-
tegration method usually refers to the interaction between the
material and the light through the swift field and the final
adsorption on the surface of the acting fiber. For example,
the photodeposition of D-shaped fibers [Fig. 6(b)] [74] and
tapered fibers [Fig. 6(c)] [87] is used to obtain mode-locked
laser pulses by wrapping the D-shaped fiber or tapered fiber
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Fig. 6. Integration of SAs based on 2D materials: (a)—(d) fiber laser
devices, (e) solid-state laser device. (a) Sandwiching structure transfer-
ring SA on fiber end; (b) D-shaped fiber; (c) tapered fiber; (d) photonic
crystal fiber; and (e) free-space coupled substrates. (a) Reprinted from
Ref. [86], copyright 2017, Springer Nature; (b) reprinted from
Ref. [74], copyright 2021, American Chemical Society; (c) reprinted
from Ref. [87], copyright 2018, IOP Publishing.

with the material. For the integration method of tapered fiber
and 2D materials, optical deposition is often used. As in
Ref. [88], the tapered fiber is connected to the pump light,
the material is dropped on the finest part of the tapered area,
and the material is adsorbed onto the fiber surface based on the
coupling between the tapered fiber surface evanescent field and
the 2D materials, and the deposition process is observed using
microscopy. The advantage of the swift wave integration
method for solution-based 2D nanosheets is that the nonlin-
earity and damage threshold of a device are increased due to
the longer light—matter interaction distance, but the disadvant-
age is that it is difficult to precisely regulate the 2D material
distribution during the photodeposition and the device reliabil-
ity is poor. A structure combining nanomaterials and photonic
crystal fiber is depicted in Fig. 6(d), which also has the advan-
tage of a high damage threshold and strong nonlinearity, but its
coupling efficiency is low. When 2D nanomaterial SAs are used
in solid-state lasers, the structures depicted in Fig. 6(e) are usu-
ally used, where 2D nanomaterials are deposited onto sub-
strates such as YAG, quartz, or a gold mirror. The
interaction of materials with light in this structure is achieved
by transmission or reflection of spatial optical coupling.

D. Nonlinear Optical Properties Testing of 2D
Materials

2D materials are currently used as SAs to generate ultrafast
pulsed lasers, which are achieved by exploiting the saturable
absorption properties of the materials and have been extensively
reported. In particular, there are three important parameters to
characterize the saturable absorption properties of materials: the
modulation depth (a,), the saturation intensity (/,), and the
unsaturated loss (a,). The relationship between the nonlinear
transmittance (7°) and the incident light intensity (/) and the
relationship between the absorption coefficient (@) and the in-
cident light intensity (/), can be expressed by

T([) = 1 - AT X exp(_]/]sar) - Tns’ (1)
af
a(l) = a,, + Tl (2
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Chinese Laser Press.

where 7'(]) is the transmittance, A7 is the modulation depth,
and 7' is the nonlinear loss.

Two main methods are used to measure the nonlinear op-
tical properties of 2D materials: the open-aperture I-scan
(known as the balanced twin-detector technique) method
[89] and the Z-scan measurement method [90]. The I-scan
technique is presented in Fig. 7(a), where an ultrashort pulse
light source is used as the excitation light source, and a 50:50
damped coupler is used to split it into two beams, the reference
data detector (detector PD1) and the absorption detector (de-
tector PD2). The nonlinear saturation absorption characteristic
curve of the material is obtained by fitting the experimentally
obtained transmittance to the equation above [Fig. 7(b)] [91].
This method is limited in testing nonlinear saturable absorp-
tion properties with high optical power dependence because
the optical transmission is confined inside the fiber, but it is
still considered one of the best choices for nonlinear saturable
absorption properties of 2D nanomaterials due to its compact-
ness and operational simplicity. The Z-scan technique
setup is illustrated in Fig. 7(c). During the measurement,
the sample is scanned longitudinally with the focal plane of
the focused Gaussian beam as the detection source. The inten-
sity distribution of the transmitted light received by the detec-
tor through the finite aperture diaphragm at the far-field varies
with the position of the sample, which is called a closed-
aperture Z-scan because of the diaphragm in front of the de-
tection light. The transmission intensity usually is measured
directly by removing the diaphragm for the open-aperture
Z-scan, and the normalized transmission intensity is obtained.
A typical graph of the saturable absorption properties based
on a Z-scan is shown in Fig. 7(d) [92]. Table 1 compares

the two inspection methods for 2D materials, I-scan and
Z-scan, and summarizes their saturation intensity and modu-

lation depth.

3. MODE-LOCKED LASERS AT 1.5 AND 2 um
WITH 2D MATERIALS AS SAS

Solid-state lasers and fiber lasers are the two most dominant
types of lasers that can obtain ultrafast lasers. Figure 8 illustrates
the typical cavity structure of both lasers. Solid-state lasers are
widely used in microfabrication fields, which can convert IR
light into green light, UV light, and other wavelength beams
by nonlinear crystal frequency doubling, with good beam qual-
ity, high single-pulse energy, high output peak power, and low
thermal effect. However, its large size and susceptibility to in-
terference from external vibration and temperature changes
limit the large-scale commercial application of solid-state lasers,
and it is relatively difficult to achieve mode-locked solid-state
lasers. Fiber lasers are often used for ultrafast laser precision
processing, and their gain medium requires only the addition
of rare earth elements in the fiber to form an activation
medium, which is inexpensive and small compared to solid-
state lasers. In addition, fiber lasers also have the advantages of
a wide output wavelength range and stable performance and
are less susceptible to external interference; however, due to
the small diameter of the fiber core, the peak power it can
withstand is not too high and the single pulse energy is
low. Solid-state lasers and fiber lasers have their advantages
and disadvantages according to different application fields and
different performance parameters. We mainly introduce and

