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Recent Advances of 2D Materials in Nonlinear Photonics

and Fiber Lasers

Wenjun Liu, Mengli Liu, Ximei Liu, Xiaoting Wang, Hui-Xiong Deng, Ming Lei,*

Zhongming Wei,* and Zhiyi Wei

The explosive success of graphene opens a new era of ultrathin 2D materials.
It has been realized that the van der Waals layered materials with atomic and
less atomic thickness can not only exist stably, but also exhibit unique and
technically useful properties including small size effect, surface effect, macro
quantum tunnel effect, and quantum effect. With the extensive research and
revealing of the basic optical properties and new photophysical properties

of 2D materials, a series of potential applications in optical devices have
been continuously demonstrated and realized, which immediately roused

an upsurge of study in the academic circle. Therefore, the application of

2D materials as broadband, efficient, convenient, and versatile saturable
absorbers in ultrafast lasers is a potential and promising field. Herein, the
main preparation methods of 2D materials are reviewed and technical guide-
lines for identifying and characterizing layered 2D materials are provided.
After investigating the characteristics of 2D materials thoroughly in nonlinear
optics, their performances in fiber lasers are comprehensively summarized
according to the types of materials. Finally, some developmental challenges,
potential prospects, and future research directions are summarized and pre-

1. Introduction

As early as 1959, Richard Feynman has
mentioned the concept of layered mate-
rials in his speech entitled “There is
enough space at the bottom.”l! However,
until today, decades later, we just seem to
have a clearer understanding of this mys-
terious species—2D materials through
persistent efforts.[”] For 2D materials with
nanostructures, the unique physical sin-
gularities occur when heat transfer and
charge are determined on a plane, which
makes them attracted much attention from
ultrafast photonics,*! electronics/optoe-
lectronics devices,['%? high-performance
sensors,?>3% biomedicine®* to optical
modulation.'®! In the past few years,
the overall pattern of 2D materials has
not only been greatly expanded but also
greatly innovated in its development and

sented for such promising materials.
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application. One of the most compelling
applications is nonlinear optics, which has
created a frenzy for laser innovation.

Among many available ultrashort pulse generation tech-
nologies, passively mode-locked fiber laser (MLFL) based on
saturable absorber (SA) has become one of the most effective
ways to achieve ultrashort pulses because of its advantages of
good beam quality, compact structure, low cost, and good com-
patibility. Although the development of SAs has gone through
dyes, semiconductor saturable absorber mirrors (SESAMs),
etc., since the successful preparation and application of gra-
phene materials, there has been an upsurge in the preparation
research of SAs based on 2D materials in fiber lasers. Due to
the optical nonlinearity of 2D materials, the SAs which based
on 2D materials can periodically modulate the circulating light
field in the laser cavity, causing a large number of longitu-
dinal modes to phase oscillation, thus forming regular short
pulse trains in the time domain. The mechanism of nonlinear
absorption is mainly caused by the Pauli incompatibility prin-
ciple, which enables the material to absorb less instantaneously
when a large number of electrons are found in the up-excited
state under the action of strong light.

Since the advent of graphene, more 2D materials have been
recognized and applied in laser. Until now, the research hot-
spots are mainly concentrated on several representative mate-
rials or some heterojunction material about them, including
1) Graphene; 2) topological insulators (T1s); 3) black phosphorus
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(BPs); 4) transition metal dichalcogenides (TMDs). Substan-
tial research indicating that many similar photonic properties
are shared in 2D materials as saturable absorbers, such as
broadband absorption, strong nonlinearity, ultrafast response
time, and saturable absorption characteristics.??2 Sufficient
researches have shown that the application of 2D materials as
broadband, economical, efficient, and widely used optical mod-
ulators in ultrafast lasers is a potential and high-speed develop-
ment area with broad commercial prospects.

Here, a comprehensive review to retrospect the recent
progress in 2D materials and prospect for the avenues and
opportunities of future work are necessary, which not only
clarifies the development stage at this moment, but also pro-
vides feasible direction and guidance for future explorations.
In this paper, the synthesis, characterization, and nonlinearity
of 2D materials are reviewed, and their performances in fiber
lasers are comprehensively summarized according to the types
of materials. Finally, some of the major development challenges
faced by 2D materials are discussed and a bold outlook for their
future direction is made.

2. Synthesis

In recent years, various preparation methods have been suc-
cessfully applied to the fabrication of 2D materials, which is
roughly encompassed as top-down and bottom-up methods.
Here, two common methods from each of them are selected for
a detailed introduction.

In mechanical exfoliation, bulk crystals placed on the scotch
tape is repeatedly pasted and peeled off to obtain thin layered
sheets. Such a simple lift-off process benefits from the weak
van der Waals force between layers of 2D materials. In this way,
the graphene was successfully stripped from the graphite flakes
by Geim and Novoselov for the first time.[%3] This method has
advantages of convenience in operation and low cost, and the
products maintain high crystallinity and structural integrity.
However, because of the inefficiency and uncontrollability of
manual operation, the yield of the obtained material is small
and the number of layers is random. (646!

High-yield liquid exfoliation as an efficient alternative to
mechanical exfoliation has been increasingly used. (74 There
are two ideas for how to destroy interlayer forces. One is to widen
the interlayer distance by embedding organic or ionic materials,
which leads to the weakening of the interlayer adhesion force. The
other is to directly use high-intensity ultrasonic to produce micro-
bubbles and forces in materials. These two are the main opera-
tional principle of lithium-ion intercalation exfoliation and liquid-
phase exfoliation. In lithium-ion intercalation exfoliation, the
intercalation of lithium ions combining with mechanical forces
such as stirring or ultrasonication tends to produce high-yield
few-layer materials. However, this method may alter the structure
of the material, and the quality needs to be further improved.

In pulsed laser deposition (PLD) technology, %71 the
high-energy pulses strike the solid target, and the material is
separated from the target to form a plasma plume, after which
the molten material transfer to the substrate surface, film
nucleation and formation were finally formed on the surface of
the substrate. The deposition rate of this preparation method is
high and the prepared film is uniform. However, the quality of
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the film needs to be improved, and it is unable to achieve large-
area laser deposition under existing technology

Chemical vapor deposition (CVD) is a process in which gas-
eous or vapor-state chemicals are chemically reacted to form
solid sediments on the surface of the substrate in the reactor by
heating. ’®) CVD method has been widely used in many fields
because of the superiorities in density, high crystallinity, and
uniformity. Moreover, it is able to realize mass production.*’]
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Figure 1. a) Optical micrograph of a MoS, flake. b) AFM of selected green rectangular area in (a). Reproduced with permission.®"] Copyright 2016, Amer-
ican Chemical Society. ) Height information at different locations in AFM. Reproduced with permission.®4 Copyright 2014, American Chemical Society.

However, this method has high cost and complexity, and it is
often accompanied by the follow-up process of film transfer.

3. Characterization

3.1. Atomic Force Microscopy

Atomic force microscope (AFM) is an important technique
for obtaining surface information of materials. It performs
excellently in applications due to 3D surface images and high
resolution.”’#% The emergence of AFM has undoubtedly
promoted the development of nanotechnology. It is able to
provide surface information for samples with various types, and
observe the surface of the sample at high magnification under
atmospheric conditions (Figure 1).882] Wide range of applica-
tions, strong software processing capabilities, high resolution,
and nondestructive to samples make it outstanding in applica-
tions. However, the acquisition of high precision is bound to be
at the expense of imaging range and scanning speed, and the
requirements for the probe are high during measurement.

3.2. Transmission Electron Microscopy

Transmission electron microscopy (TEM) is an effective tool
for observing and analyzing the morphology, organization,
and structure of materials, in which electron beams are used
as illumination sources to analyze the microstructure of the
samples through the images formed by transmission electron
beams or diffraction electron beams.®*84 Two imaging modes
are included in TEM, one is microscopic imaging (Figure 2a)
for tissue morphology observation, the other is diffraction
imaging for isotope analysis of crystal structures (illustration
in Figure 2a).% In scanning transmission electron microscopy
(STEM), the large angle annular dark field detectors combined
with electron energy loss spectroscopy make individual atoms
visible. The STEM image of MoS, given by George et al. clearly
shows the structure of the material (Figure 2b).®%! Li et al. also
accurately locates the growth edges of WSe, and MoS, in the
prepared heterojunctions (Figure 2c).%¢!
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3.3. X-Ray Diffraction

X-ray diffraction (XRD), as a nondestructive analysis method for
the characterization of crystal phase and structure, has become
one of the most basic and important structural testing methods.
When the sample is irradiated by strong X-rays, the identifying
X-rays are excited from the sample. The characteristics of ele-
ments and the distribution of atoms in crystals can be judged
by the diffraction peaks of rays and the corresponding intensity
information.”] XRD can also be used to roughly determine the
number of layers of nanosheets. For example, bulk MoS, often
tends to show all three reflection modes (100), (110), and (002),
but in single-layer MoS,, the reflection peak (002) is missing
(Figure 3).6388

3.4. X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) can not only reflect the
molecular structure of a substance through the valence state of
a molecule, but also provide information on the component con-
tent and chemical bond of a compound for electronic material
research.®>%) Sy et al. qualitatively and quantitatively monitored
the ratio of Mo—Se and (Mo—Se + Mo-S) during the selenization
process of MoS,.°!l When the temperature reaches up to 900 °C,
only the characteristic XPS peaks of WSe, are observed. Besides,
XPS can also be used as a method to distinguish and identify the
crystal phase of 2D materials. Because of the inevitable inherent
shortcomings of lithium-ion intercalation, phase transformation
may occur in the materials prepared by this method. Chhowalla
and co-workers reported this phenomenon. They not only identi-
fied the different phases, but also further quantitatively calculated
the concentrations of the various phases by XPS (Figure 4).°%

3.5. Raman Spectroscopy
Generally speaking, Raman spectroscopy is recognized as a
unique chemical fingerprint of specific material or molecule,

therefore can be used to effectively distinguish different sub-
stances or to accurately identify the constituents of substances.[*?!

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) Surface topography and selected area electron diffraction pattern (inset) of MoS, in TEM image. Reproduced with permission.(l

Copyright 2012, Wiley-VCH. b) STEM of single-layer MoS, with corresponding elements. Reproduced with permission.8’ Copyright 2014, Wiley-VCH.
) STEM images of WSe,~MoS, heterostructure. Reproduced with permission.® Copyright 2015, American Association for the Advancement of Science.

