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Narrow-bandgap materials possess the intriguing optical–electric properties and unique structures,
which can be widely applied in the field of photonics, energy optoelectronic sensing and biomedicine,
etc. Nowadays, the researches on nonlinear optical properties of narrow-bandgap materials have at-
tracted extensive attention worldwide. In this paper, we review the progress of narrow-bandgap ma-
terials from many aspects, such as background, nonlinear optical properties, energy band structure,
methods of preparation, and applications. These materials have obvious nonlinear optical character-
istics and the interaction with the short pulse laser excitation shows the extremely strong nonlinear
absorption characteristics, which leads to the optical limiting or saturable absorption related to Pauli
blocking and excited state absorption. Especially, some of these novel narrow-bandgap materials
have been utilized for the generation of ultrashort pulse that covers the range from the visible to mid-
infrared wavelength regions. Hence, the study on these materials paves a new way for the advancement
of optoelctronics devices.
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1 Background and research progress

The NBMs have the layered structure, in which atoms
combine with each other through strong chemical bonds
and the weak van der Waals force. So, the NBMs have
many characteristics different from corresponding block
materials. However, different dimensions of carbon struc-
tural materials show different properties, such as 0D
fullerenes [1], lD carbon nanotubes [2], 2D graphene [3],
and 3D graphene. And these materials were found and
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studied in chronological order: 3D graphite, 0D fullerenes,
1D carbon nanotubes, and 2D graphene. Hence, narrow-
bandgap 2D materials have an attractive application
prospect in the field of optics and electronics. There is
a quantum limit effect in the vertical narrow-bandgap 2D
plane direction, which can be controlled by the number of
layers of the material. The bandgap varies widely, which
has great potential in the application of broadband re-
sponse photonic devices. Because of the weak van der
Waals force between the layers, NBMs are used to pre-
pare heterogeneous junction materials, and the problems
caused by the mismatch of interface lattice can be effec-
tively suppressed. Meanwhile, surface is passivated natu-
rally without suspension bonds due to the van der Waals
force between layers, which makes it easier to combine
NBMs with photonic devices. This is the reason why
NBMs are used in fiber lasers. The technology of em-
ploying these narrow-bandgap materials as saturable ab-
sorbers (SAs) has promoted the development of ultrafast
laser generation. And the structures of these materials are
shown in Fig. 1 [4–10].

In 2004, Geim and Novoselov et al. reported that
graphene [3] was obtained by stripping off with adhe-
sive tape and its related physical properties were studied,
which triggered a boom in the research on NBMs world-
wide. In 2016, Chernysheva et al. used carbon nanotubes
(CNTs) in ytterbium (Yb), bismuth (Bi), erbium (Er),
thulium (Tm) and holmium-doped fiber lasers to achieve
integrated operation in fiber laser cavity, which makes car-
bon nanotubes make outstanding progress in the applica-
tion of fiber optics [11]. The valence bands and conduc-
tion bands encounter at the Dirac points of the single-layer
graphene, which leads to a semi-metallic band structure
without the bandgap. Ultrawide band ranging from far-
infra-red (FIR) to ultraviolet (UV) region interacts with
electromagnetic waves [12–16]. The mechanism of energy
level description for various nonlinear optical (NLO) [17–

Fig. 1 The current predominant materials as NBMs SA for
the generation of ultrashort pulse.

23] processes in graphene is shown in Fig. 2(a) [24–29].
And the Raman spectra and constant spectra of graphene
sheets with the different number of layers that measured
on quartz are shown in Figs. 2(b) and (c). Figures 2(d)–
(f) show the optical contrast spectra in order to identify
the thickness of graphene sheets covered on the fiber core
area.

TMDCs, including MoS2, WS2, WSe2 and so on, are
another kind of significant narrow-bandgap optoelectronic
materials. For several years, the unique optoelectronic
properties of TMDCs have led to a worldwide research
boom [6, 30–33]. In 2015, Robert et al. used MoS2,
WS2, and WSe2 to realize its application as a multifunc-
tional, broadband saturable absorption material in fiber
laser Q-switching and mode-locking [34]. The expres-
sion of transition metal sulfide is MX2 (M=W, Mo, etc;
X=S, Se, or Te). The 3D MX2 has enormously impor-
tant properties, such as semiconductor properties, semi-
metallic magnetism [35], and superconductivity [36]. It
can be used as lubricant, catalyst, solar cell, supercapac-
itor, and rechargeable battery [31, 36–40]. The lattice
structure of the layered MX2 nanosheet is composed of
two hexagonal MX2, with a layer of metal atoms between
the two sulfur atoms, forming a sandwich structure. The
lattice structures of TMDCs are shown in Figs. 3(a) and
(b). Figure 3(c) [31] shows the optical bandgap versus the
layer number for the typical TMDCs and other NBMs.
MX2 nanosheets possess many advantages, such as the
special electrostatic coupling effect, large carrier mobility,
high-intensity current storage characteristics, strong visi-
ble absorption, and good chemical and mechanical proper-
ties [42–45]. Therefore, MX2 nanosheet can be applied in
many fields, such as effect transistor [46–49], photoelectric
transistors [50, 51], integrated circuit [52], chemical sen-
sors [53], light-emitting diodes [54], and solid-state laser
devices [55–61].