Table 1. Comparison of the Data Obtained for the Two Inspection Methods for 2D Materials
I-scan Z-scan

2D Materials I, /(MW cm2) AT /% Ref. I, /(MW cm2) a,/% Ref.
Graphene 60.00 3.90 [93] 0.87 17.40 [17]
Bi,Se; 90.20 39.80 [94] 490.00 98.00 [95]
Bi,Tes 28.00 6.20 [96] 480.00 95.30 [33]
MoS, 85.40 25.30 [97] 413 £ 24 GW cm™? 34.40 [98]
WSe, 15.42 21.89 [99] 7.00 5.4 [100]
WS, 19.80 35.10 [101] 156 GW cm™ 35.75 [102]
BP 8.30 10.00 [87] 14.98 10.03 [103]
Ti;C, T, 256.90 0.96 [104] 7.30 41.00 [92]
V,CT, 0.5 mW cm™ 48.80 [105] 100.02 20.20 [83]
Graphdiyne 48.00 21.10 [106] 4.03 48.13 [107]
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analyze the ways to realize ultrashort pulses based on 2D
material integrated devices and their output performances.

A. Solid-State Mode-Locked Lasers Based on 2D
Materials

Solid-state lasers have a longer development history compared
to fiber lasers. In 1960, Theodore Maiman invented the ruby
laser at the Hughes Research Laboratories in California, which
is the world’s first solid-state laser. Since then, the composition
of solid-state lasers has been continually improved, and the
cavities of common solid-state lasers are now mainly composed
of reflecting mirrors and solid-state gain media and equipped
with pump sources and SAs and other important devices to
constitute the prototypes of solid-state lasers. Previously,
SESAM-based, nanomaterial-based solid-state mode-locked
lasers were reported. In recent years, with the continuous re-
search and discovery of 2D materials, the development of
solid-state lasers has been boosted once again. At present,
solid-state, mode-locked lasers based on 2D materials are
mainly concentrated around 1 pm and are quite well developed.
Therefore, the main parameters and properties of solid-state,
mode-locked lasers in the 1.5 pm and 2 pm bands have been
summarized in this review. The commonly used gain media at

1.5 pm are Nd:GdVoy, Nd:YVOy, Cr:YAG, and so on, and the
commonly used gain media at 2 pm are Tm:CLNGG, Tm:
YAP, Tm:YAG, Tm:CYA, Tm:LLF, Tm, Ho:LiYF;, Tm:
LuAG, Tm:Lu,O3, and Tm, Ho:LLF. Note that the difference
in gain media has a slight influence on the nature of solid-state
lasers, which can obtain different wavelengths of mode-locked
lasers.

Table 2 summarizes the performance of solid-state, mode-
locked lasers based on graphene, TMDs, and BP 2D materials.
Note that at the wavelengths 1.5-2 pm, solid-state mode-
locked lasers based on 2D materials are mainly based on
graphene and TMDs as SAs, and the solid-state, mode-locked
lasers based on other 2D materials are less reported. Also note
that most of the reported lasers are passively Q-switched. This
phenomenon is related to the fact that mode-locked lasers are
difficult to form. Solid-state lasers often require refraction of the
optical path to obtain ps-level or even fs-level mode-locked
lasers, which often results in large errors and uncertainties in
the data obtained. On the other hand, this phenomenon
may be related to the material preparation. As mentioned
above, the large size, good homogeneity, and a controllable
number of layers of graphene and TMDs prepared by CVD

are important advantages to obtain excellent solid mode-locked

Table 2. Performance Summary of Mode-Locked Solid-State Lasers Based on Graphene, TMDs, and BP at 1.5-2 um

SA Gain Medium A/nm Pulse Width/ps Repetition Rate/MHz Peak Power/kW Ref.
Graphene Nd:GdVO, 1341.10 11.000 100.00 1.173 [108]
Nd:YVO, 1342.40 7.400 44.60 0.667 [109]

Cr:YAG 1516.00 85.16 12.904 [110]

Tm:CLNGG 2014.40 0.882 95.00 0.716 [111]

Tm:CLNGG 2018.00 0.729 99.00 0.834 [112]

G-Gold Tm:CLNGG 2010.00 0.354 98.00 2.796 [113]

GO Tm:YAP 2023.00 71.80 0.373 [114]

Tm:YAP 1988.00 - 62.38 - [115]

Tm, Ho:LiF4 2051.00 5.800 69.80 0.198 [116]

GO Tm:LuAG 2023.00 923.800 104.20 0.018 (117]

Tm:Lu,O5 2067.00 0.410 110.00 5.987 [118]

TMDs MoS, Nd:YVO, 1342.50 0.8 ps 98 kHz 7.653 W [119]
TiS, Tm:YAG 2011.40 224.000 208.50 2.184 W [120]

WS, Tm, Ho:LLF 1895.00 878.000 131.60 0.001 [121]

MoS, Tm:YAG 2011.00 280.000 232.20 0.003 [122]

MoS, Tm:CYA 1863.00 994.000 103.70 0.011 [123]

MoS, Tm:LLF 1918.00 83.30 - [124]

MoS, Tm:YAP 1932.00 100.000 92.10 0.012 [125]

BP Nd:GdVO4 1340.50 9.240 58.14 7.369 [126]
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data. In addition to CVD, LPE is also a common means of
laboratory preparation in the field of solid-state lasers, where
2D materials with a small number of layers and a large size
can be obtained by ultrasound, centrifugation, and other aux-
iliary methods.