The first exploration of Raman characteristics of ultrathin 2D the two obvious vibrations out-of-plane (Ay,) and in-plane (E',5)
TMDs dates back to 2010. Lee et al. reported the Raman spectra  are observed, but also the shift tendency of two vibrations as the
of thin and bulk MoS, films. As shown in Figure 5,°4 not only  thickness changes are revealed. Moreover, the tension/stress
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Figure 3. a) XRD for few layered MoS,. Reproduced with permission.®l Copyright 2011, Elsevier Inc. b) XRD for monolayer MoS,. Reproduced with
permission.l®3 Copyright 2012, Wiley-VCH.
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Figure 4. a) Atomic structure of 1T- and 2H-MoS,. b) XPS of MoS, annealed at different temperatures. Reproduced with permission.® Copyright

2011, American Chemical Society.

can be estimated by the peak position change of Raman, and
the crystal symmetry and orientation are reflected by the Raman
polarization energy.”’! And for some special 2D materials (MoS,
and WS,), the layer information can be inferred by the distance
of specific peaks on the Raman spectrum.®

4. The Optical Properties of 2D Materials

4.1. Basic Properties of Several Common 2D Materials

2D materials commonly refer to crystals composed of
few layers of or single atoms whose electrons move freely
only on two dimensions of the non-nanometer scale
(1-100nm). Although there have been a few investigations
about 2D materials before, the rise of 2D materials has been
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accompanied by the successful separation of graphene, a single-
atom-layer graphite material, by Novoselov et al. in 2004.%3 The
following will introduce some materials that have been widely
studied from the aspects of structure, bandgap, and so on.
Some of those materials are single element compounds
or multielement compounds, so their atomic structures are
different. The atomic structure of graphene is a hexagonal
honeycomb lattice composed of carbon atoms as shown
in Figure 6a.”! The atomic structure of black phosphorus is
folded as shown in Figure 6b, which results in the high anisot-
ropy of phonons, photons, and electrons. 11839 TTs are a group
of materials with topological electronic properties, including
antimony telluride (Sb,Te;), bismuth selenide (Bi,Ses), bis-
muth telluride (Bi,Te;), etc.* Figure 6¢ shows the atomic
structure of Sb,Te;, which is similar to the atomic structure of
other materials in TL.['% The single-layer TMD structure can be
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Figure 5. a) Raman spectroscopy of MoS, with different thickness. b) Variation of vibration mode with the thickness of MoS,. Reproduced with permis-

sion.’l Copyright 2010, American Chemical Society.
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Figure 6. Atomic structure of a) Graphene. Reproduced with permission.l’”l Copyright 2010, American Association for the Advancement of Science.
b) BP. Reproduced with permission.['® Copyright 2014, Springer Nature. c) Tl (Sb,Te;). Reproduced with permission.[1% Copyright 2017, IOP Publishing.

d) TMD. Reproduced with permission." Copyright 2011, Springer Nature.

roughly represented by the three-layer atomic structure X-M—X
as shown in Figure 6d, where the metal atom M from group 4
to 7 and chalcogen atom X is usually one of the three elements S,
Se, and Te. In monolayer TMD, metal atoms M are sandwiched
between two layers of chalcogen atom X, and the chemical bond
M-X that provides the connection endows the whole layer strong
stability, the thickness of which is usually 6-7 A.[4

From the bandgap point of view, those materials have almost
filled all the blanks of 0-2 eV. In graphene, the conduction
band and valence band converge at the Dirac point, which
indicates that graphene owns a gapless semimetallic band
structure. TIs exhibit an insulating body state, and the surface
state is Dirac electronic state with zero energy gap similar to
graphene, which results in the metallic surface of the material.
The metal properties exhibited on the edges and surface endow
them small bandgap (0.2-0.3 eV). By adjusting the thickness,
the bandgap value of BP will increase with the decrease of the
number of layers in the range of 0.3-1.5 eV, but the bandgap of
BP remains direct when the thickness changes. Compared with
indirect bandgap materials, the electronic transition and recom-
bination process in direct bandgap materials are easy, so the
corresponding carrier lifetime is relatively short, which indi-
cates that direct bandgap materials have advantages in realizing
ultrashort pulses. Thickness-dependent bandgap structure is
also one of the unique characteristics of TMDs. Taking MoS, as
an example, the bandgap of bulk and monolayer MoS, are 1.29

Adv. Optical Mater. 2020, 8, 1901631
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and 1.80 eV. Meanwhile, with the decrease of thickness, the
indirect bandgap of bulk MoS, changes into the direct bandgap
of monolayer MoS,.l'Z Moreover, according to the inherent
variation law of TMDS, when the chalcogen element gradually
increases in atomic mass from S to Se to Te, the bandgap is
synchronously reduced. 1]

In addition, the unique properties of some materials need to
be emphasized. For example, in graphene, a special quantum
tunneling effect is followed by the carriers, which result in
high carrier mobility and local superconductivity of graphene.
Over a wide wavelength range, monolayer graphene exhibits
an absorptivity of about 2.3%, which is better than traditional
semiconductor materials such as gallium arsenide (GaAs)
(about 1% absorption of near-gap light for a 10 nm thick GaAs
quantum well).l Moreover, in the range of at least 5 layers, the
absorption increases by 2.3% for each layer increased in thick-
ness.[192103] BP is easily oxidized and cannot be stably present
in the air for a long time. In order to solve this problem, many
packaging methods have been used for its long-term work and
preparation, but the practical application is still challenging.

4.2. Kerr Effect and Saturable Absorption
In a high-intensity electromagnetic field, the response of

some medium to light will become nonlinear. Therefore, the

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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exploration of the optical nonlinearity of 2D Materials is con-
ducive to its further development in photonics and photoelec-
tric applications.'* 111 The origin of the nonlinear response
of medium is related to the nonresonant motion of the bound
electrons under the influence of the applied field. The induced
total polarization P of the electric dipole is nonlinear to the
optical field strength F, satisfying the relationshipl!!2113]

P=gy(x" E+ % :E+y":E+-) 1)

In the formula, g, is the dielectric constant in a vacuum
and y"mn = 1, 2, ..) is the nth-order of polarizability.
First-order ! describes the linear response. Second-order
% corresponds to nonlinear effects including sum fre-
quency and second harmonic generation, which is zero in
some media with inverted symmetry of the molecular struc-
ture. The lowest order nonlinearity in optical fibers origi-
nates from third-order polarizability y©), which is the cause
of phenomena such as four-wave mixing, nonlinear refraction
and third-harmonic generation. The real part of ¥ is related
to the nonlinear refractive index of the material, which is
called the Kerr effect, while the imaginary part represents the
nonlinear absorption of the material. One of the most signifi-
cant manifestations of the nonlinear absorption is the satu-
rable absorption properties of materials.

For 2D materials, the Pauli exclusion principle is considered
to be the main origin of saturable absorption,*!** which can be
briefly described as follows. When materials are illuminated by
the weak light, the electrons in the valence band transits to the
conduction band because of the absorption of photon energy.
Subsequently, in-band phonon scattering will further “cool”
these hot carriers until the equilibrium distribution of electrons
and holes is restored, which is a linear absorption process.
When the incident light is strong, the above-mentioned elec-
tronic transition process is frequent, and the energy states of
the valence band and the conduction band edge are all occupied
by electrons and holes. Since electrons are fermions, according
to the Pauli exclusion principle, when all energy states are occu-
pied, the interband transition will be cut off, and the material
will no longer absorb photon energy, thus showing a state of
low absorption and high transmittance. This saturable absorp-
tion process can be described as follows

s

o=y +———
1+1/I

(2)

where o, is nonsaturable loss, ¢ is a saturable loss (modu-
lation depth), I is the input intensity, and I, is the saturation
intensity. Corresponding to the previous nonlinear absorption
process, when the incident light is weak (I is small), the absorp-
tion is the sum of oy and ¢, and when the incident light
becomes stronger, the absorption is reduced to 0.

In the measurements of saturable absorption and Kerr
effect, the Z-scan technique and double-balanced detection
are two commonly used methods.'">7] The device diagram
of Z-scan technique is shown in Figure 7.8 Part of the inci-
dent Gaussian beam is separated by beam splitter and detected
by detector 1 to monitor the stability of light intensity. The
remaining part is focused by the lens, the focal plane of the
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Figure 7. The schematic diagram of Z-scan measurement. Reproduced
with permission.""8l Copyright 2018, IOP Publishing.

focusing lens is located at Z = 0, and the direction of beam
propagation is defined as +Z direction. The measured sample
is placed on the translation stage and can move around the focal
plane. An appropriate aperture is placed before detector 2 to
obtain the data of open-aperture (OA) and closed-aperture (CA)
by changing the state of aperture, thus measurement is roughly
divided into two processes. For OA Z-scan, due to the nonlin-
earity of the medium and the lateral spatial nonuniformity of
the Gaussian beam, the sample moving around the focal point
of the lens can be considered as a lens-like medium, which
ultimately leads to the divergence or convergence of the beam,
changing the lateral distribution of the far-field light field. There-
fore, the intensity-dependent transmission and absorption coef-
ficients are easy to get by comparing the intensity recorded by
the two detectors (Figure 8a.11% For CA Z-scan, since the beam-
induced refractive index of the material affects the beam diam-
eter passing through it, the intensity recorded by detector 2 is
affected by both the beam diameter after the sample and trans-
mission of the sample.'?” After synthesizing the OA and CA
Z-scan data, the nonlinear refractive index and the real part of
% can be deduced as shown in Figure 8b.'">11 Z.scan meas-
urement technology transforms the additional phase caused by
material nonlinearity into the spatial variation of the amplitude
of the light field to be measured by diffraction. Its appearance is
important progress in the field of nonlinear measurement.

In addition to the Z-scan technique, the double-balance
detection, as a simplified version, can also be used to measure
the saturable absorption properties of materials. The sche-
matic diagram of the double-balance detection method is
shown in Figure 9. 122l The mode-locked pulses are divided
into two equal parts by the optical fiber coupler after passing
through the variable attenuator. One of them is detected
directly for a reference. Another one passes through the mate-
rial before it is detected. By adjusting the variable attenuator,
the intensity of light injected into the material is changed, and
then the intensity-dependent absorption characteristics of the
material are obtained by comparing data recorded from two
detectors. Since the propagation of light is confined to the
fiber in the measurement, the spatial information is absent
unlike the Z-scan, this method can only be used to measure
the intensity-dependent mnonlinear absorption. However,
because of its compact device and easy operation, it is still
considered as one of the best choices in simple nonlinear
measurement for 2D material.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8. a) The nonlinear optical absorption measured by a Z-scan technique. Reproduced with permission.['" Copyright 2015, The Optical Society.
b) The typical shapes of Z-scan measurements. Reproduced with permission.['"” Copyright 2015, The Optical Society.