The emergence of a novel NBM black phosphorus
(BP) [62] fills the gap between graphene and TMDCs (0–
1 eV). The bandgap of BP can be adjusted from 0.3 to
2 eV [7, 63] with the decrease of the number of layers. As
a kind of excellent 2D material, BP nanosheets can be ap-
plied to electronic equipment. The field effect transistors
made by BP also have some attractive features, such as an
on-off ratio of 105 (ultrathin equipment) at room temper-
ature, excellent current saturation characteristics, about
1000 cm2·V−1·s−1 (10 nm thick BP) field effect electron
mobility [64]. Therefore, the BP has a broad range of la-
tent applications in the field of photonics [65–72], such as
infrared band luminescence, light detection and modula-
tion [73–75].

The monolayer BP nanosheet has direct bandgap and
high charge mobility, which makes it widely used in the
field of 2D photoelectricity. Figures 4(a) and (b) show the
optical absorption of various layers of BP along the x and
y directions, respectively [76]. Continuous modulation of
the bandgap of BP nanosheet can be achieved by external
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Fig. 2 (a) The schematic of energy level for different nonlinear optical processes of graphene (b) Raman spectra, and
(c) contrast spectra of graphene sheets with different thickness measured on quartz. (d) Optical image of fiber pigtail end.
(e) Raman image around fiber core. (f) Optical contrast image exhibiting 2–4 layers graphene coated on fiber core. Reproduced
from Ref. [12].

stress or external electric field [77], which can be applied
in solar cells, photonics devices, etc. [78, 79].

Topological insulators (TIs) of group V chalcogenide
also possess a layered structure with the large interlayer
van der Waals gap. And TI is a 2D photoelectric ma-
terial with internal insulation and electric conduction at
the surface or edge. TI has a Dirac cone structure simi-
lar to graphene [80] due to its strong spin orbit coupling.

In the body of TI, the electron energy band structure is
similar to the conventional insulator, and the Fermi en-
ergy level is between the conduction band and valence
band. The surface state is determined by the topological
structure of its body electron state and is hardly affected
by impurities and disorder, so it is very stable. The sur-
face state structure of TI is similar to graphene energy
band structure, which has no bandgap and the inverted
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Fig. 3 (a) Typical isotropic and (b) typical anisotropic sandwich structure of TMDCs. (c) The optical bandgap versus the
layer number for typical TMDCs and other NBM. Reproduced from Ref. [31].

cone intersects with the Dirac point. In 2013, the phase
diagram evolution of the dynamical properties of Dirac
fermions with doping content was established by Chen et
al. [81], as shown in Fig. 5(a). And Fig. 5(b) shows the
evolution of surface state band structure and electron self-
energy with the composition in Bi2Te3−xSex system. Up

to now, the strong TI materials have been confirmed by ex-
periments including Sb2Se3, Bi2Se3, Bi2Te3, Sb2Te3, etc.
These materials are protected by time inversion symmetry
so that they can resist disorder effects and local distur-
bance. Hence, these materials have potential applications
in the field of electronics and optoelectronics [82–89].

Fig. 4 Optical absorption spectra of different layers of BP along the x direction (a) along the y direction (b).
(c) Schematic diagram of the proposed geometry. Reproduced from Ref. [76].
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Fig. 5 (a) Topological insulator Bi2 (Te3−xSex) surface state electrophonon interaction and electron impurity scattering with
the evolution of components. (b) Evolution of the surface state band structure and electron self-energy in Bi2(Te3−xSex)
system. Reproduced from Ref. [81].

In recent years, bismuthene has attracted much atten-
tion because of its unique electro–mechanical properties
and excellent stability [90–93]. Bismuthene as a kind of
excellent candidates for the application of spintronic de-
vices does not require strong external magnetic field on ac-
count of its inherent spin–orbit coupling features [94, 95].
It also has semi-metallic properties in comparison with
the metal materials, and its long Fermi wavelength of elec-
tronic properties is conducive to the research in the field of

condensed matter physics [96, 97]. If the bismuthene turns
narrower than the Fermi wavelength, the transform from
the semimetal to semiconductor may occur due to quan-
tum confinement effects [98]. Figure 6(a) exhibits the dia-
gram of the saturable absorption of bismuthene [99]. In or-
der to obtain the saturable absorption of bismuthene, the
intensity ought to completely fill the lower energy level to
attain the standard of photon excitation. The optical ab-
sorption spectra of few-layer bismuthene solution is shown
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in Fig. 6(b), and the inset is the amplified NIR absorp-
tion region. And the UV-vis-NIR spectrum is shown in
Fig. 6(c) [99].