In 2010, researchers obtained mode-locked pulses in a solid-
state laser based on graphene as the SA with a gain medium of
Nd:YAG [17]. This work has greatly contributed to the appli-
cation of graphene and other layered materials in mode-locked
solid-state lasers. At present, mode-locked laser technology for
solid-state lasers based on 2D materials at wavelengths near
1 pm is quite mature. In 2018, Tao er al used layered
PtSe, (TMDs) as SAs for the first time to generate ultrafast
mode-locked laser pulses. A peak output power of 185.8 W
was obtained at a central wavelength of 1066.6 nm with a pulse
width of 15.8 ps and a repetition frequency of 61.3 MHz
[127]. This report can especially highlight the promising appli-
cations of 2D materials at 1 pm. For the mid-IR of 3 pm, it is
relatively difficult to realize and build solid-state mode-locked
lasers due to the strong absorption of water in this region and
the special energy level structure of the gain medium, and few
reports are available on this topic. In 2019, researchers obtained
ps pulses for the first time from a graphene-based solid-state
laser of Nd:YVOy at a wavelength of 1.34 pm [109], as de-
picted in Figs. 9(a)-9(c). In this work, they proposed the in-
sertion of a 1/8 thick SiO, layer and a /4 thick SiO, layer

between a monolayer of graphene and an HR mirror. Using this
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approach, they could compare the performance in terms of the
generation of ultrafast lasers. The GSAM with 1/8 SiO, film is
more suitable for high-power mode-locked lasers or low emis-
sion cross-section gain media (e.g., ytterbium-doped crystals),
while the GSAM with 1/4 SiO, film is more suitable for short
pulse generation with a wide spectral width. This proposed
method made a great contribution to the flexible tuning of
saturable absorption properties of other 2D nanomaterials in
the future. In 2017, Sun e al. completed the first BP-based
mode-locked solid-state laser in the 1.34 pm spectral region
[126]. As shown in Figs. 9(d)-9(f), they fabricated ~7-layer
BP nanosheets as an SA using LPE with a band gap calculated
at 0.62 eV. After that, nonlinear optical tests were performed
on the BP material. The results showed that the modulation
depth and saturation flux were determined to be 16% and
1.3 pJ/cm?, respectively, and the nonsaturation loss of the
BP SA was estimated to be 8.35%. The solid-state mode-locked
laser had a maximum peak power of 7.37 kW and a repetition
frequency of 58.14 MHz. A mode-locked pulse with a duration
of 9.24 ps was obtained at a wavelength of 1340.5 nm. As
shown in Table 2, the realization of solid-state laser mode-lock-
ing at 2 pm is more reported relative to the realization of solid-
state laser mode-locking near 1.5 pm because the gain medium
in the 2 pm region is more doped with rare metals. As early as
2012, researchers made a solid-state mode-locked laser with
Tm:YAP as the gain medium based on graphene oxide as an
SA [114], and the pulse width reached a sub-10 ps path. In
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2020, Li et al. demonstrated for the first time the passively
mode-locked operation of a Tm:YAG laser with MoS, SAs
[122]. As shown in Figs. 9(g)-9(i), they employed the use
of an ultrasonic thermolysis method to synthesize a MoS, sol-
ution and spin-coated it on the mirror surface. By performing
nonlinear optical tests on this SA, the saturated absorption in-
tensity, modulation depth, and raw transmittance can be cal-
culated as 37.94 mJ/cm?, 2.9%, and 89.2%, respectively.
The experimental optical path was studied by building a z-fold
cavity for a passive Q-switched mode-locked Tm:YAG laser. It
is conceivable that a higher output performance can be theo-
retically obtained by further optimizing the structure of the res-
onant cavity; for example, if an X-shaped resonant cavity is used
or the length of the resonant cavity is increased by increasing
the number of reflectors. The results of this experimental suc-
cess show that a minimum pulse width of 280 ps and a pulse
repetition rate of 232.2 MHz can be obtained at 2011 nm. In
addition, it corresponds to a calculated pulse energy of 0.86 nJ
and a peak power of 3.07 W. In fact, Ma e al. achieved an
ultrashort pulsed laser using a graphene SESAM that could
obtain a pulse width of 32 fs [128]. This is the shortest
pulse width that can be obtained from a solid-state mode-
locked laser based on 2D materials. Its central wavelength is
1068 nm, and its repetition frequency and maximum average
output power are 113.5 MHz and 26.2 mW, respectively.
Zhao et al. earlier had prepared a molybdenum sulfide and gra-
phene oxide composite and built a V-shaped resonant cavity to
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achieve a mode-locked laser with a repetition frequency of up to
1 GHz, which is the largest repetition frequency avail-
able [129].

B. Fiber Mode-Locked Lasers Based on 2D Materials
Tables 3 and 4 summarize the pulse characteristics of mode-
locked fiber lasers based on 2D materials at wavelengths of
1.5 pm and 2 pm, respectively. Note that the wavelength range
of fiber lasers is still mainly focused on 1.5 pm, and relatively
little research has been done on 2 pm, which may be related
to the development of optical fiber. The development of 1 pm
mode-locked fiber laser is relatively mature and has achieved out-
standing success, while the cost of 2 pim region fibers is higher. In
addition, current optical fibers have large losses for 3 pm. From
Table 2, we can see that the pulse width of mode-locked fiber
lasers based on 2D materials is mainly concentrated at 0-2 ps,
and the repetition frequency is mainly concentrated at
0-100 MHz. Currently, the shortest pulse width of ultrafast la-
sers based on 2D materials is 29 fs, which is the ultrafast pulsed
laser with an output power of ~52 mW and pulse energy of
2.8 nJ achieved in 2015 by Purdie ez a/. by using a graphene
SA [215]. The maximum repetition frequency of ultrafast lasers
based on 2D materials is 3.27 GHz (212th harmonic), which
was achieved by Koo ez a/. in 2016 using MoSe, /PVA SAs, and
the autocorrelation curve corresponding to a single pulse with a
pulse width of 798 fs [216]. In addition, Liu ez 4/ achieved a
maximum pulse energy of 325.50 nJ and a maximum available
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Table 3. Performance Summary of Mode-Locked Fiber Lasers Based on 2D Layered Materials at 1.5 pm