4.3. Coupling Structure of SAs

The fabricated 2D materials are thin sheets with small size
and nanometer thickness, which cannot be directly applied to
lasers. Therefore, it is necessary to couple materials into appro-
priate optical structures to facilitate the interaction between
materials and light. This kind of photonic device with 2D mate-
rials and optical fiber structure is called SAs. So far, there have
been some effective coupling structures, which can be roughly
divided into several types as shown in Figure 10.7>119123-126]
In Figure 10a, 2D materials are directly filled the hollow
channel of the photonic crystal fiber, which ensures sufficient
material-light reaction. However, it is difficult to produce, and
the coupling between photonic crystal fibers and single mode
fibers is inconvenient. In Figure 10b, the 2D material sheets are
sandwiched between two fiber connectors. Since the diameter of
the fiber cores is only about 9 um, a small piece of material can
effectively ensure transmission coupling. This coupling method
is simple and convenient, but the low damage threshold of
which is difficult to deal with in application. On the one hand,
the laser travels directly through the material for a long time.
On the other hand, the tight coupling results in heat accumula-
tion, so the material is easy to be damaged. Inspired by SESAM,
materials are plated on the surface of gold/silver mirrors to

Pulse source

Powermeter

VOA SA

0C50:50 I
D

etector

h{
SMFzse =t

Figure 9. Schematic diagram of the double-balance detection method.
Reproduced with permission.'? Copyright 2018, Chinese Physical
Society and IOP Publishing.
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form reflective structures as shown in Figure 10c. However,
when it is used in a fiber laser, the light from fiber connector
needs to be perpendicular to the mirror surface, which is diffi-
cult in practical operation, and fiber connector inevitably causes
damage to the mirror surface by rubbing. In order to avoid
collimation and contact damage, some people directly coat the
material and gold surface on the end of the optical fiber, but the
reflection effect of the gold layer is not as good as that of gold/
silver mirrors, and in serious cases, the light may overflow. By
plating the material on the surface of the microfiber, the laser
in the fiber can interact with the material without going straight
through the material utilizing the evanescent field of the light
and microfiber as shown in Figure 10d. In this way, the photo-
synthetic material has a long acting time and avoids heat accu-
mulation, but the microfiber is fragile and vulnerable, which is
inconvenient for application and storage.

5. Fiber Laser Based on 2D Materials

In fiber lasers, there are two main methods to generate ultra-
short pulses: Q-switching and mode-locking. The schematic
diagram of the classical ring cavity is simple and convenient as
shown in Figure 11.11%] Different advantages make them more
selective in the application. Because of the high peak power of
QO-switched lasers, they are commonly used in laser processing
and military. Mode-locked lasers are used in the fields of
micromachining and nanoimaging because of their advantages
in ultrafast laser. Below we introduce the relevant mode-locking
and Q-switched lasers according to the types of materials.

5.1. Pulsed Lasers Based on Graphene

Duo to the unique photoelectric properties, graphene has
received widespread attention and investigation since its incep-
tion.l'?”] The application advantages of graphene in lasers are
mainly in the broadband absorption, ultrafast photonics and
high damage threshold. First, the conduction band and valence

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 10. Coupling Structure of SAs. a) SA into hollow photonic crystal fibers (PCFs). Reproduced with permission.l'®l Copyright 2013, The Optical
Society. b) SA sandwiched between two fiber connector. Reproduced with permission.['"l Copyright 2015, The Optical Society. c) reflective structure:
above is a saturable absorber mirror. Reproduced with permission.? Copyright 2018, The Optical Society. Below is an optical fiber end coating.
Reproduced under the terms of a Creative Commons Attribution License.[”>! Copyright 2016, Chen Hao. Published by SPIE. d) Microfibers: above is
the D-type fibers. Reproduced with permission.'?] Copyright 2017, Springer Nature. Below is the tapered fibers. Reproduced with permission.['2¢l

Copyright 2018, IOP Publishing.

band of graphene converge at the Dirac point, which indicates
that graphene owns a gapless semimetallic band structure. This
zero bandgap structure is conducive to broadband absorption
of graphene. Second, high carrier mobility and fast relaxation
time are achieved due to the special quantum tunneling effect
of carriers in graphene. Bao et al. has measured the relaxation
time of graphene with pump—probe experiments, and found
that the fast relaxation time of graphene is about 150 fs.128l
Their research shows that graphene with fast relaxation time
is more effective in shaping ultrashort laser pulses. Finally, The
melting point of graphene is up to 4125 k.l'?! In the experi-
ment, graphene shows a high damage threshold, which is suit-
able for the application in a high power laser. So far, there have
been pieces of research on graphene in fiber lasers.

The summary of graphene-based MLFLs achieved so far
are shown in Table 1. The optical nonlinearity of graphene

e =
N PC
<
oc Pump ¥
EDE
UG D™

Figure 11. The schematic diagram of the classical ring fiber laser. Repro-
duced with permission.['"8 Copyright 2018, IOP Publishing.
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was investigated for the first time by Bao et al.l¥! They not
only theoretically discussed the absorption process of light
in graphene in detail, but also measured the ultrafast relaxa-
tion process and the nonlinear absorption characteristics of
graphene with different thicknesses. The prepared graphene
SA was applied to the Erbium-doped fiber laser (EDFL), and
stable mode-locked pulses at 1565 nm with 3 dB bandwidth of
5 nm were also obtained. The resulting optical soliton had a
pulse duration of 756 fs as shown in Figure 12. This indicates
that graphene can be used as ultrathin saturable material
and has a great application prospect in ultrafast fiber lasers.
Subsequently, Sobon et al. established an all-polarization
maintaining graphene-based EDFL.*31 The EDFL which
operated at 1555 nm with 6 nm 3dB bandwidth had a pulse
duration of 590 fs. Moreover, the measured polarization of
the laser is 93.5%, and the azimuth and resolution changes
are small. Fu et al. realized three different lasers (Im: Ho-, Er-,
and Yb-doped lasers) based on graphene with a wavelength
span of more than 1000 nm,"*! which illustrated the broad-
band absorption capacity of graphene. Based on graphene SA,
mode-locked optical solitons with a pulse duration down to
88 fs have been obtained by Sotor et al.,l'*?l which is consid-
ered to be the best in graphene-based lasers to the best of our
knowledge. The corresponding average output power (AOP)
and pulse energy (PE) were 1.5 mW and 71 p]J, respectively.
Pawliszewska et al. have demonstrated a holmium-doped
laser operating at 2060 nm with 53.6 nm 3dB bandwidth.['*3]
The mode-locked system with 190 fs pulse duration reaches

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Materials MD [%] Repetition frequency [MHz] A [nm]/AA Pulse duration [fs] SNR[dB] ~ Mode-locked Power [mW]  Maximum pulse  Ref.
threshold [mW)] energy [n]]
Graphene - 6.46 1940 3600 - - 2 0.4 [130]
2.93 25.67 1559.12/6.16 432.47 31 53.3 - 0.09 [131]
32 6.22 1566/4.92 880 65 18 - - [132]
66 1565/1.5 2100 - - - - 55]
3.6 45.88 1555/6 590 70 38 0.91 - [133]
<0.4 20.5 1884/4 1200 - - 1.35 - [134]
12.88 27 1546/0.2 26000 >70 - - - [135]
8.4 106 1560/2.7 900 - 25 9.6 - [136]
- 25 2784.5/0.21 39000 435 420 18 - [137]
- 12.8 1953.3/2.2 2100 50 130 1.41 - [138]
2.7 19.3 1564/3.15 870 64 47 - 0.0104 [139]
- 1.82 1908/0.26 6.5x 107 65 580 - 0.0162 [139]
- 16.29 1035/0.18 6.5 x 106 55 249 - 0.81 [139]
5.5 38.45 1939.6/6.8 654 77 - - - [140]
0.2 37.72 1607.7/8.6 377 66.6 - 5.41 - [141]
m 21.15 1545/48 88 65 80 1.5 0.071 [142]
12 20.98 2060/53.6 190 65 - 54 2.55 [143]
- - 1570-1600/7.2 49000 - - - 2.3 [144]
66.50 1.79 1565/5 765 65 8 - - 4
- 3 1553/3 1000 80 20 1 0.125 [145]

2.55 nJ of PE. The AOP was 54 mW, which is also optimal for
similar lasers in Table 1.

The summary of graphene-based Q-switched fiber lasers
(QSFLs) achieved so far are shown in Table 2. For the first
time, Luo et al achieved a graphene-based QSFL in 2010./'#¢l
The pulse duration and PE of observed Q-switched pulses
were 3.7 us and 16.7 nJ. In addition, the laser exhibits spectral
response both at 1566.17 and 1566.35 nm. It is also pointed out
that the stable operation of this dual-wavelength laser is mainly
attributed to the elimination of mode competition in EDF
due to the strong optical nonlinearity of graphene. In 2011,
the Q-switched pulses were observed in Yb-doped fiber laser
(YDFL) which employed a graphene-based saturable absorber
mirror by Liu et al.l'*] The produced stable pulses exhibited a
pulse duration of 70 ns,*% which is the shortest in graphene-
based QSFLs. The next year, a graphene-based Q-switched thu-
lium-doped fiber laser was demonstrated by Liu et al. for the
first time, the generated stable pulse with a center wavelength
of 2 um and short pulse duration of 1.4 ps. The single PE is
85 nJ.151 Based on graphene SA, Yap et al. established a QSFL
with a linear cavity configuration.'>? The laser was centered at
1535 nm with a 3dB wavelength of 0.268 nm. The AOP was
20 mW. The PE up to 184 nJ is the best in Table 2.

Although graphene-based lasers have been greatly devel-
oped, with the deepening of research, some shortcomings
of graphene have gradually been exposed. First, The low
modulation depth resulted from its low absorption efficiency
(2.3% per layer) restraint its further applications in laser. 18]
Although the modulation depth of graphene can be increased
by increasing the number of graphene layers, it also adds a lot
of additional unsaturated loss, so that the laser performance

Adv. Optical Mater. 2020, 8, 1901631 1901631

is reduced. 1281 Second, the saturation threshold of graphene
varies with the operating wavelength. When the operating
wavelength is shorter, the saturation threshold of graphene is
larger. It indicates that graphene is more suitable for working
in the mid-infrared band, and the working performance in the
short wavelength band is slightly worse. [1>9:160]

5.2. Pulsed Lasers Based on Tls

TIs are a general term for a class of materials with topological
electronic properties.'®!] This kind of material has an insu-
lating body state, and the surface state has a Dirac electronic
state with zero energy gap similar to graphene, which leads
to the metallic surface of the material. Generally, the bandgap
of TIs is 0.2-0.3 eV, which means that they can show satu-
rable absorption characteristics when the wavelength is less
than 4.2 um. This wide spectral range already covers most of
the important bands. In addition, TIs generally have a high
nonlinear refractive index and modulation depth. It has been
reported that the modulation depth of Ti (Bi,Te;) at 1570 nm is
more than 70%, which is higher than that of most 2D mate-
rials.l'%] Meanwhile, TIs also possess large nonlinear refractive
index from Z-scan measurements.'% Lu et al. have reported
that third-order optical nonlinear refractive index of TI:Bi,Se; is
up to 107 m? WL, Therefore, they can not only provide high
nonlinearity for the cavity, but also obtain narrow pulse dura-
tion due to the high modulation depth, thus can be used as
ideal SAs in fiber lasers.