Since 2004, when monolayer graphene was discovered by
the scientists at the University of Manchester in the UK,
graphene has caused a worldwide research boom. The
nonlinear optical properties of graphene and its appli-
cations in passively Q-switched, mode-locked lasers and
optical limiters are also widely studied. In 2009, Wang
et al. [98] from Dublin Trinity College discovered that
graphene dispersion had an anti-saturation absorption ef-
fect under the radiation of 532-nm and 1064-nm nanosec-
ond pulse, and they had explained that the principle came
from the nonlinear scattering of the solution. In the same
year, Bao et al. [26] achieved the saturable absorption of
the low-layer graphene nanosheet under the femtosecond
pulse of 1550 nm for the first time, which realized suc-
cessfully the mode-locking output pulse in the fiber laser.
In 2010, Yu et al. [101] of Shandong University reported
the saturable absorption characteristics of graphene in the
1.34 µm band and realized the application of Q-switching
in the solid-state laser. Subsequently, the researchers
also realized the saturable absorption characteristics of
graphene in the visible-ultraviolet-near infrared and even
in the terahertz band. The tunable ultrafast mode-locked
and Q-switched laser output in broadband can be achieved
based on this material [102–104]. In addition, the third-

order nonlinear refractive index coefficient of graphene
has been reported. In 2010, the nonlinear optical prop-
erties of graphene were explored using the four-wave mix-
ing method by Hendry et al. [105] from the University of
Exeter, and they pointed out that the third-order non-
linear polarization rate of graphene under the action of
picosecond pulse in near-infrared band is eight orders of
magnitude higher than that of dielectric material. Sub-
sequently, the researchers used nanosecond and femtosec-
ond lasers to obtain the nonlinear refractive index and
polarization rate of graphene, which was several orders of
magnitude higher than that of general medium materials
under the same experimental conditions [106, 107].

With the boom of graphene research, the graphene-like
nanomaterials also come into researchers’ view. TMDCs
are a kind of graphene-like nanomaterials, and single-
layer structure of TMDCs has high-intensity photo-
luminescence characteristics in terms of optical proper-
ties. Moreover, theoretical calculations prove that single-
layer TMDCs have unique photoelectron characteristics,
and their exciton has selectivity, super-strong exciton
binding energy and stress controllable banding width in
the Brillouin energy valley. Therefore, the third-order
nonlinear optics of TMDCs has aroused great interest
in recent years. In 2013, Wang et al. [108] of Shanghai
Institute of Optics and Fine Mechanics studied the sat-
urable absorption characteristics of the few-layer MoS2

Fig. 6 (a) The schematic diagram of saturable absorption of bismuthene. (b) The optical absorption spectrum. (c) The
UV-vis-NIR spectrum of the few-layer bismuthene. Reproduced from Ref. [99].
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Fig. 7 (a) Evolution of the band structure. (b) Schematic diagram of the band structure of monolayer MoS2. (c) The
reflection and photoluminescence spectra of ultrathin MoS2 layers. (d) Layer dependence of photoluminescence efficiency in
MoS2 with different thickness. (a, c, d) Reproduced from Ref. [110], (b) Reproduced from Ref. [111].

dispersion under the action of femtosecond laser at 800
nm band for the first time. The results showed that the
saturable absorption performance of MoS2 dispersion un-
der the same experimental conditions is better than that of
graphene dispersion with the same concentration. In 2016,
the nonlinear optical characteristics and physical mecha-
nism of TMDCs had been further systematically studied
by this research group, and the nonlinear optical func-
tional control and shear strategy of such materials also
have been proposed and verified [109]. Figure 7(a) shows
the calculated band structures of TMDCs, such as bulk
MoS2, quadrilayer MoS2, bilayer MoS2, and monolayer
MoS2 [110]. The spin splitting of the bands at the K and
K′ points on the corners of the Brillouin zone [55, 111] is
exhibited in Fig. 7(b), and the colors of orange and blue
indicate up and down spin polarization. The reflection
and photo-luminescence spectra of ultrathin MoS2 layers
are shown in Fig. 7(c) [110]. And the layer dependence
of photo-luminescence efficiency in MoS2 with the differ-

ent thickness is exhibited in Fig. 7(d). In 2014, Zhang et
al. [55] of Shenzhen University confirmed that single-layer
MoS2 has nonlinear optical characteristics from visible to
near-infrared band, and successfully realized the mode-
locked ultrashort pulse laser output in the near-infrared
band based on this material. In the same year, Cheng et
al. [112] from Harbin Engineering University reported that
the nonlinear characteristics of MoS2 can shift from sat-
urable absorption to anti-saturable absorption with the in-
crease of power. Meanwhile, Zhang et al. [113] of Lanzhou
University prepared the different sizes of TMDCs by us-
ing the method of distributed centrifugation, and obtained
that the nonlinear optical properties are directly related
to the sizes of materials.