Pulse Repetition Peak
SA Integration A/nm Width/ps Rate/MHz Power/W Ref.
Graphene Sandwich 1576.30 0.415 6.84 17,590.36 [130]
Sandwich 1564.00 0.870 19.30 11.95 [131]
GO Sandwich 1559.56 0.582 23.21 1301.43 [132]
D-shaped 1560.70 0.390 2.44 - [133]
Sandwich 1557.78 7.820 1.65 1062.66 [134]
GO Tapered 1599.43 0.568 5.68 2095.07 [93]
GO Sandwich 1574.00 0.890 - - [135]
TIs Bi, Tes D-shaped 1547.32 0.600 15.11 - [136]
n BiyTe; SMEF 1570.00 0.400 - — [137]
p BiyTe; SMF 1543.45 0.385 - - [137]
Bi,Te; Tapered 1562.40 0.320 17.34 100.92 [96]
BiyTes D-shaped 1559.40 266.000 5.50 1.30 [138]
Bi, Tes Sandwich 1570.45 0.505 13.14 - [139]
Bi, Te, Tapered 1560.88 2.180 15.60 2.65 (140]
BiyTes Sandwich 1558.46 3.220 ns 1.70 7.42 [84]
Bi,Ses Sandwich 1564.60 1.570 1.21 - [95]
Bi,Ses Sandwich 1532.00 1.700 38.72 - [141]
Bi,Ses Sandwich 1557.00 0.500 38.72 - [141]
Bi, Ses Sandwich 1557.91 7.780 ns 1.71 6.11 [142]
Bi,Ses Sandwich 1562.40 0.630 22.60 24.76 [94]
Bi,Se; /Mica Sandwich 1561.95 2.420 ns 1.082 70.78 [143]
Sb,Te; D-shaped 1556.00 0.449 22.13 77.60 [144]
Sb,Tes D-shaped 1561.00 0.270 34,58 107.41 [145]
Sb,Tes Sandwich 1558.50 1.900 3.75 70.18 [146]
Sb,Tes Tapered 1542.00 0.070 95.40 4716.98 [147]
Sb,Tes Tapered 1562.71 1.610 13.20 - [148]
Bi; ¢Sbg4Tes Sandwich 1562.02 0.366 35.97 - [149]
TMDs MoS, D-shaped 1560.00 0.200 14.53 2300.00 [150]
MoS, Sandwich 1564.59 10.840 ns 0.94 12.04 [97]
WS, D-shaped 1557.00 0.660 10.20 - [151]
WS, Tapered 1540.00 0.067 135.00 - [101]
WS, Tapered 1557.50 11.000 2.14 603.23 [152]
AAN D-shaped 1557.00 1.320 8.86 9.41 [153]
WS, - 1565.30 2.100 4.20 4195.01 [154]
WSe, Tapered 1557.40 0.164 63.13 2752.74 [155]
WSe, Tapered 1556.42 0.477 14.02 - [35]
WSe, D-shaped 1556.70 1.310 5.31 0.12 [156]
MoSe, D-shaped 1557.10 1.090 5.03 - [156]
MoTe, D-shaped 1561.00 1.200 5.26 - [157]
TiS, Tapered 1563.30 0.812 22.70 31.16 [158]
TiS, Sandwich 1531.69 2.360 3.43 21.57 [159]
SnS, Tapered 1562.00 1.060 7.19 3.37 [160]
FeS, Tapered 1566.50 1.700 6.40 - [161]
Moy 5WysS, Sandwich 1556.80 0.575 4.87 267.82 [162]
ReS; 02S€0.98 Sandwich 1561.15 0.888 2.95 309.97 [163]
BP Sandwich 1571.45 0.648 5.96 - [164]
Sandwich 1560.70 0.570 6.88 1298.25 [165]
Tapered 1569.24 0.280 60.50 - [166]
— 1562.00 0.635 12.50 - [167]
Sandwich 1558.00 0.700 20.82 - (168]
Sandwich 1555.00 0.102 23.90 696.08 [103]
Sandwich 1562.00 0.900 5.66 - [169]
Tapered 1576.10 0.404 34.27 136.14 [87]
Tapered 1562.80 0.291 10.36 431.21 [170]
PI-BP Sandwich 1561.00 1.438 5.27 — [171]
PVA-BP Sandwich 1562.00 1.236 5.42 - [171]
Sandwich 1567.30 0.538 30.30 — [172]
MXenes Ti;CNT, D-shaped 1557.00 0.660 15.40 4.92 [173]
Ti,C,T, D-shaped 1555.01 0.159 7.28 2578.62 (49]
Ti;C, T, D-shaped 1567.30 0.946 5.24 - [92]
Ti;C, T, Tapered 1550.00 0.104 20.03 624.06 [88]