As early as 2012, Bernard et al. proved the optical nonlin-
earity of Bi,Te; by measuring the power changes before and

(10 of 30) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 12. Performance of MLFL based on graphene SA. a) Pulse trains; b) the spectrum; c) RF spectrum; d) intensity autocorrelation trace. Reproduced
with permission.il Copyright 2009, Wiley-VCH.

after the material, and predicted that it could be used as SA  of Tls in MLFLs are summarized in Table 3. Zhao et al. obtained
in lasers.'®?] Since then, laser research based on TIs has been  mode-locked pulses using TI SA (Bi,Te;) for the first time.[164
booming and has made great achievements. The performance  The prepared Bi,Te; SA has a modulation depth (MD) of up to

Table 2. Performance summary of QSFLs based on the graphene.

Materials ~ MD [%] Repetition frequency [kHz] A[nm]/AA  Pulse duration [ns] SNR [dB] Mode-locked Power [mW]  Maximum pulse Ref.
threshold [mW] energy [n)]
Graphene 45 3.3-69.5 1566.17/0.04 3700 - 6.5 1.1 16.7 [146]
1566.35/0.04
- 67 1557/0.3 2000 - 74 2.4 40 [147]
- 3.2-9.7 1519.3-1569.9/- 4600 - 33 0.032-1.192 82.61 [148]
- 140-257 1064.2/0.13 70 - 120 12 46 [149]
- 22.8 1531.12/0.18 8200 - 120 - 70.2 [150]
8 53 2007.1/0.1 1400 40 1250 4.5 85 [157]
- 20 1535/0.268 5900 - 25 20 184 [152]
- 115 1560-1570/— 1850 - 120 175 125 [153]
- 236.3 -/-/- 206 - 16.9 7.8 33.2 [154]
- 26 1884/ 2300 - 320 1.8 70 [155]
- 135.7 1560/ 185 - - - - [156]
- 23.96 1060/ 18790 - 181 - - [157]
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Materials MD [%] Repetition frequency [MHz] A[nm]/AA  Pulse duration [fs] SNR [dB] Mode-locked Power [mW] ~Maximum pulse  Ref.
threshold [mW] energy [n]]

Bi,Te; (n-) 133 1570/6.56 400 - - - - [163]

BiTes (p-) n 1575/6.92 385 - - - - [163]

Bi,Te; 95.3 1.21 1558.4/2.69 1210 - 70 - - [164]

1.8 1.44 1057.82/3.69 230000 77 200 0.86 0.599 [165]

15.7 15.11 1547/4.63 600 65 55 0.8 - [166]

20.6 27.9 1935/5.64 795 76 - - - [167]

19.1 1.1 1064.47/1.11 960000 60 74 1.2 - [168]

9.8 21.5 1909.5/3.43 1260 52 315 - - [169]

2 8.635 1557/2.9 1080 >60 13 0.4 - [170]

4.8 232.14 1564/2.1 1320 60 80 53 - [171]

10.4 2830/10.1 6000 - 680 90 8.6 [172]

27 28.5 -/2.86 403 - - - - [173]

Bi,Ses 11.05 16 1038.5/- 380000 35 175 17.1 1.06 [174]

39.8 233 1562.4/4.28 630 51 69.2 - 0.0156 [175]

14.5 0.527 1065.8/0.025 3.98 x 108 >40 105 326 61.8 [176]

6.9 0.5376 1562.27/0.265 1.87x 108 56 - 9.23 17.2 [177]

3.8 8.83 - 22000 55 - 9.7 1.1 [178]

5.2 35.45 1600/7.9 360 >56 145 0.86 - [179]

3.4 9.75 1566.6/0.25 - 75 200 - - [180]

4.3 7.04 1610/1.06 2760 35 1200 308 - [181]

98 1.21 1564.6/1.79 1570 - 65 - - [182]

3.9 12.5 1557.5/4.3 660 >55 25 1.8 0.144 [47]

5.2 44.6 1031.7/2.5 46000 58 153 33.7 0.756 [183]

13.4 18.37 1912.12/4.87 853 65 200 - - [184]

Sb,Te, 6 2232 1565/30 128 65 80 1 0.0448 [185]

6 38.54 1561/10.3 270 70 30 - 0.029 [186]

39 22.13 1556/6 449 74 44 0.9 0.0396 [187]

- 4.75 1558.6/1.8 1800 60 45 0.5 0.105 [188]

1.5 50 1562.82/3.75 100 >77 108 5.09 0.0482 [189]

38 14.52 1930.07/3.87 1240 84 400 130 8.96 [190]

29 19.28 1047.1/8.78 5900 71 - 4 0.21 [191]

6 22.4 1564/8.5 125 65 28 - - [192]

- 39.5 1945/4.5 890 60 530 1.2 0.03 [193]

7.42 95.4 1542/63 70 65 91 31.5 - [194]

95%, which further illustrates the optical nonlinearity of TIs. By
using Bi,Se; as a SA, Haris et al. experimentally demonstrated a
mode-locked EDFL,'7’] The pulse duration of which was 0.63 ps.
Liu et al. also reported the generation of the ultrashort pulses in
EDFLs based on Bi,Se; SA.*/l The MD of the composite film is
3.9%. Then, by optimizing the cavity parameters, =660 fs optical
pulses with a center wavelength of 1557.5 nm were generated.
Sb,Tes, also a type of TIs, has attracted widespread attention.
For the first time, Sotor et al. demonstrated an EDFL, which
uses Sb,Te; SA to achieve effective mode-locking.['®1 The stable
optical soliton was centered at 1565 nm with 3 dB bandwidth of
1.8 nm. The measured pulse duration was 1.8 ps. Subsequently,
they produced a mode-locked fiber laser with stretched pulses

Adv. Optical Mater. 2020, 8, 1901631 1901631

based on Sb,Tes,['%! the MD of prepared Sb,Te; SA is 6%, which
is sufficient for the generation of pulse mode-locking. With the
Sb,Te; SA with a side-polished fiber structure, the resulting
laser was capable of producing mode-locked pulses centered
at 1565 nm with 3dB bandwidth of 30 nm. The pulse duration
of 128 fs obtained was the shortest one at that time. In 2016,
a hybrid mode-locking method based on Sb,Te; was proposed
by Liu et al.’ The Sb,Te; SA was fabricated by a pulsed laser
deposition method, the MD of which was 7.42%. Combining
the nonlinear polarization evolution with Sb,Te; SA, the stable
mode-locked pulses with a central wavelength of 1542 nm and
3 dB spectral width of 63nm were observed. The pulse dura-
tion of achieved mode-locked was as short as 70 fs as shown

(12 of 30) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 13. Performance of MLFL based on Sb,Te; SA. a) The spectrum; b) intensity autocorrelation trace; c) RF spectrum; d) output power at different
pump power. Reproduced with permission.l"!l Copyright 2016, Springer Nature.

Table 4. Performance summary of QSFLs based on the TI.

Materials MD [%] Repetition A [nm]/AA Pulse duration SNR [dB] Mode-locked Power [mW] Maximum Ref.
frequency [kHz] [ns] threshold [mW] pulse energy [n)]

Bi,Tes 2.5/-/- 77 1056.5/0.8 1000 - 114 2.95 38.3 [195]

7.7 60 1893/5.89 1710 - 175 0.68 11.54 [196]

- 49.4 1557.5/0.04 3710 - 103.5 - - [197]

10.8 42.8 1562.9/2 2810 17.3 0.55 12.7 [198]

Bi,Se; 11.05/-/17.4 137.8 S 2200 - 105 - 342 [174]

-/~ 205.2 1065.8/1.82 601 43 50 6.6 388 [199]

15.7/46/81.1 1549.99/0.048 1340 - 30 23.61 2245 [200]

5/~/1.8 212 1550.49/0.02 2540 48 54.1 - - [201]

39.8/-/90.2 68.2 - 2400 - 52.8 3.39 471 [175]

7.7)-)- 36 2015.42/0.05 - 52 3100 195 3000 [202]

/|- 195.3 1360.61/0.068 1520 - 140 56.1 m.2 [203]

-/~ 45.41 1036.72/- 1310 - 122.2 - 5.88 [204]

my 36.6 1530/0.017 7600 - 60 - 6.1 [205]

39.8/-/90.2 62.5 1560.33 /- 2100 - 56 1.15 2.104 [206]

3.8/-/53 29.1 1067.66/0.1 1950 48 42.5 0.46 17.9 [72]

Sb,Tey - 88.4 1531/4.68 4580 55 39.2 0.26 2.78 [207]

- 132 1559/3 857 - 48 18.06 152 [208]

6.2 338 1540.1/0.6 400 - 25 6.11 18.07 [209]
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in Figure 13. This is not only the first successful application of
hybrid mode-locking, as far as we know, but the resulting pulse
duration of 70 fs is also the shortest one based on the SAs at
the time.

The summary of TIs-based QSFLs achieved so far are shown
in Table 4. A ytterbium-doped QSFL based on few-layer TI
(Bi,Se;) was realized by Luo et al. for the first time.”?l The
stable Q-switched operation at 1.06 um indicated the broadband
saturable absorption of TI (like graphene). Recently, Zhang
et al. realized Q-switched pulses which could be tuned from
1935.42 to 2048.85 nm with TT (Bi,Se;),2°2 which indicated that
TI (Bi,Se;) exhibits great saturable absorption properties in the
range of 1-2 um, and further proves its broadband absorption
capacity. Meanwhile, the realized laser performs well in high
power. The AOP of Q-switched pulses was as high as 195 mW,
which is the maximum value realized by SA in fiber lasers as
far as we know. The corresponding PE of achieved Q-switched
operation was up to 3 uJ. Yan et al. realized a QSFL based on
the TI (Bi,Te;) SA which centered at 1557.5 nm.['”] With the
change of pump power, the pulse duration was adjusted in the
range from 5.15 to 3.71 ps. Based on this laser, a cylindrical
vector beam was obtained by mode selection of the Bragg
grating. With a high-reflective TI (Sb,Te;) saturable absorber
mirror (SAM), Yan et al. also demonstrated a wideband-tunable
QSFL.2% The MD of Sb,Te; SAM was measured as 6.2%. The
pulse duration was 400 ns, which is the shortest among QSFLs
based on TI SA. The central wavelength of achieved QSFL can
be adjusted from 1530 to 1570 nm.