In 2015, Mao et al. [114] reported that the few-layer
WS2 nanosheets obtained by liquid phase method have
the characteristics of saturable absorption and can be ap-
plied in the mode-locked laser. Qiu et al. [115] of Zhe-
jiang University prepared the few-layer MoS2 nanosheets
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with high yield and uniform thickness by hydrothermal
method, which proved its saturable absorption character-
istic in the band of 800–1550 nm, and they also achieved
Q-switched laser output in the near-infrared band based
on this material. Subsequently, in order to achieve excel-
lent Q-switched pulse laser output, the optical absorption
rate of the material was enhanced by changing the mor-
phology, and atoms and other methods were added to en-
hance the saturable absorption performance of materials.
In addition, this research group used solid phase method
to synthesize ultrathin MoS2 and WS2 nanosheets, which
realized its optical limiting effect at the band of 800 nm,
and its optical limiting threshold was much lower than
that of traditional optical limiting materials.

With these materials emerging subsequently, the TIs
also come into researchers’ horizons. In 2012, Bernard et
al. [116] of the Brussels Free University of Belgium first re-
alized the saturable absorption characteristics of the topo-
logical insulator Bi2Te3 in the communication band. In
the same year, Wen et al. [117, 118] took the lead in uti-
lizing the saturable absorption characteristics of two TI
materials, Bi2Se3 and Bi2Te3, to realize the mode-locked
pulse output in the fiber laser. In 2013, this group mea-
sured the nonlinear refractive index [119] of Bi2Se3 by Z-
scan method under the action of near-infrared femtosec-
ond laser for the first time. In 2014, Jung et al. [120, 121]
realized the applications of passively mode-locked and Q-

switched lasers in the 2 µm band based on TIs materials.
In 2016, the researchers in Zhejiang University prepared
Bi2Te3 nanosheets with high yield and uniform size and
thickness by adding surfactant PVP into the solvent ther-
mal method. The output performance of Q-switched laser
output was obtained based on TI by using this method,
which is superior to TI made by liquid phase stripping.
Meanwhile, a ternary topological insulator Bi2SeTe2 pos-
sessing excellent saturable absorption performance was
prepared by solvent heating method and the theoretical
work verified the performance [83].

Recently, many researchers have paid attention to
novel diazo-metal-elements materials such as As, Se, and
Bi [122, 123] with the rapid development of these flexi-
ble NBMs. The bismuthene has the semimetallic features
and narrow-bandgap of 0.4 eV with single-layer struc-
ture [124, 125]. And the bismuthene can be translated
from semimetal into semiconductor on account of the ef-
fect of quantum confinement. In 2016, Zhang et al. [126]
investigated the arsenene, phosphorene, antimonene and
bismuthene that have the high carrier mobility and the
narrow bandgap. In 2018, Lu et al. [99] reported a ring
cavity fiber laser based on bismuthene with the modula-
tion depth of 2.03% and experimentally achieved conven-
tional solitons with the pulse duration of 652 fs, which
shows that bismuthene is a novel narrow bandgap mate-
rial for the ultrafast photonics. In the same year, Yang et

Fig. 8 (a) Open Z-scan experimental device. (b) Nonlinear absorbance measured by the Z-scan system. (c) Fitting curves
of the nonlinear coefficient. Reproduced from Ref. [176].
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al. [127] reported a Tm-doped fiber ring cavity laser and
successfully obtained a 2 µm output with pulse duration
of 1 ns. Chai and Wang et al. [9, 10] also reported the
Yb-doped fiber laser and Er-doped fiber laser based on
bismuthene, respectively.

The unique optic–electronic properties of these narrow
bandgap materials [128–130] enable them to have great
application prospects in the construction of micro-nano
opto–electronic devices.

2 Nonlinear optics of novel NBMs

The third-order nonlinear optical properties of NBM have
been a hot research area for several years, including sat-
urable absorption, anti-saturable absorption, and so on.
The saturable absorption describes that the optical ab-
sorption rate of a material decreases with the enhance-
ment of incident light and eventually becomes a constant.
A material with the saturable absorption property can be
regarded as SA and used as passively mode-locked or Q-
switched element in the fiber lasers [131–136]. Since its
emergence, the laser has been moving toward the direc-
tion of tunable, short pulse and high energy output. The
passively mode-locked technique uses saturable absorp-
tion characteristics to realize the continuous narrowing
of the pulse duration, thus generates the required ultra-
short optical pulse [137–140]. The passively Q-switched
technique [141–144] is used to insert the Q-switched ele-
ment with fixed parameters into the laser cavity, and the
saturable absorption characteristic of the Q-switched ele-
ments is used to adjust the Q-value. When the stimulated
radiation occurs, the inverted particles stored in the high
energy level of the gain fiber can quickly transit back to
the low energy level and release huge amounts of energy
in a very short time, which can result in high-energy pulse
output.