(Table continued)
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Pulse Repetition Peak
SA Integration A/nm Width/ps Rate/MHz Power/W Ref.
Ti;C, T, Tapered 1566.90 0.650 6.03 - [104]
Ti,CT, D-shaped 1565.40 5.300 8.25 - [174]
V,CT, Tapered 1559.12 3.210 4.90 - [105]
V,CT, Tapered 1560.00 311.000 20.90 0.69 [83]
Nb,C Tapered 1559.00 0.770 14.12 276.24 [175]
Nb,C Tapered 1559.98 0.603 12.54 1296.02 [176]
Mo, C D-shaped 1551.92 0.199 35.74 7610.80 [74]
Mo,C D-shaped 1561.60 0.290 7.90 2981.67 (177)
Mo,C/EM Sandwich 1558.03 0.313 26.80 771.78 [178]
Heterostructures G-Bi,Tes Sandwich 1565.60 1.170 6.91 - [179]
MoS,-Sb,Te;~MoS, SAM 1554.00 0.286 36.46 1917.99 [180]
MoS,-WS, Tapered 1560.00 0.154 74.67 1721.86 [181]
SnS-CdS Tapered 1560.80 0.558 34.30 - [182]
MoS,-G Sandwich 1596.20 1.360 9.80 - [183]
Bi, Te;—FeTe, Tapered 1558.80 0.481 23.00 561.33 [184]
BP-Ti;C, Tapered 1559.80 0.745 11.70 316.64 [185]
VO,-V,05 D-shaped 1562.00 0.633 8.10 - [186]
G-WS, SMF 1566.70 0.357 22.86 1899.27 [187]
BP-InSe Tapered 1559.43 0.881 12.69 - [188]
Graphdiyne Sandwich 1557.17 0.688 14.60 2001.04 [69]
Tapered 1564.70 0.734 12.05 165.07 [189]
Sandwich 1530.70 0.690 14.70 579.71 [190]
Tapered 1562.90 0.283 9.08 7667.84 [191]
Tapered 1551.20 0.136 23.50 397.37 [192]
- 1565.72 0.940 5.05 - [107]
Table 4. Performance Summary of Mode-Locked Fiber Lasers Based on 2D Layered Materials at 2 um
SA Integration A/nm Pulse Width/ps Repetition Rate/MHz Peak Power/W Ref.
Graphene Sandwich 2060.00 0.190 20.98 13,241.05 [193]
Sandwich 1913.70 - 19.98 - [194]
Sandwich 1908.00 - 1.82 - [131]
Sandwich 1945.00 0.205 58.87 1073.17 [195]
Sandwich 1884.00 1.200 20.50 54.88 [28]
Sandwich 1940.00 3.600 6.46 111.11 [196]
Sandwich 1931.90 1.770 12.91 159.41 [197]
Sandwich 1950.00 0.255 23.50 201.91 kW [198]
Sandwich 1931.10 1.770 12.91 - [197]
TIs Bi, Tes D-shaped 1935.00 0.795 27.90 - [199]
Bi, Te; Tapered 1909.50 1.260 21.50 - [200]
Bi,Se, D-typed 1912.12 0.835 18.30 - [201]
Sb,Tes Tapered 1930.07 1.240 14.51 7225.27 [202]
Sb,Tes D-shaped 1961.35 0.890 22.36 4703.42 [203]
TMDs MoSe, Sandwich 1943.35 0.980 23.53 397.96 [99]
MoSe, D-shaped 1912.00 0.920 18.21 256.67 [204]
WSe, Tapered 1863.96 1.160 11.36 2466.31 [205]
WSe, Tapered 1886.22 1.180 11.36 - [35]
WS, D-shaped 1941.00 1.300 34.80 13.23 [200]
WTe, Tapered 1915.50 1.250 18.72 1705.13 [207]
MoTe, Tapered 1930.22 0.952 14.35 2686.44 [208]
BP Sandwich 1910.00 0.739 36.80 55.00 (46)
Tapered 1898.00 1.580 19.20 278.55 [209]
Sandwich 2094.00 1.300 29.10 291.54 [210]
Sandwich 1859.30 0.139 20.95 7490.00 [211]
MXenes Ti;C, T, D-shaped 1913.70 0.897 16.77 830.97 [23]
Nb,C Tapered 1944.00 1.670 9.35 70.45 [212]
Nb,C Tapered 1950.80 1.340 11.76 291.91 [212]
Nb,C Tapered 1882.13 2.270 6.28 862.82 [176]
V,C Tapered 1937.00 1.680 11.52 140.00 [213]
V,C Tapered 1900.00 0.843 18.29 961.83 [214]
Graphdiyne - 1880.30 2.520 5.94 2431.72 [107]




1250 Vol. 11, No. 7 / July 2023 / Photonics Research

output power of 172.24 mW in a mode-locked fiber laser using a
ferromagnetic insulator Cr,Si; Teg [217]. This is the maximum
pulse energy and output power that can be obtained in the 2D
material mode-locked fiber laser.

Table 2 shows that various types of 2D materials have been
used in fiber lasers in the 1.5 pm band, while graphene is the
first 2D material used in mode-locked lasers. As early as 2009,
Zhang et al. realized a graphene mode-locked fiber laser and
obtained a pulse width of 415 fs [130]. Such pioneering studies
have shown graphene to be a high-performing SA device with
its zero band-gap performance, fast response time, and wide
operating interval. In 2020, scientists completed a graphene
capacitor-based mode-locked fiber laser [133]. The output
performance, using a graphene capacitor integrated into a
D-shaped fiber, is shown in Figs. 10(a)-10(c), which demon-
strates that the mode-locked laser can switch from femtosecond
pulses in reverse to a CW state with an extinction ratio of
70.4 dB. Graphene and its similar derivatives, including gra-
phene oxide and graphene composites, have found applications
in fiber mode-locked lasers. Recently, Tsai ez al. completed a
continuous wavelength-tunable fiber mode-locked laser from
the C-band around 1544 nm to the L-band around 1574 nm
using the combination of a graphene-oxide and nonlinear
polarization rotation mechanism [135], and its performance is
shown in Figs. 10(d) and 10(e). Of course, in the mid-IR range
of 2 pum, graphene also has a notable excellent performance.