TIs have impressive optical nonlinearity, and have made a
lot of achievements in laser applications, however, there are
still some disadvantages. Although the nonlinearity of TI is
better than that of graphene, its relaxation time is not as fast

Table 5. Performance summary of MDFLs based on BP.

www.advopticalmat.de

as that of graphene, which indicates that TI is a slow saturable
absorption material compared with graphene. In addition, as
a chemical compound of two different elements, the prepara-
tion process of TI is relatively complex. Meanwhile, under
normal experimental conditions, the SAs based on TIs show
lower damage threshold. Some researchers have proposed that
the damage threshold of SA may be increased by selecting the
appropriate SA structure. (1811

5.3. Pulsed Lasers Based on BP

As early as 2015, the electro-optical properties of black phos-
phorus began to arouse widespread interest.?!% Unlike gra-
phene and TIs, which are almost gapless, the bandgap of BP
is adjustable by thickness.?'!l Due to the interaction between
layers, the bandgap of BP decreases with the increase of thick-
ness. When BP is bulk, its bandgap is down to 0.3 eV, there-
fore it is a very promising candidate for near-infrared and
mid-infrared SAs. It is worth mentioning that no matter how
the thickness changes, BP always maintains a direct bandgap,
thus ensuring ultrafast electronic relaxation performance.
Wang et al. has reported that the relaxation time was faster than
that of graphene in the near-infrared and mid-infrared region
by pump-probe experiments, which indicated that the pulse
narrowing ability of BP is stronger than that of graphene.[?!2
Therefore, the direct bandgap of BP is quite beneficial to the
application of ultrafast photonics and high-frequency photonics.
In recent years, lots of BPs-based MLFLs/QSFLs have been suc-
cessfully established.

The MLFLs based on BPs are shown in Table 5. SA based on
BP has been successfully fabricated by Chen et al. and applied

Materials MD [%)] Repetition A [nm]/ALA Pulse duration SNR [dB] Mode-locked Power [mW] Maximum pulse Ref.
frequency [MHz] [fs] threshold [mW] energy [n)]
BP 8.1 5.96 1571.45/2.9 946 70 63.7 - - [213]
9 9.46 1556.5/3.39 940 >50 30 5.6 - [214]
0.6 28.2 1560.5/10.2 272 65 80 0.5 - [215]
8 13.5 1085.58/0.23 7540 45 816 80 5.93 [216]
50-90 14.7 1885.7/6.2 786 >50 - 1.6 - [217]
3.31 15.59 1558.14/1.25 2180 69.8 - - - [218]
21 8.77 1559.5/3.8 670 60 200 - - [219]
9.8 19.2 1898/3.9 1580 - 303 8.45 - [220]
10.1 60.5 1569.24/9.35 280 68 95 - - [221]
7 6.88 1560.7/6.4 570 59 30 5.1 0.74 [222]
- 3.82 1558.8/14.2 805 - - - - [223]
0.67 29.1 2094/4.2 1300 55 750 1 0.379 [224]
10.03 23.9 1555/40 102 >60 34 1.7 0.071 [225]
8.5 46.3 1030.6/0.11 <400000 49 200 325 - [226]
4.48 1.843 1568.19/0.52 1.176 x 10° >54 60 4.43 - [227]
16 12.5 1562/4.5 635 60 63 - - [6]
- 45.9 1558/48 100 >60 236 - 0.14 [228]
- 36.8 1910/5.8 739 70 300 15 0.0407 [229]
Adv. Optical Mater. 2020, 8, 1901631 1901631 (14 of 30) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 14. Performance of MLFL based on BP SA. a) Intensity autocorrelation trace; b) RF spectrum; c) spectra of long-term stable operation over
240 h; d) the spectrum. Reproduced with permission.[?25l Copyright 2018, The Optical Society.

in lasers to obtain stable mode-locked pulses, which is the first
application of BP as SA in lasers.[?!3] The mode-locked operation
which centered at 1571.45 nm with a 3 dB bandwidth of 2.9 nm
owns the pulse duration of 946 fs. The SNR up to 70 dB shows
the stability of the system. Following this report, Sotor et al.
demonstrated the polarization sensitivity of BPs SA.*'] The
fiber laser is mode-locked by a fabricated device based on BP.
The generated optical solitons which centered at 1550 nm with
3 dB bandwidth of 10.2 nm had the pulse duration of 272 fs. In
addition to the communication band, SAs based on BP were
also investigated in wider bands. Hisyam et al. achieved the
application of BP around 1 um in YDFL.21% The pulse duration
of generated optical solitons was 7.54 ps. The AOP of the laser
was 80 mW, which is the maximum in a BP-based laser. The
corresponding PE was 5.93 n]. Pawliszewska et al. achieved the
application of BP around 2 um in a holmium-doped all-fiber
laser.22l The generated solitons with a pulse duration of 1.3 ps
were centered at 2094 nm with a bandwidth of 4.2 nm. So far,
BP has been successfully applied in the range of 1-2 pm, indi-
cating the broadband absorption characteristics of BP. The laser
based on BP which with the shortest pulse was established by
Jin et al.22°] The BP SA used the experiment was manufactured
by a scalable and highly controllable inkjet printing technology.
The pulse duration of generated solitons was as short as 102 fs
with a central wavelength of 1555 nm and 3 dB bandwidth of
40 nm as shown in Figure 14.

The QSFLs based on BPs are enumerated in Table 6.
Among them, the maximum PE and shortest pulse duration
were obtained by Yu et al.?3!l The BP-SA which with the MD
of 24% was inserted in a thulium/holmium-doped fiber laser
for Q-switched pulses. After proper pump power regulation,
stable Q-switched pulses operating at 1912 nm with a band-
width of 0.8 nm were presented. The shortest pulse duration
of this Q-switched system was 731 ns. The maximum AOP
and PE of the system were 71.7 mW and 632.4 nJ, respectively.

Adv. Optical Mater. 2020, 8, 1901631 1901631

The broadband absorption characteristics of BP were also
reflected in QSFLs. Jiang et al. simultaneously realized the
application of bulk-structured BP at the 1.5 and 2 pm wave-
lengths.12*3l The BP SA was prepared by depositing the mate-
rial on the side-polished single-mode fiber. For the QSFL oper-
ating at 1550 nm, the pulse duration was adjusted in the range
of 9.35-31 us. For the QSFL which operating around 2 um,
the operating wavelength was tuned from 1935 to 1832 nm
at different pump power. Wang et al. prepared a BP SA with
an MD up to 40.2% by depositing the material on a tapered
fiber.23%] Based on this BP SA, the pulse duration and PE of
the Q-switched pulses were 5.6 us and 154.2 nJ, respectively.
Wang et al. experimentally investigated the performance differ-
ences of two BP-SA which with different structures in lasers.
The laser based on BP SA with tapered fiber represented the
narrower pulse duration of 1.09 us and a higher repetition rate
of 101.3 kHz, which indicates that the small taper diameter of
tapered fiber can promote the interaction between materials
and evanescent fields.[?3¥]

According to the current research, BP seems to show excel-
lent broadband absorption characteristics and pulse duration
narrowing ability, which can be considered as an ideal candidate
for SAs, but its environmental instability is a major problem to
be overcome. When BP was exposed to the air, it was found to
have a fairly strong affinity for water, and its volume increased
by more than 200% within several days due to water absorp-
tion. In addition, if it was exposed to the air for a long time,
the surface of BP will be corroded layer by layer.?*? This kind
of environmental instability undoubtedly has a great influ-
ence on its optical properties, thus affecting the performance
of saturable absorption devices based on BP. In addition, the
thermal effect and optical damage caused by high power illu-
mination will accelerate the damage of BP in the air, which also
limits its application in high power laser.?'l Although there are
some ways to package it to avoid the direct contact of air, so
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Materials MD [%] Repetition A [nm]/AL Pulse duration [ns]  SNR [dB] Mode-locked Power [mW]  Maximum pulse Ref.
frequency [kHz] threshold [mW] energy [n)]

BP 18.55 10.42 1562.87/0.2 13200 45 35 - 94.3 [213]

10.6 23.48 1561.9/1.5 4350 53 25 6.67 194 [230]

24 113.3 1912/0.8 731 32.8 293 .7 632.4 [237]

- 40 1532.5/3 3160 56 23 0.728 18.6 [217]

73 58.73 1038.68/— 1160 115.2 0.12 2.09 [232]

- 4.43-18 1550/0.15 9350-31000 50 10.4 - 28.3 [233]

26.4-73 1860/0.13 3100-4200 80.8 [233]

24-57.2 1890/0.12 2530-4800 276 [233]

14-60 1920/0.18 3000-4700 238 [233]

73 27.2 1056.6-1083.3/— 4000 58 129.4 - 7.1 [234]

7 329 1069.4/1.0 10800 40 55.1 - 328 [235]

40.2 28.1 1948.2/1.94 5600 40.8 1010 3.8 154.2 [242

0.47 31.07 1556.93/2.66 3590 - 31.78 4.2 142.6 [237]

15.75 79.46 1029.63/0.6 1550 95 - 165.11 [238]

101.3 1030.72-1034.4/ 1090 - - - 114.72 [238]

- 17.2 1064.7/0.15 5720 35 - - - [239]

- 24.59 1060.1/0.09 4210 37 318 9.95 404.6 [240]

2.5 63 1040.5-1044.6/— 2500 30 220 8.9 141.27 [247]

as to prolong its service life, the relatively complex process and
increased cost bring inconvenience to large-scale production.

5.4. Pulsed Lasers Based on TMDs

TMDs have occupied the important status in the potential can-
didates of SAs due to their large number of members.?*l As
another material that has been widely studied in the field of
nonlinear optics after graphene, TMD is found to perform well
in terms of switchable bandgap, higher third-order nonlinear
optical response and ultrafast carrier dynamics. Taking MoS,
for example, as the thickness decreases from bulk to a single
layer, the bandgap of MoS, changes from indirect to direct, and
the bandgap value increases from 1.29 to 1.8 eV. [12l In addition,
at 800 nm, MoS, shows a higher third-order nonlinear optical
response than graphene.” MoS, also represents ultrafast
intraband relaxation time as short as 30 fs and carrier life-time
nearly 100 ps.l’4

At present, some TMD materials have made important
breakthroughs in fiber lasers, the performance of MLFLs based
on TMDs are provided in Table 7. As shown in Table 7, the
pulse duration of the laser spans from tens of femtoseconds to
several thousand picoseconds. In 2015, Zhang et al. not only
characterized the ultra-wideband nonlinear absorption charac-
teristics of layered MoS,, but also successfully applied it to the
YDFL, demonstrating its mode-locking ability.?”!] Zhang et al.
implemented a broadband tunable ultrahigh speed MLFL using
free-standing layered MoS,—polymer composite. The tunable
wavelength from 1535 to 1565 nm and the resulting picosecond
pulses once again demonstrated the sub-bandgap absorption
of MoS,.2%0 Subsequently, the optical nonlinearity of WS, was

Adv. Optical Mater. 2020, 8, 1901631 1901631

found by Wu et al. in EDFL.2* The resulting MDFL had a short
pulse duration of 595 fs and SNR up to 75 dB, which indicated
the potential of WS, in photonic applications. Mao et al. imple-
mented WS,-based MLFLs at 1.55 and 1.06 um, respectively.[24¢l
They not only demonstrated the broadband saturable absorp-
tion characteristics of WS,, but also calculated the bandgap of
WS, nanosheets which in different defect states. Inspired by
MoS, and WS,, more and more TMDs are coming into vision.
Mao et al. argued that MoSe, and WSe, theoretically have
greater advantages in broadband absorption because of their
smaller bandgaps, and further applied them to fiber lasers.[*”l
Luo et al. observed the two-photon absorption phenomenon of
MoSe, and investigated its effect on mode-locking operations.
Based on MoSe, SA which with the MD of 0.63%, a stable
MLFL with a pulse duration of 1.45 ps was obtained.?8% Overall,
the shortest pulse duration based on TMDs was achieved by Liu
and his collaborators. They used a hybrid mode-locking of non-
linear polarization evolution and a WS, SA to obtain a pulse
duration as low as 67 fs in Figure 15.2*! Meanwhile, the 3 dB
spectral width of up to 114 nm was also realized in the same
work. The maximum fundamental frequency was obtained by
Yan and his team, which was up to 396 MHz.1>| However, the
difference in PE is relatively large. Except for the lasers of up to
128.3 n] implemented by the team of Yan et al.,*>2 the PE of
another MLFLs varied from nJ to pJ.