At present, the most widely used SA is the semiconduc-
tor SA [145–150]. However, there are some disadvantages
such as high price, complicated production process, nar-
row wavelength range, and low output energy. Therefore,
it is very important to find a SA with advantages of broad-
band tunable nonlinear absorption, ultralow loss, high
damage threshold, ultrashort response time, high modu-
lation depth and ultralow cost. As a novel kind of materi-
als, narrow-bandgap photoelectric materials have unique
saturable absorption properties, which have a good ap-
plication prospect in pulsed laser generation. Moreover,
narrow-bandgap photoelectric materials also have unique
anti-saturable absorption properties, hence, it has poten-
tial applications in laser limiting.

2.1 Optical nonlinear absorption

Light absorption is a fundamental interaction between
substance and light. And it can be divided into linear

absorption and nonlinear absorption. A phenomenon in
which the absorption coefficient of a substance varies with
the intensity of incident light is called nonlinear absorp-
tion, and the opposite is the linear absorption. Nonlinear
absorption is a nonlinear effect under the action of highly
coherent light, which has been widely studied. Due to
different absorption mechanisms of substance, nonlinear
absorption can be divided into saturable absorption [151–
155], anti-saturable absorption, two-photon absorption,
and carrier absorption. The saturable absorption and two-
photon absorption are the most important and common
nonlinear absorption effects. These nonlinear absorption
properties are as follows.

2.1.1 Saturable absorption

When the intensity of excited light reaches a certain value,
the phenomenon that the absorption coefficient of the ma-
terial decreases instead of increases is called saturable ab-
sorption, which is mainly caused by the principle of Pauli
incompatibility. When the excitation intensity is weak,
the electrons in the valence band absorb the photon en-
ergy and are excited to the conduction band. At the same
time, they are gradually cooled and arranged due to the
restriction of the Pauli Exclusion Principle. When the
electron energy state in the Fermi level is filled, the inci-
dent intensity is called saturable intensity. As the light
keeps on increasing, the redundant photons will no longer
be absorbed by the electrons in the valence band, but
move transparently through the acting medium.

From the macro perspective, the light transmittance
will gradually increase when the energy of the excitation
light increases. When the energy reaches the saturable
intensity, the transmittance will no longer increase but
gradually move to a stable value. This nonlinear effect is
widely used in solid-state and fiber mode-locked lasers or
passively Q-switched lasers [156–165].

2.1.2 Anti-saturable absorption

Contrary to the saturable absorption, the absorption co-
efficient of the medium increases in accordance with the
increase of light intensity. The mechanism is that the elec-
trons in the low energy state are excited and then jump
to the high energy electron state. When the absorption
crosses the section of the excited state is more excellent
than the absorption cross section of the ground state,
which is called the reverse saturation absorption. From
the macro perspective, under high power laser excitation,
the transmission rate of medium decreases instead of in-
creases, which can be used in the optical limiting devices.

2.1.3 Two-photon absorption

Two-photon absorption refers to the process in which the
medium energizes or combines two photons of the same
energy or different energy to excite the electrons in the
low energy state of the valence band to the high energy
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state under strong light excitation. It is important to note
that the two photons absorbed can be the same photons
or different photons. In the excitation process, the elec-
tron absorbs a single photon and is excited to a virtual
electron state, almost simultaneously. And another pho-
ton is absorbed by the same electron and is excited to a
higher excited state. Since the interval is very short, we
can think of two photons being simultaneously absorbed
and excited to a high energy state. Similar to the anti-
saturable absorption, this phenomenon is also applied to
optical limiting devices [27, 166–173].

2.1.4 Carrier absorption

When the frequency of incident light is less than the band-
width of the semiconductor, electrons cannot form an en-
ergy band transition, and electrons absorb photons to
form free carriers (electrons or holes) at the same time.
The free carrier is still restrained by the surrounding
charge, but it is in an excited state. When the frequency of
incident light is greater than the band width of the semi-
conductor and the energy transition occurs (saturable ab-
sorption or two-photon absorption), the electron excited
to the conduction band cannot exist and also forms a large
number of free carriers. These carriers continue to absorb
photon energy, and they are excited to other energy levels
as carriers.

2.2 The measurement methods of nonlinear absorption

The methods of measuring nonlinear absorption char-
acteristics of materials include nonlinear interferome-
try [174], four-wave mixing, three-wave mixing [175], ellip-
sometry, beam distortion and Z-scan. Although the first
three methods are highly precise, the required equipment
is very complex and expensive, and the calculation of el-
lipsometry is relatively complicated. The beam distortion
method is very strict and has large errors. The experimen-
tal equipment and analysis required by Z-scan is relatively
simple and the data is relatively accurate. Hence, this is
the main experimental method described in this paper.