O O T

In 2012, Zhang et al. achieved the first graphene-based
thulium-doped mode-locked fiber laser with a central wave-
length of 1.94 pm, a pulse width of 3.6 ps, and a repetition fre-
quency of 6.46 MHz [196]. This achievement promoted the
wide application of graphene at 2 pm. In 2018, Figs. 10(f)—
10(g) show that Pawliszewska ez /. complete the graphene-based
holmium-doped mode-locked fiber laser capable of working in a
stretched-pulse system, which can generate pulses of 190 fs at
2060 nm [193]. Recently, researchers have prepared a graphene
fiber laser that can be mode-locked simultaneously at 1563.5
and 1931.9 nm [197]. The pulse duration is 700 fs and
1.77 ps at a constant pulse repetition rate of 12.905 MHz
[Figs. 10(h) and 10(i)]. The completion of this work will facili-
tate the deployment of several fiber lasers of different wave-
lengths for practical applications in the near-IR region.
Unlike graphene, T1Is have a nonzero band gap and a large
modulation depth (up to 95%), especially when using Bi,Ses-
based SAs, where the lowest repetition rate (1.21 MHz), the
smallest unsaturated loss (0.8 dB), and the highest modulation
depth (98%) have been reported, which is illustrated in
Fig. 11(a) [95]. Therefore, various TI-based mode-locked fiber
lasers have been developed. The shortest pulse width of 70 fs
was obtained at 1.5 pm, with Sb,Tej as the SA [147], as shown
in Figs. 11(b) and 11(c). The highest repetition rate
(3.125 GHz) and the largest harmonic order (200th) [140]
were obtained by Jin ez al. with Bi,Te; as the SA, as shown
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Fig. 11.

TIs mode-locked fiber laser at wavelengths of 1.5 pm and 2 pm. (a) Z-scan curves of T1s. Insert: Z-scan experimental setup. (b), (d), and

(f) Nonlinear saturable absorption curve. (c), (e), (g), (h), and (i) Autocorrelation trace. (a) Reprinted from Ref. [95], copyright 2012, Optica; (b),
(¢) reprinted from Ref. [147], copyright 2016, Springer Nature; (d), (e) reprinted from Ref. [140], copyright 2018, Optica; (f), (g) reprinted from

Ref. [199], copyright 2014, Optica.
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in Figs. 10(d) and 10(e). Note that they used microfiber-based
TI SAs and obtained pulses at 1560.88 nm with a pulse width
and heavy frequency of 2.18 ps and 15.6 MHz, respectively,
when the output power reached the mode-locking operation
of 28 mW. At wavelengths of 2 pm, as early as 2014, Jung
et al. achieved the first ultrafast mode-locked fiber laser pulse
at 1935 nm with a pulse width of 795 fs based on Bi, Te; SAs
[199], as shown in Figs. 11(f) and 11(g). Note that scientists
have also accomplished mode-locked fiber lasers using Sb, Te;
at a central wavelength of 1961.35 nm and obtaining pulse
width lengths of 890 fs [203], as shown in Figs. 11(h) and
11(i). Of course, researchers have also accomplished achieve-
ments using Tls including but not limited to those in Table 3.
These achievements demonstrate that topological insulators
have a breathtaking potential for applications in nonlinear pho-
tonics beyond electrical and thermal properties.

Not coincidentally, TMDs and their derivatives have also
been found to be used in mode-locked fiber lasers and have
received a lot of attention from experts in the field of photonics.
TMDs are a very large material system; it is said that their ap-
plications are also more colorful. Back in 2014, MoS, was the
first object to be studied, revealing its saturable absorption
behavior and applying it to fiber lasers, as shown in Fig. 12(a).
These research results have given a strong impetus to the devel-
opment of MoS; research and have led to many more important
results in the 1.5 pm region [150], as shown in Figs. 12(b) and
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12(c). Similarly, WS, also exhibits excellent nonlinear optical
properties, not unlike MoS,. In 2017, Liu ¢ al. deposited
WS, on a tapered fiber by photodeposition and in this way
completed a sub-100 fs mode-locked laser with the perfor-
mance pulse width of 67 fs obtained at a central wavelength
of 1540 nm [101], which is the shortest pulse width to date
for a TMD-based fiber laser in the field of 1.5 pm [Figs. 12(d)
and 12(e)]. Through these efforts, other layered TMDs and
their derivatives have also been completed as mode-locked fiber
lasers in the 1.5 pm domain. One of them even used PtSe, as
an SA to obtain a repetition frequency of 8.8 GHz, which is
also a new record. In the 2 pm region, Wang ez al. generated for
the first time a central wavelength at 1915 nm based on WTe,
SAs ultrafast laser pulses [207], with a pulse width of 1.25 ps.
Many works after this achievement are also not negligible, such
as a pulse width of 920 fs and a repetition frequency of
34.8 MHz at a pulse width of 1.3 ps [204,206], from the sec-
tion of Figs. 12(f)—12(i). These studies show that TMDs have
become promising 2D materials for mode-locked lasers and are
not inferior to graphene and TIs.

BP, which is often prepared by LPE, is more likely to gen-
erate ultrafast lasers in the long near-IR wavelength band com-
pared to graphene. In the central wavelength of 1.5 pm, BP was
first applied to mode-locked fiber lasers in 2015 when Chen
et al. proposed an erbium-doped mode-locked fiber laser based
on BP SAs [164] and dissected the relationship between the
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transmittance and input intensity of a minority layer BP
[Fig. 13(a)]. Thanks to researchers who have been investigating
passively mode-locked fiber lasers near 1.5 pm, Jin er 4l
prepared BP sheets using inkjet printing [103], and Zhang ez 4l.
reported a mode-locked fiber laser with a pulse duration of
102 fs [Fig. 13(c)] based on BP-SA (sandwich structure ink-
jet-printed), a central wavelength of 1555 nm [Fig. 13(b)],
and a BP-SA damage threshold of ~30 mW, which is the nar-
rowest pulse width in the 1.5 pm band among all reported BP-
based mode-locked fiber lasers. The characteristics mentioned
above can be observed in Figs. 13(b) and 13(c). Not to be ne-
glected, some of the research results are also surprising enough;
as shown in Figs. 13(d) and 13(e), excellent data are obtained in
experiments with ultrashort pulses of 280 fs and a maximum
repetition frequency of 60.5 MHz [166]. On this basis, the
soliton center wavelength can be continuously tuned from
1549 to 1575 nm due to the artificial birefringence filtering
effect, which also shows that BP can be used as effective
SAs to unravel the mystery of soliton dynamics. Of course,
mode-locked fiber lasers with 538 fs pulse widths are available
in harsher environments [172]. Inkjet-printed BP SAs pro-
tected by a parylene-C layer can maintain stability in extreme
environments with high temperatures and humidity. For exam-
ple, at 60°C and with the BP fully immersed in water, it can
continue to operate stably for more than 200 hours. Since pho-
todetectors are affected by the conditions and environments in
which they are used, this research makes an excellent contribu-
tion to the advancement of BP and other 2D materials in real-
world applications. These aforementioned studies highlight the