Similarly, the summary of TMDs-based QSFLs achieved so
far are shown in Table 8. Woodward et al. fabricated a few-layer
MoS, SA by liquid-phase exfoliation, and applied it to a passively
Q-switched YDFL, the pulse duration, repetition rate and PE of
which were 2.88 us, 74 kHz, and 126 nJ, respectively. Moreover,
the central wavelength of the system was tunable in the range
of 1030-1070 nm.B'* Xia et al. also prepared MoS, films by a
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Table 7. Performance summary of MLFLs based on TMDs.

Materials MD [%)] Repetition A[nm]/A%  Pulse duration [fs]  SNR [dB] Mode locked Power [mW] Maximum pulse Ref.
frequency [MHz] threshold [mW] energy [n)]
WS, 2.9 - 1572/5.2 595 75 260 - - [244]
0.7 8.83 1560/11.48 605 50 - 10.1 114 [50]
1.5 14.57 1556/3.2 820 47.1 - 20 0.00139 [245]
5.1 8.05 1565/14.5 21100 - 85 1.8 2.2 [246]
2.9 5.57 1063/0.77 630000 - - 76 13.6 [246]
3.53 19.57 1563.8/5.19 808 60.5 41 2.64 0.1336 [247]
14.79 41.1 1560/19 288 58 - 18.4 - [248]
35.1 135 1540/114 67 93 - - - [249]
17.22 101.4 1561/57 246 92 - 18 - [250]
10.9 34.8 1941/5.6 1300 - - 0.6 0.0172 [251]
15.1 - 1568.3/1.94 1490 71.8 - 62.5 128.3 [252]
4.48 396 150.1/26.1 1.03 x 108 56.3 30 4.75 - [253]
1.2 19.58 1559.7/6.6 675 65 54 0.625 - [254]
2.06 2.84 1030.3/1.1 2.5x10° 48 87 8.02 2.82 [68]
7.8 19.57 1560/6.75 395 64 65 1.5 0.0766 [75]
4.48 352 1560/0.031 - 61 410 5.28 - [75]
8.5 4.2 1565.3/2.4 1360 - 30 37 8.3 [255]
1.78 - 1034.2/1 2.4 106 140 - 2.82 [256]
3 - 1572/5.2 595 75 260 - - [257]
6 3.481 1562/1.1 2430 57 184 7 2.12 [258]
1 10.2 1557/4 660 65 14.4 - - [259]
MoS, 10.69 12.99 1552/3 960 - - - 0.065 [260]
12.5 13.9 1926/2.86 1510 55 350 6 - [261]
1.3 13.2 1090/0.27 21840 29 - 20 1.48 [262]
- 27.1 1573.7/7.3 630 61 25 3.82 0.141 [263]
4 5.78 1567.7/2.3 1400 55 350 - - [264]
3.6 26.5 1037/2.6 4.75x10° 65 160 32 1.21 [265]
16.1 0.987 1563/1.05 2170 71.4 - - - [266]
- - 1565/12.8 1000 - - - 0.065 [267]
- 216 1570/2.8 1420 60.2 44 6.81 - [268]
10.7 13 1535/1565 1070 - - - - [269]
1 15.43 1037.5/0.9 1.55 % 10° 40.5 125 1.5 0.097 [270]
0.8 16.33 1558.35/2.9 1000 52 - - - [277]
9.3 - 1054.3/2.7 8x10° 50 - 9.3 - [272]
- 9.12 1979/2.1 1970 45 - 20 2.2 [273]
19.48 34.7 1563.4/13.6 256 75 40 63.8 2 [274]
WSe, 1.83 11.36 1863.96/3.19 1160 53 650 32.5 - [275]
52.38 58.5 1562/14 185 95 - 30 - [276]
- 11.357 1863.96/2.89 1260 85 - - - [277]
0.5 5.25 1557.6/2.1 1250 - 35 0.84 - [278]
1562.6/2.2
21.89 63.127 1557.4/25.8 163.5 96 - 28.5 - [279]
MoSe, 5.4 15.38 1557.3/5.4 798 59.1 - 22.8 0.0067 [279]
7.3 8.8 1560/7.8 580 50 65 - 0.0913 71
0.63 - 1558.25/1.67 1450 61.5 - 0.443 0.0548 [280]
4.4 18.21 1912/4.62 920 65 274 4.3 - [281]
4.98 23.53 1943.35/4.38 980 65 - 9.3 0.39 [282]
0.8 16.27 1558.35/2.9 1000 52 30.7 - - [271]
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Table 7. Continued.

Materials MD [%] Repetition A[nm]/AZ  Pulse duration [fs]  SNR [dB] Mode locked Power [mW] Maximum pulse Ref.
frequency [MHz] threshold [mW] energy [n)]
4.2 15.38 1557.3/5.1 737 38.2 - - - [283]
22,57 64.56 1552/12.72 207 85 - - - [284]
WTe, 25 18.72 1915.5/3.13 1250 95 580 39.9 2.13 [285]
8.4 30 1973.4/4 2700 >60 158 1.17 - [286]
2.85 13.98 1556.2/4.14 770 67 - 0.04 - [287]
MoTe, 1.46 - 1559.3/1.06 2460 62 - 0.12 - [288]
25.5 21.601 1559.57/11.76 229 93 - 57 2.14 [289]
1.8 5.26 1561/2.4 1200 >50 - - - [290]
5.7 14.353 1930.22/4.45 952 87.8 - 36.7 2.56 [297]
TiS, 83 22.7 1563.3/4.75 800 >60 - - 0.0253 [292]
ReS, 1.896 1565/1 2549 65 12 0.037 [293]
- 14.53 - 270 - - 1.08 - [294]
1 3.4383 1563/2.6 1247 60 - - - [125]
0.25 1.78 1563.3/8.2 3300 68 410 - - [295]
0.12 5.48 1558.6/ 1600 - - 0.4 - [296]
HfS, 15.7 21.45 1561.8/12.2 221.7 70 30 89.4 4.17 [297]
NbSe, 3.72 7.7 1566/2.45 756 50 15 - - [298]
3.155 12.3 1027/0.155 3.8x10° 43 175 - - [298]
SnS, 0.76 39.27 1062.66/8.63 6.56 x 10° 53 175 2.23 - [299]
4.6 29.27 1562.01/6.09 623 >45 125 1.2 - [300]
0.6 3.7596 1025/1.2 2.83x10° 60 - - 0.492 [301]
5 4.3976 1561/1.6 1630 60 - - 27.2 [301]
- 1.9876 1910/1.2 - 60 - - 513 [301]
SnSe, 20.67 15.03 1563.4/2.9 2.76 X 10° - 47 14.74 0.96 [302]
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Figure 15. Performance of MLFL based on TMDs. a) The spectrum; b) intensity autocorrelation trace; ) RF spectrum; d) phase noise curve. Reproduced
with permission. Reproduced with permission.?*l Copyright 2017, The Optical Society.
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Table 8. Performance summary of QSFLs based on TMDs.

Materials MD [%] Repetition A Pulse duration [us] ~ SNR[dB] Q-switching Power [mW] Maximum pulse Ref.
frequency [kHz] threshold [mW] energy [n)]

WS, 3.12 24.9-36.7 1030 3.2-6.4 53 - 0.5 13.6 [303]

4.85 79-97 1558 1.1-3.4 44 - 6.4 179.6 [303]

10.17 36.78-81.75 - 1-3.61 - 50 <4.5 56.5 [304]

4.1 7.7-35.2 1558-1559 2.6-19.3 43.1 12.7 4.1 0.12 [305]

1.4 80-120 1547.5 0.958 - 290 4.66 44 [306]

4.48 91-258 1560 0.16 40 50 17.3 54.4 [75]

7.7 29.5-367.8 1560 0.1549-1.269 42 10 25.2 68.5 [307]

2 16.15-60.88 1560 2.376 60 30 9.5 195 [308]

29 90-125 1570 - - 252 <6 46.3 [244]

2.53 47.03-77.925 1560 3.966-6.707 54.2 400 8.07dB 1179.4 [309]

MoS, 20.9 27.17-101.17 - 1.4-3 - 40 <0.12 <1.2 [310]

8.6 38.43 1550 5.02 37 57 5.43 141.3 [311]

28.5 28.6-114.8 1560.5 1.92-3.7 41.1 42 <1 8.2 [312]

4 72.74-86.39 1566.98 3.53-5.18 51.6 258 6.47 7493 [264]

- 22 1550-1575 6-35 40 - 150 - [313]

6.3 65.3-89 1055 2.68-4.4 45 - 9.36 126 [314]

2.15 7.758-41.452 1560 9.92-13.528 48.5 50 1.16 dB 184.7 [315]

7.7 25.27 1562 3.19 37.8 14.8 2.27 0.09 [316]

11.07 92-212 1530.9 0.888 60 147 18.8 88 [122]

1.6 6.4-28.9 1066.5 5.8 44.6 211.2 0.9 32,6 [317]

1.6 6.5-27 1565 5.4-233 54.5 15.5 1.7 63.2 [317]

1.6 27.6-48.1 2032 1.76 54.6 2.89 W 473 1000 [317]

WSe, 25.25 77-242 1562 1.2-43 72 118 26.7 110 [318]

4.25 92.46-138 1560 0.754-1.478 50 170 4.25dB 12-29 [319]

3.5 4.5-49.6 1560 3.1-7.9 46.7 240 1.23 13.5-27.2 [320]

3.02 46.281-85.365 1560 4.063-9.182 41.9 280 5dB 484.8 [309]

16.82 80.32-204.2 1530 0.581 65 210 17.1 83.7 [321]

MoSe, 25.69 64-122 1558 1.53-5.75 57 160 17.16 140.7 [325

1.2 28.5-90 1491-1502 1-2 35.97 110 <0.16 <2.5 [322]