The Z-scan method was first adopted by Sheik–Bahae
et al. in 1989. In the following years, they gradually
improved this method and launched corresponding theo-
retical model to figure out the nonlinear refractive index
and nonlinear absorption coefficient of substances. This
method is very simple and flexible and the data is con-
siderably accurate. Hence, it is quickly accepted by re-
searchers, and has been rapidly developed and improved.
The open Z-scan method is mainly used to measure the
nonlinear absorption performance of the materials. Fig-
ure 8(a) shows the commonly used Z-scan experiment de-
vice [176]. The type of the excitation laser light source has
a wavelength of 1030 nm. The excitation pulse width is
340 fs and the frequency is 100 Hz. The beam waist radius
is about 32 µm at 1030 nm. The beam is focused through
focal length lens. Behind the lens is a moving platform,

and the center of the moving platform is near the beam
waist of the laser beam. The sample can be moved in the
axial direction of the beam by moving the platform. The
laser is divided into two beams with equal energy using a
beam splitter, then the incident and output energy of the
sample are recorded in real time with two energy meters
and transmitted the data to the computer for analysis.
The normalized transmittance curves with the different
testing energy values are shown in Fig. 8(b), which indi-
cates clear saturable absorption responses in the different
energy values, and the SA performance exhibits the excel-
lent stability with the increase of pulse energy. The fitting
values of the nonlinear coefficient and their fitted curves
are shown in Fig. 8(c).

As seen in Fig. 8(a) [176], the power density of the in-
cident laser is low when the sample is far away from the
beam waist. At this time, the absorption form of the sam-
ple is mainly linear absorption with little change in trans-
mission energy. As the sample gets closer to the beam
waist, the incident optical power density increases gradu-
ally, and the sample will show nonlinear absorption effect.
When the output energy curve presents a symmetric wave
peak, it indicates that the sample has a saturable absorp-
tion effect, as shown in Fig. 8(b). In contrast, when the
output energy curve is a symmetrical wave trough, the
sample is reflected as the optical limiting effect. Notably,
in the Z-scan measurement, the thickness of sample used
in the experiment is smaller than the Rayleigh length of
the beam. When a moderate aperture is added to the back
of the sample, we call it a closed aperture Z-scan. Com-
bined with the results of an open Z-scan, the nonlinear
refractive index of the sample can be obtained.

3 The preparation of NBMs

The development of batch manufacturing methods of
high-quality NBMs is the key and foundation to realize
the in-dustrial application of optoelectronic devices. Gen-
erally, the preparation methods of NBMs are divided into
top-down method and bottom-up method. The top-down
method includes mechanical exfoliation method and liquid
phase exfoliation method. While the bottom-up method
includes liquid phase synthesis, chemical vapor deposition
(CVD), epitaxial growth (EG) and other methods. Here
are some common methods of stripping and synthesizing
NBMs [177–180].

3.1 Mechanical exfoliation method
In 2004, Geim and Novoselov et al. [1] were the first to
realize the preparation of monolayer graphene by solid-
phase mechanical exfoliation. Some scaly debris can be
obtained by rubbing the surface of the layered material,
and there are even NBMs with a monolayered structure
in this detritus. The general way is to press the tape
paper onto the surface of the corresponding block ma-
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terial, and NBMs will be attached to the surface of the
tape paper after removing the tape paper. The NBMs
obtained by this method have a high degree of crystal
crystallization and can be easily screened out by an opti-
cal microscope. Through further tests, for example, scan-
ning electron microscopy (SEM), high resolution transmis-
sion electron microscopy (HRTEM), transmission electron
microscopy (TEM), and atomic force microscopy (AFM),
more information about its morphology, thickness, and
size can be revealed. Due to the common structural fea-
tures of the weak van der Waals binding between layers
of NBMs, the mechanical exfoliation method is also appli-
cable to the preparation of other graphene-like NBMs. In
this way, many layered and crystalline materials can be
stripped out, such as boron nitride (BN), MoS2, NbSe2,
MoSe2, WS2, WSe2, and Bi2Te3 [180–183].

The advantages of this method are simple operation,
high efficiency, low cost, and wide adaptability. The size
of single-sheet NBMs can reach tens of microns in the
transverse, and possess better crystallization and surface
cleanliness. Hence, it has excellent photoelectric proper-
ties. However, this is a relatively original method that
was first used to strip graphene. Its obvious disadvantage
is that the samples obtained by this method are mostly
multilayer structures, and has less samples with few-layer
or single-layer structures. This method cannot realize the
mass production of NBMs and cannot meet the needs of
the industry.

3.2 Liquid phase exfoliation method

In 2010, Ruoff et al. [184] reported for the first time
that the high-performance preparation of graphene oxide
(GO) was achieved by liquid phase exfoliation method,
and graphene could be obtained more efficiently by subse-
quent reduction. Since then, researchers have conducted
extensive research on the impact of the solution on the ef-

fect of liquid phase exfoliation graphene and developed a
more systematic theory [185–188]. In this method, many
researchers realized the preparation of TMDCs (such as
WS2, MoS2, MoSe2, TaSe2, MoTe2, and NbSe2), BP, TIs,
h-BN dispersion recently [179, 189–194]. Liquid phase ex-
foliation is a method of dispersing LBM powders in spe-
cific solvents and peeling LBM from the surface of the
corresponding powder particles by means of high power
ultrasonic vibration.