excellent nonlinear optical properties of BP as well as its wide
tunability range. Similarly, BP exhibits better photon absorp-
tion properties than graphene and TMD:s in the wavelength
region of 2 pm, which is more suitable for the study of a broad
bandwidth in the mid-IR short pulse technique. In 2015,
Sotor et al. experimentally demonstrated for the first time
the existence of a thulium-doped mode-locked fiber laser based
on BP SAs [46], and obtained an output center wavelength of
1910 nm and a pulse width of 739 fs [Figs. 13(f) and 13(g)].
In 2020, Zhang e al. prepared an ultrashort pulse-locked
fiber laser based on BP using the dispersion management tech-
nique, where the BP was prepared by inkjet printing [211]. As
shown in Figs. 13(h) and 13(i), the central wavelength is
1859 nm, and the pulse width is 139 fs, which is the shortest
pulse width so far for direct output in BP SAs all-fiber thulium-
doped lasers.

MXenes are relatively new 2D materials. Since Ti;C, was
prepared as the first MXene material in 2011 [218-220], more
than 100 kinds of materials have been unearthed, but less than
50 materials have been applied so far to the experimental field
[221]. MXene materials are active at the central wavelength of
1.5 pm, while Ti3C, T, has glamorous optical modulation
properties in photonics. In 2019, Wu ez al. completed a
mode-locked fiber laser based on a Ti3C,T, SA in an experi-
ment [88]. A pulse with a central wavelength of 1550 nm and a
pulse width of 104 fs was output in a near-zero dispersion
(~0.008 ps?) cavity, and the measured device damage thresh-
old was ~200 mW, which is the narrowest pulse width ob-
tained so far for a mode-locked fiber laser based on a
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MXene TizC,T, SA [Figs. 14(a)-14(c)]. In addition, signifi-
cant results were obtained by Liu ¢# al. using Mo,C as SAs
[74]. As shown in Figs. 14(d) and 14(e), by adjusting the
polarization state and pump power, the pulse duration and
output powers are 199 fs and 54.13 mW, respectively, at a
wavelength of 1551.92 nm. On the other hand, Jhon ez a/. ac-
complished a mode-locked laser in the 2 pm region using hun-
dreds of layers of stacked Ti3C, T, [23], which experimentally
produced a duration of 897 fs in a fiber cavity of 1913.7 nm
femtosecond pulsed lasers, as depicted in Figs. 14(f) and 14(g).
This work provides a good reference for low-cost experimental
devices based on MXenes. The final point to note is that Lee
et al. obtained excellent measurement data using V,C SAs, as
shown in Figs. 14(h) and 14(i), and generated an ultrafast
pulsed laser of 1.9 pm with a pulse width of 843 fs by a
mode-locked fiber laser [214]. These achievements, without ex-
ception, demonstrate the physical properties of MXene materi-
als with a broadband optical response and strong effective
nonlinear absorption coefficient.

With the continuous exploration of 2D materials, there is an
urgent need for SAs with strong nonlinearity, ultrafast recovery
time, and a high damage threshold to be used as a device for
higher-power ultrashort pulse lasers. From the available
research results, a single 2D material has the advantage of a
certain area, but it is also difficult to avoid some limitations
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of the application. The combination of two or more 2D ma-
terials allows new materials to expand the advantageous aspects
and avoid the limitations of a single development direction. In
fact, this way to construct heterostructures has become main-
stream in the field of ultrafast photonics. Comparing Tables 2
and 3, shows that heterostructures are relatively widespread for
1.5 pm mode-locked applications. The current ultrafast lasers
based on 2D heterostructures are mainly based on graphene
and TMDs, followed by other TIs and BP, mainly due to
the wideband response of graphene and its mature preparation
process, which is a good substrate material to form good van der
Waals contact with other 2D materials prepared by LPE, CVD,
or magnetron sputtering. In 2017, Liu ¢t al. prepared gra-
phene-BP heterostructures by liquid-phase ultrasonic exfolia-
tion and completed the preparation of mode-locked fiber
lasers [222]. A central wavelength of 1531 nm was obtained,
and the calculated pulse duration was 148 fs, which exhibited
good pulse width compression characteristics, as shown in
Figs. 15(a) and 15(b). In addition. Liu et al, prepared
MoS,-WS, heterostructures by magnetron sputtering and ex-
perimentally completed the mode-locked fiber laser [181]. As
Figs. 15(c) and 15(d) show, a pulse width of 154 fs was
obtained at a central wavelength of 1560 nm, which is the
narrowest pulse width that can be obtained for TMD-based
heterostructures. However, the triple-layer heterostructures also
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exhibit a good narrow pulse width output, and Liu er 4l
prepared a MoS,-Sb,Te;~MoS, triple-layer heterojunction
by magnetron sputtering and compressed the total thickness
of the film to 24 nm [180], as shown in Figs. 15(e) and 15(f).
These studies continue to explore the potential of existing
materials to improve and apply them to the development

in technology and industry. In addition, focusing on the
ratio and number of layers in heterostructure materials and ex-
ploring their relationship with nonlinear effects can help to fur-
ther reduce the unsaturated losses of SAs. In the future, we
should see heterostructures flourish in the field of ultrafast
photonics.
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Table 5. Key Parameters for 1.5 pm and 2 pm Mode-
Locked Lasers Based on 2D Materials