38 55.5-78.12  1036.69/1039.22 1.2-2.4 28 200 0.077 0.99 [323]

0.63 9.9 1558.25 13.6 - 10 - - [280]

- 16.9-32.8 1562.3 30.4-59.1 - 22.4 1.9 57.9 [324]

4.7 60-74.9 1060 2.8-4.6 - - 8.72 116 [119]

4.7 26.5-35.4 1566 4.8-7.9 - - 18.9 825 [119]

4.7 14-21.8 1924 5.5-16 - - 0.13 42 [119]

6.73 60.724-66.847 1560 4.04-6.506 253 570 3.9dB 369.5 [309]

WTe, 218 19-79 1044 1 - 110 22 283 [325]

25.06 144.7-240 1525 0.583 55 212 14.07 58.625 [326]

MoTe, 17.47 148-228 1559 0.677 63 225 25 109 [327]

TiSe, 25.92 70-154 1530 1.13 62 192 <12 <75 [328]

TiS, 8.3 25.2-50.7 1560.2 4-6.6 40.56— 95 [292]

SnSe, 10.6 74.1-168.7 1060 0.966-2.635 >40 243 18.03 106.9 [329]

SnsS, 3.15 172.3-227 1532.7 0.51-1.01 50 290 9.27 <40 [330]

ReS, 0.12 12.6-19 1557.3 5.496-23 - 20 1.2 62.8 [296]

- 43-64 1532 2.1-7.4 52.5 110 —2.48 38 [331]

ZrS, 33 16.37-76.92 1563 2.3-10 - 90 4.08 53 [332]

NbSe, - 24.03-45.24 1527 2.53-5.12 52.5 42 4.44 98.19 [333]

ReSe, - 6.64-21.04 1566 4.916.5 40.7 140 0.76 36 [334]
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CVD method, and further a fiber-compatible MoS, SA was
formed.?12 Based on a linear cavity, stable Q-switched pulses
were achieved at 1560.5 nm, the corresponding pulse duration
obtained was 1.92 us. By using fiber Bragg grating with different
central wavelengths, the lasing wavelengths of Q-switching
operations could be adjusted from 1529.8 to 1570.1 nm. Chen
et al. demonstrated a WS,-SAM with high-damage-resistant by
magnetron sputtering technique.?*”] The shortest pulse dura-
tion of optical soliton which centered at 1560 nm was 15.94 ns.
The AOP and PE were 25.2 mW and 68.5 nJ. The saturable
absorption characteristics of WS, and corresponding WS,-based
QSFLs were explored by Zhang et al.?%l Two QSFLs at 1030 and
1558nm were achieved, the pulse duration and PE were 3.2 us,
13.6 nJ and 1.3 ps, 179.6 nJ. Chen et al. reported 4 different
SAs, such as MoS,, WS,, MoSe,, and WSe, using the same
preparation method, then compared their nonlinear charac-
teristics and the performance of the corresponding QSFLs.3%!
Among them, MoSe,-PVA exhibited the highest MD of 6.73%.
WS,-based QSFLs had highest extinction ratio and the best sta-
bility, meanwhile, the intracavity PE is highest which ranged
from 822.9 to 1179.4 n]. These studies provided a meaningful
reference for the further targeted design of lasers. The PE of
QSFL realized by Chen et al. was as high as 1179.4 n],3%] Com-
pared with the MLFLs, QSFLs can only achieve ns-order pulse
duration, but the PE obtained by QSFLs is almost better than
one or two orders of magnitude.

Although the bandgap of TMDs is mostly distributed in the
range of 1-2 eV, the sub-band absorption (the photon energy
is below the optical bandgap) has been widely observed in
TMD-based lasers. Reliable studies have shown that the defect
state may cause a reduction in the bandgap, which results in
the sub-band absorption. (8% In the theory of defect state, the
imperfection of 2D material is inevitable in the production pro-
cess, which has an impact on both its electronic and optical
properties. Yu et al. has demonstrated that the MoS, bandgap
can be reduced from 1.08 to 0.08 eV by introducing the defects
in a suitable range.’®® However, although this defect state
makes TMDs applicable to infrared and mid-infrared photon
devices, the defects introduced by general preparation methods
are uncontrollable. If defects are to be controlled, it will inevi-
tably make the preparation process more complicated. More-
over, this defect state will affect the quality of the material to
some extent. Obviously, the wide bandgap makes the optical
response of TMDs mainly concentrated in the visible light band.

5.5. Thickness-Dependent Photonic Devices

A variety of 2D materials have been successfully implemented
in lasers as SA. However, because these 2D materials only show
nanometer-scale gaps in thickness, researchers tend to focus on
the variety of materials and neglect the property changes caused
by the thickness differences of the same materials. More and
more studies have shown that thickness plays an important role
in the properties of materials.

Bao et al. found that by changing the thickness of graphene,
the MD of which can be adjusted from 66.5% to 6.2%.1 Although
BPs maintain a direct bandgap when the thickness changes,
the band structure has an adjustable range from 0.3 eV (bulk
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structure) to 1.5 eV (single layer), which greatly affects the applied
band range.***33"IThe effect of thickness on TMDs is even more
pronounced. When the number of layers of these materials
is gradually reduced to a few or even a single layer, due to the
quantum confinement effect, the bandgap structure changes
from indirect to direct, and the bandgap value will increase in a
certain range, thus affecting the relaxation process of interband
electrons and making the materials exhibit unique electrical and
optical properties.}3¥3*1] In recent years, as the research heat
of 2D materials has gradually warmed up, there are numerous
research directions related to preparation processes, properties
research, and applied research, but the problems of the rela-
tionship between size, thickness, and material properties are
still unclear. Therefore, the investigation of the difference in the
application of layer-regulated 2D photonic devices in lasers is an
important scientific problem to be solved in the laser applications.

The MD, as the main characterization parameter of the non-
linear absorption of SA which is greatly affected by thickness,
has a great impact on the performance of the laser. As early
as 2015, Jeon et al. theoretically analyzed the influence of MD
on the performance of the mode-locked laser.**”) When the
net cavity GVD of the laser is set as —0.2 ps?, the pulse dura-
tion shows a downward trend as the MD increased. Meanwhile,
as the MD increases in a certain range, the spectral bandwidth
broadens. In recent years, these theoretical inferences have been
verified in experiments. Liu et al. investigated the difference in
the application of 2D photonic devices with different thicknesses
in lasers for the first time based on WSe,.?’®l Under the same
preparation conditions, WSe, SAs with thicknesses of 1.5, 5.7,
and 11 exhibited MDs of 52.38%, 47.38%, and 34.41 as shown
in Figure 16, respectively. The WSe, SAs with different thick-
nesses were applied to the EDFLs, and three stable MLFLs were
successfully obtained. It is found that the laser based on 1.5 nm
WSe, owns the shortest pulse duration of 185 fs. Further, with
the increase of the material thickness and the decrease of MD,
the pulse duration of the laser gradually broadened, which was
consistent with the theoretical calculation mentioned above.
By comparing the parameters of different lasers, they obtained
the variation law of pulse duration and 2D material thickness,
which provides an important reference for engineering ultrafast
photonic devices according to requirements. In order to fur-
ther validate the experimental results, comparative experiments
based on other materials were also successfully implemented.
The project teams of Liu further realized the application of SnS,
with different thickness in lasers.?*}] Unlike WSe,, the MD of
SnS, increases with the increase of thickness. The 108.7 nm
SnS, had the maximum MD of 40.53%. However, the trend of
pulse duration with MD is consistent with the previous discus-
sion. The laser based on the SnS, SA with the largest modulated
saturable absorber had the smallest pulse duration of 132.9 fs.
To summarize, the influence of the thickness of the material on
its MD may be positive or reverse, but the trend that the pulse
width decreases as the MD increases is always consistent.

5.6. 2D Materials Heterostructure Based Pulsed Lasers

Although several materials introduced above have made great
progress in the field of nonlinear optics, it is undeniable that
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Figure 16. Performance of WSe, SA with different thickness. a—c) Morphology of WSe, measured with AFM. d—f) Power dependent nonlinear saturable
absorption of the WSe, SA. h—j) The pulse duration of the WSe, SA. Reproduced with permission.2’¢ Copyright 2018, The Royal Society of Chemistry.

each individual material often coexists with advantages and
disadvantages. Because of their inherent nature, these disad-
vantages are inevitable, which may hinder their development
to some extent. Inspired by the inspiration of “take advan-
tage of one’s strengths and make up for one’s weaknesses,”
people began to think about whether two or more materials
can be compounded by a heterojunction structure, which can
overcome the shortcomings of materials and at the same time
superimpose the advantages of materials.

The summary of 2D materials heterostructure based MLFLs
achieved so far are shown in Table 9.'2>34~352] Graphene with
Dirac cone structure and ultrafast recovery time has inherent
advantages in broadband absorption and ultrashort pulse, but
the optical MD of which is small.?>33%4 At the same time, TIs
have been reported to have an MD of up to 70% at 1570 nm, but
the long relaxation time more than 500 fs make them appear
inferior to ultrafast photonics.'®! To synthesize their advan-
tages, Mu et al. successfully fabricated graphene-Bi,Te; heter-
ojunction for the first time and applied this heterojunction to

Adv. Optical Mater. 2020, 8, 1901631 1901631

lasers.3*4 Bi,Te; was grown directly on graphene by a two-step
CVD method, which avoids the problem of lattice mismatch. At
the same time, heterojunction products with different coverage
were prepared by controlling the preparation conditions, and
their nonlinear optical properties were measured separately.
Experiments show that the heterojunction structure formed
by the combination of graphene and Bi,Te; not only makes
up for the weakness of low MD of graphene, but also ensures
the fast relaxation process of composites. More importantly,
the saturated absorption, MD and electron relaxation time of
graphene-Bi,Te; heterojunction materials were adjustable. An
MLFL based on graphene-Bi,Te; was obtained, with a pulse
duration of 837 fs and SNR of 60.7 dB as shown in Figure 17.
The single PE was calculated to be 0.178 nJ. Similar graphene-
TI heterojunctions were subsequently well applied in Yb-doped
fiber lasers and wavelength-tunable lasers.3+>:340]

The successful application of this graphene-TI hetero-
junction has stimulated people’s interest in exploring new
heterojunction materials. MoS,/graphene nanocomposites
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Table 9. Performance summary of MLFLs based on the 2D materials heterostructure.