The common solvent is anhydrous, but ultra-pure wa-
ter solutions are also available for some materials. Under
the action of solvent, the LBM is separated into small
structural units. After a long period of stasis, the NBMs
dissolved in the solvent will be stratified, and the larger
particles will gradually precipitate. The upper suspen-
sion contains a large number of single-layer or multilayer
narrow-bandgap nanoparticles. In addition, the whole
stratification process can be accelerated by centrifugal ac-
tion.

The advantages of this method are simple, safe, low
cost, and suitable for mass production. The surface of
materials can be chemically modified at the same time.
While the drawback is that the NBMs obtained are ir-
regular in shape and not uniform in thickness, and the
physical and chemical properties are easily changed due
to the action of surface dispersion.

3.3 Liquid phase synthesis method

The liquid phase synthesis method takes water or other
organic solvents as reaction medium to dissolve or dis-
perse the particles of NBMs. It can realize the crystalliza-
tion and growth of NBMs in the reaction medium under
heating and (or) high pressure conditions, and separate
the products through precipitation, centrifugation, wash-
ing, drying and other steps after the end of the reaction.
This method regulates the growth, shape, size and sur-

Fig. 9 (a) Experimental schematic diagram of ultrafast fiber lasers. (b) The wideband adjustable output spectra near the
telecommunication band in the Q-switched fiber laser based on graphene. Reproduced from Ref. [224].
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face chemistry of crystals by adding the specific surfactant
(such as PVP) in the reaction solution and controlling the
reaction temperature, reaction time, etc., which can ob-
tain various shapes of nanosheets and nanobelts [37, 38].

Generally, the advantages of this method are that the
product has good crystallization and it can realize the
mass production. But it is difficult to obtain single layer
NBMs, and its production needs longer reaction time.
Most importantly, the liquid phase reaction will inevitably
adsorb surfactant and other substances on the surface of
the product, which will have the certain impact on the
properties of the material itself [40, 41, 195].

3.4 Chemical vapor deposition (CVD) method

Currently, the large area uniform NBMs (like graphene)
can be synthesized by chemical vapor deposition method,
which shows good commercial prospects. And CVD
method is the most widely used technology to prepare
high-quality NBMs (especially graphene). CVD method
is a preparation technique for the formation of target ma-
terial by chemical reaction on the substrate surface under
the action of heat, laser, plasma and another additional
energy, and it is of great importance and can be applied
in many fields such as optoelectronic devices and semicon-
ductor industry. The most typical example of NBMs pro-
duced by CVD is the preparation of high-quality graphene
materials [5, 178, 196–198]. Although the mechanical ex-
foliation method can get high-performance few-layer and
single layer graphene, it cannot be applied to the indus-
trial production.

However, the CVD method cannot realize the low-cost
production of large-size and high-quality graphene [5, 199–
201], researchers have successfully prepared monolayer,
double-layer and multilayer graphene of wafer scale, which
are widely used in flexible transparent optoelectronic de-
vices. CVD technology also shows great potential in
the preparation of TMDCs, and researchers have success-
fully achieved controlled growth of high quality TMDCs
on a variety of substrates [202–205]. The merit of this
method is that it can get the shapes of sample that peo-
ple need [206–211]. It requires much energy to grow NBMs
based on this method, so the damage rate of growth on
copper substrate sheet is relatively higher. And partial in-
homogeneity still exists in NBMs grown by this method.

3.5 Epitaxial growth (EG) method

The epitaxial growth method is a technique for grow-
ing high quality thin films on crystalline substrates [212].
Under the condition of ultrahigh vacuum, the precursor
steam is produced by the heat evaporator with various
kinds of precursor materials, which is collimated through
the holes to form the molecular beam or atomic beam,
and then sprayed to the single crystal substrate at the
appropriate temperature [213, 214]. By controlling the

molecular beam or atomic beam to scan the substrate,
the molecules or atoms can grow on the substrate layer by
layer according to the crystal arrangement [215].

The obvious characteristic of EG method is that the
deposition rate is very slow, and it can prepare highly
crystalline film with crystal growth orientation, control-
lable composition and precisely adjustable thickness. The
merit of this method is that it can produce high quality
semiconductor heterojunctions or superlattices by period-
ically turning on or off the specific evaporation sources.
Hence, this is a very important preparation method in
the semiconductor industry [216, 217].