Type of Pulse Repetition
SA Laser Width/fs A/nm Rate/MHz Ref.
Graphene SL 91 1516 85.16 [110]
G/WS, FL 357 1567 22.86 [187]
G-Gold SL 354 2010 98.00 [113]
Graphene FL 205 1945 58.87 [195]
Sb,Tes FL 70 1542 95.40 [147]
Bi, Te; FL 795 1935 27.90 [199]
WS, FL 67 1540 135.00 [101]
MoS, SL 280 ps 2011 232.20 [122]
MoSe, FL 920 1912 18.21 [204]
BP SL 924 ps 1340  58.14  [120]
BP FL 102 1555 23.90 [103]
BP FL 139 1859 20.95 [211]
Ti,C, T, FL 104 1550 2030  [88]
V,C FL 843 1900 18.29 [214]
MoS,-WS, FL 154 1560 7467  [181]
Graphdiyne FL 136 1551 23.50 [192]

By applying GDY to a mode-locked fiber laser, a high-power
mode-locked pulse output can be achieved. In 2019, Zhao ez al.
obtained a femtosecond mode-locked fiber laser using a GDY
SA for the first time [189], obtaining a mode-locked laser pulse
of 1564.70 nm with a pulse width of 734 fs [Figs. 16(a) and
16(b)]. This result proves the great promise of GDY for fiber
lasers. It is a pity, however, that due to current experimental
technology and the cost issues, GDY has not yet been reported
to obtain mode-locked laser pulses, but it has successfully
achieved a passively Q-switched laser in the field of solid-state
lasers [106,223-225]. The shortest pulse width of a GDY-
based mode-locked fiber laser was obtained by our group in
2022 [192], with a central wavelength of 1551.2 nm, a pulse
duration of 135.8 fs, and a repetition frequency of 23.5 MHz,
as depicted in Figs. 16(c)-16(e). Note that it is first explored in
the field of mid-IR ultrafast photonics using a GDY SA by Guo
et al. [107]. Not only did they obtain stable mode-locked pulses
at 1.5 pm, but also completed a thulium-doped mode-locked
fiber laser based on graphdiyne at 1880.30 nm. As shown in
Figs. 16(f)-16(i), pulse durations of 940 fs and 2.52 ps were
obtained. Graphdiyne has graphene-like properties, but its re-
search in the field of optics is far less intensive than that of
graphene. Among the fiber lasers at 1.5 pm, the narrowest pulse
width that can be achieved by graphdiyne is 135.8 fs compared
to the narrowest pulse width of 390 fs achieved by graphene,
which is already better than all the graphene SA fiber lasers re-
corded in Tables 2 and 3. As shown in the tables, fiber lasers
based on a graphdiyne-based SA have a better output perfor-
mance than most other types of SA.

Comparing Tables 2—4, it is easy to see that the number of
reported mode-locked fiber lasers based on 2D materials is
more than that of mode-locked solid-state lasers. The main rea-
son is because fiber lasers have a variety of material-coupling
methods that can effectively achieve ultrafast mode-locked
pulsed lasers using the direct combination of fibers and light,
which can meet both the interaction between light and 2D
materials and achieve high-power ultrafast laser output. As
mentioned above, 2D materials as SAs for solid-state lasers
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are directly inserted into the cavity, and the light directly inter-
acts with the materials, which causes unnecessary losses and
difficulties and limits their widespread use.

4. CONCLUSION AND OUTLOOK

For decades, mode-locked lasers based on 2D nanomaterials
have achieved a series of important results because of the con-
tinuous in-depth research, and their rapid development has
made them gradually become the favorites in the fields of ultra-
fast photonics and nonlinear optics. With the diversification
and maturation of techniques for the preparation and integra-
tion of 2D materials and the progress of ultrafast pulsed lasers
in recent decades, the combination between the two has be-
come closer and closer, and there has been an unstoppable mo-
mentum to design a variety of mode-locked lasers using the
nonlinear properties of different 2D materials for practical in-
dustrial production and research applications. In this review, we
briefly reviewed the development of 2D materials, discussed the
material properties, preparation, and testing methods, summa-
rized the laser performance of 2D-based fiber lasers and solid-
state lasers in the fields of 1.5 and 2 pm, and provided a detailed
summary of the results available so far, highlighting the excel-
lent performance of the lasers. Table 5 summarizes the mini-
mum pulse widths for mode-locked lasers based on 2D
materials at 1.5 and 2 pm. For solid-state lasers, the develop-
ment of mode-locked lasers at 2 pm is still technically and
economically limited. For fiber lasers, most thulium-doped
mode-locked fiber lasers operate in the soliton-locked state with
pulse widths limited to the picosecond magnitude. Researchers
have found that dispersion management techniques balance the
dispersion and nonlinearity in the laser cavity and, are com-
bined with the cavity design to achieve fs pulse output.
Even so, the peak power of current mode-locked fiber lasers
based on 2D material SAs is limited by the damage threshold
of material substrates, which is difficult to excessively increase.
Therefore, the question still remains: how can researchers
achieve high-power mode-locked fiber lasers?

In summary, innovative design strategies for devices based
on 2D materials mainly include innovations in material prepa-
ration, substrate structures, and device integration methods.
Ultrafast photonics based on 2D materials has become a highly
anticipated field of research. These integration strategies can
also be used to prepare devices for many applications in differ-
ent fields; for example, photodetectors [226-228], all-optical
modulators [229-231], and sensors [230,232]. As device
preparation techniques improve and integration strategies are
updated, we believe devices based on 2D materials will bring
revolutionary achievements in biology, optoelectronics, medical
devices, and energy.
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