Materials

MD [%] Repetition A [nm]/AA Pulse duration SNR [dB] Mode-locked Power [mW]  Maximum pulse Ref.
frequency (MHz) [fs] threshold [mW] energy [n)]

Graphene-Bi,Te; 15 17.3 1568/3.4 837 60.7 40 3.07 0.178 [344]

Graphene-Bi,Te, 23.28 79.13 1058.9/3.5 189940 <50 75 2.53 0.032 [345]

Graphene-Bi,Te; 18.98 6.91 1565.6/2.2 1170 67.4 30 - - [346]

23.11 3.7 1049.1/4.3 144300 65 115 - - [346]

MoS,/graphene 383 3.47 1571.8/1.5 2200 53.7 70 - - [347]

Graphene/MoS, 10.8 11.93 1571.8/3.5 830 60 24 5.85 0.49 [348]

Graphene/WS, 9.6 3.83 1568.3/2.3 1120 62 20 4.74 0.54 [349]

Graphene/ 9 7.43 1529.92/3.4 820 52 - - - [350]
phosphorene

47 7.5 1525/19.4 148 58 - - - 1350]

MoS,~Sb,Te;-MoS,  64.17 36.4 1554/28 286 >73 - 20 - [124]

WS;,-MoS,-WS, 16.99 36.46 1562.66/16.03 296 90.3 150 25 [351]

MoS,-WS, 19.12 74.6 1560/24.4 154 91.2 - 19.8 - [352]

which own exotic optical-electrical properties have attracted
much attention. Experiments show that the covalent donor—
acceptor structure formed by this complex mechanism
enhances the saturable absorption of MoS,/graphene nano-
composites. In addition, through Z-scan studies at different
wavelengths, the broadband and enhanced saturable absorp-
tion of MoS,/graphene nanocomposites were experimentally
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found by Jiang et al.}*’] When MoS,/graphene nanocomposites
were applied into a laser, the mode-locked solitons with a pulse
duration of 2.2 ps were successfully obtained, the SNR of which
was up to 53.7 dB. The ultrashort pulses also have been real-
ized by Liu et al. in an EDFL based on a MoS,/graphene het-
erostructure SA. The soliton pulses were centered at 1571.8 nm
with the pulse duration of 830 fs.3*8l Similarly, SA based on
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Figure 17. Performance of MLFL based on graphene-Bi,Te; heterojunction. a) The spectrum; b) pulse train; c) intensity autocorrelation trace; d) RF
spectrum. Reproduced with permission.?44 Copyright 2015, American Chemical Society.
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graphene/WS, heterostructure also performed well in optical
nonlinearity. An MLFL based on graphene/WS, heterostructure
has been established by Du et al.>*! The resulting optical soli-
tons which centered at 1568.3 nm with a 3 dB spectral width of
2.3 nm had a pulse duration of 1.12 ps.

As an important saturable absorber with direct bandgap,
BP has attracted great interest because of its ultrafast carrier
mobility. However, the unstable chemical properties make it
indispensable for additional treatment in the application. The
rise of heterogeneous structures provides new opportunities for
solving this problem. Liu et al. put this idea into practice for
the first time.>>"! By mixing graphene and BPs into heterostruc-
tures, the advantages of graphene and BPs are combined, it was
reported that the performance of graphene-BP mixture is much
better than individual graphene or BP. Moreover, the stability
of heterostructures was improved compared to pristine BP. By
adjusting the mixing ratio of graphene and BP, the nonlinear
optical properties of the resulting heterojunction were able to
be adjusted, which also provided a new train of thought for
the development of new saturable absorbers. Furthermore,
they have implemented an MLFL with prepared graphene-BP
SA. The femtosecond MLFL operated at 1531 nm with a short
pulse duration of 148 fs. Compared with the previous record
based on BP, the pulse duration based on graphene-BP SA was
reduced by =83%. [21>221]

In view of the superiority of graphene materials, it has been
frequently involved in the research of heterojunction materials,
but the heterojunction materials based on nongraphene mate-
rials have also begun to attract increasing interest. T1, as a kind
of saturable absorbing material with large MD and strong third-
order nonlinearity, has always been of concern. TMD as the

www.advopticalmat.de

most widely studied material after graphene, has been active
in the field of optical nonlinearity, the high damage threshold
makes it more advantageous in high power applications. To
obtain ideal SA with both large MD and damage threshold, Liu
et al. attempted to prepare MoS,-Sb,Te;—MoS, heterojunction
as a feasible method.'?Yl By theoretical calculation, it is found
that this heterojunction could effectively reduce the bandgap,
which is conducive to broadband absorption of materials.
Moreover, the damage threshold was greatly improved, almost
10 000 times that of commercially available SESAMs.3%! Due
to the strong nonlinearity of TI, the MoS,-Sb,Te;—MoS, hetero-
junction exhibited a large MD up to 64%. The MLFL achieved
by MoS,-Sb,Te;—MoS, SA owned 3 dB bandwidth of 28 nm at
1554 nm as shown in Figure 18, the pulse duration and max-
imum AOP were 286 fs and 20 mW. This work provides an
alternative to the preparation of high quality, highly controllable
2D materials.

Composites cannot only combine the advantages of dif-
ferent materials, but also magnify some advantages by the
unexpected synergistic effect, leading to some attractive fea-
tures or functions. This phenomenon has been observed and
studied in TMD composites. Both MoS, and WS, are impor-
tant members of TMDs and have wide and important applica-
tions in lasers as SA. It is worth mentioning that their mix-
ture is even performed better than individual material. For
example, a sub 50 fs hole time is observed in stacked MoS,
and WS, heterostructures due to formed type II semicon-
ductor heterojunctions.?*! Compared with monolayer MoS,
which with intralayer carrier recombination of 2 ps, the type II
semiconductor heterojunction leads to two orders of magni-
tude reduction in photoelectrons transfer, making MoS,-WS,
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Figure 18. Performance of MLFL based on MoS,—Sb,Te;—MoS, SA. a) The spectrum; b) intensity autocorrelation trace; c) RF spectrum; d) phase noise
curve. Reproduced with permission. Reproduced with permission.l?’l Copyright 2017, Springer Nature.
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composites more competitive in realizing ultrashort pulses.
In addition, the absorption of the MoS,-WS, heterostruc-
ture is superior to the simple superposition of the respective
absorption of MoS, and WS,,?** which effectively enhances
the light-matter interaction. Chen et al. first demonstrated the
remarkable nonlinear optical properties of WS,-MoS,~WS,
heterostructure in EDFL. The pulse duration as short as 296 fs
and average power as high as 25 mW further illustrated the
superiority of WS,-MoS,-WS, heterostructure in optical
nonlinearity.*>!! Soon afterward, Liu et al. combined hetero-
junction with tapered fiber to obtain a MoS,~WS, SA with
better performance.’®” The MLFL based on prepared MoS,—
WS, SA owned the SNR of 91.2 dB and power jitter of 0.123,
which indicated the remarkable stability of the system.

It is proved that the heterojunction material can overcome
the shortcomings of materials and at the same time super-
impose the advantages of materials, achieving a suitable
equilibrium state. At the same time, the properties of the het-
erojunction can be controlled according to the proportion of
each material, which indicates that the heterojunction structure
has great potential in engineering design photonic devices.?*’]
Therefore, heterojunction materials could be a strong candidate
for future promising materials as SAs.

6. Conclusion and Outlook

In the past few years, from the basic research to the innova-
tive technology development of next-generation, great leaps
have been made in the research and application of ultrathin
2D nanomaterials in various fields. Undoubtedly, this tremen-
dous advancement has thoroughly proved the unique role of
dimensions in determining the intrinsic attributes of nano-
materials, and has paved the way for exploring its wider appli-
cation. In this review, recent advances of 2D materials from
the aspects of synthesis methods, characterization techniques,
optical nonlinearity, and optical applications are categorized.
Both bottom-up and top-down methods can be used to prepare
ultrathin 2D nanomaterials, each with its own advantages and
limitations. It is particularly noteworthy that structural fea-
tures of ultrathin TMDs nanomaterials prepared by different
synthetic methods, such as crystallinity, size, crystal phase,
thickness, surface properties, defects, etc., are not in complete
accord, therefore there are fields for their respective suitable
applications. By means of appropriate characterization tech-
niques, not only the structural information of the prepared
material can be clearly displayed to the atomic level, but also
the elemental composition, proportion and the corresponding
valence state of the material can be accurately obtained, which
is helpful for the research of their structure and properties as
well as the correlation between them. The unique properties
make them perform well in nonlinear optics, and may even
replace existing commercial technologies while constantly
exploring new applications and opportunities while they are
constantly exploring new applications and opportunities

The extensive application of 2D materials has injected new
vitality into the laser field, but the larger and stricter application
requirements have also brought new challenges to them. First
of all, the existing mature preparation methods are difficult to

Adv. Optical Mater. 2020, 8, 1901631 1901631

www.advopticalmat.de

unite high quality and high yield. Recognized CVD methods
that are capable of producing high-quality materials tend to
require high operational complexity and cost, while methods
for producing materials at large yields are difficult to guar-
antee high crystallinity and quality of materials. Considering
the production speed, yield and quality, the preparation of 2D
materials is not sufficient to meet the requirements of industry
or commercialization. Therefore, how to achieve high-yield,
high-quality, and cost-effective preparation methods to meet
the needs of industrial and commercial applications is one of
the major challenges currently facing. Accordingly, the charac-
terization of the prepared materials is also one of the impor-
tant areas to be improved. For ultrathin 2D materials, the
understanding of the growth mechanism can be effectively fed
back to the optimization of the preparation method, and the
characterization of the basic properties provides an important
basis and explanation for its subsequent application. Promis-
ingly, Raman, XPS, SEM, and other technologies have provided
tremendous help in exploring the characteristics of materials
in recent years. However, how to conveniently and effectively
observe the material growth process and quickly identify the
material components, how to develop more powerful and easy-
to-operate characterization techniques are still important chal-
lenges. Meanwhile, the relatively low physical and/or chemical
stability of some 2D materials, does not endow them with long-
term stability and durability, which makes them unsuitable for
storage and the application of long-term stable optoelectronic
devices. The sources of this instability are generally: 1) inevi-
table oxidation caused by direct exposure to air (for example,
black phosphorus); 2) inevitable defects in the preparation pro-
cess. Although there are some measures to increase the stability
of 2D materials, such as coating and packaging, there are still
large restrictions in the application. Therefore, how to find an
economical and cost-effective way to ensure or extend the sta-
bility of materials in storage, processing, and application, and
expand its application in long-term stability devices is another
enormous challenge.

Although the current research on 2D materials is challenging,
the opportunities that follow are also gratifying. In the future
development of 2D materials, we think the following points are
worthy of attention. 1) Continuous attempts and explorations
of new materials cannot be stopped. The needs for SAs with
ultra-broadband, ultrafast relaxation time, strong nonlinearity
and high damage threshold are still urgent and persistent. 2)
Changing material properties by doping. Doping can change the
bandgap of the material or affect the electron relaxation process,
thus changing the performance of 2D materials. 3) Improved the
properties of 2D material through surface modification. This kind
of research has begun to rise in recent years. For example, the
environmental stability of BP was tried to enhance by attaching
functional groups to the surface. 4) Phase modulation is also a
feasible way to change the properties of 2D materials. Most 2D
materials have different phases, and the performance of the same
material with different phases is quite different.
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