4 The applications of flexible narrow-bandgap
materials

4.1 Pulse laser generation based on narrow-bandgap
materials

4.1.1 Pulsed laser based on graphene SA

Graphene SAs have made the generation of pulsed laser
from the visible to infrared range on account of their ul-
trafast recovery time, ultrawide nonlinear optical response
bandwidth and super saturable absorption [24, 218–221].
Bao et al. firstly obtained mode-locked operation based
on graphene SA in an Er-doped fiber laser (EDFL) that
is operated at 1565 nm with the output pulse width of
756 fs [222]. In 2012, mode-locked operation in a mid-
infrared (MIR) fiber laser based on graphene SA was re-
ported by Zhang et al. for the first time [223]. The solid
state lasers [103] have been successfully achieved in the
infrared region with the evolution of pulse laser based on
graphene SA. The experimental schematic diagram for ul-
trafast fiber laser is shown in Fig. 9(a) [224]. SAs based on
graphene have been applied for the generation of microsec-
ond pulse from NIR to MIR lasers. Figure 9(b) exhibits the
adjustable output spectra from Q-switched fiber laser near
the third low loss telecommunication wavelength based on
graphene SAs [224].

4.1.2 Solid state laser based on MoS2 SA

With the successful achievement of pulse lasers employing
graphene SA, there has been an enormous number of de-
scriptions on the pulsed lasers applying narrow-bandgap
semiconductors of dichalcogenides of Mo, such as MoS2.
And for the monolayer MoS2 whose bandgap is 1.8 eV cor-
responding the wavelength of 689 nm, because the exit of
the edge state and the defect state conduces to the opera-
tion of MoS2 SA in the NIR and MIR, it allows the descrip-
tion of fiber lasers at the wavelengths far longer than the
fundamental exciton absorption wavelength [225]. Wang
et al. [226] were the first group to demonstrate a solid
state pulsed laser based on the MoS2 SA using the bulk
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Q-switched cavity. In 2016, Chen et al. found hot excitons
form quickly after charge transfer based on the MoS2/WS2

heterostructure material [227]. The schematic instructions
of ultrafast visible and IR microspectroscopy are shown in
Fig. 10(a). Figure 10(b) exhibits the image of the transient
absorption change for a MoS2/WS2 heterostructure ma-
terial. Figures 10(c) and (d) show the evolution of the
absorption changes in WS2 monolayer (in blue), MoS2

monolayer (in red), and the MoS2/WS2 heterostructure
(in green). The signal of the MoS2/WS2 heterostructure
and the sum of the WS2 and MoS2 monolayers are shown
in Fig. 10(e).

In 2017, Yan et al. found that WS2 SA displayed excel-
lent nonlinear optical properties and was applied for the
generation of ultrafast pulses, as shown in Fig. 11 [228].
Nonlinear absorption curve of few-layer WS2 and the con-
struction of the fiber laser based on few-layer WS2 SA
are exhibited in Figs. 11(a) and (b), respectively. Fig-
ures 11(c)–(f) show the output power, output spectrum,
RF spectrum and the autocorrelation trace, respectively.

In 2014, Luo et al. rapidly extended the operation wave-
length of Q-switched laser based on MoS2 SA up to 2 µm
region [61], and this proposed laser can achieve the higher
output power and the lower repetition rate in comparison

to others reports based on MoS2 SA [286]. The mode-
locked pulse still can not be generated in solid state lasers
based on a bulk-cavity due to the high nonsaturable loss
of MoS2 SAs, but it can be obtained in the fiber lasers.
The mode-locked pulse in a Yb-doped fiber laser based
on MoS2 SA was first obtained by Li et al. [229] with the
center wavelength of 1070.5 nm, the pulse width of 726
ps and the output spectrum bandwidth of 1.7 nm. And
this fiber laser system has many advantages, such as flex-
ible maneuverability, compact construction, and low cost
characteristics, which make this system compatible and
flexible for applications in reality.

4.1.3 Pulsed fiber laser based on BP SA

The emergence of BP fills the gap between graphene and
TMDCs (0–1 eV). The bandgap of BP can be adjusted
from 0.3 eV (multilayer) to 2 eV (single layer) with the
decreasing number of layers, which can be applied in the
field of ultrafast photonics [230–234]. BP shows unique
electric and optical properties, which can be regarded as
the excellent SA for the applications of NIR and MIR
region. Chen et al. [165] firstly reported BP SA in a
communication band of 1550 nm. And the SA was made

Fig. 10 The microspectroscopy measurements of ultrafast visible and IR region. (a) The schematic instructions of mi-
crospectroscopy measurements. (b) The transient absorption change of MoS2/WS2 heterostructure material. (c) The temporal
evolution of the 670 nm excitation-induced absorption changes of WS2, MoS2 and the MoS2/WS2 heterostructure samples.
(d) Normalized plots of temporal evolution. (e) The signal of the MoS2/WS2 heterostructure and the total of the WS2 and
MoS2 monolayers. Reproduced from Ref. [227].
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Fig. 11 (a) The experimental setup. (b) Nonlinear absorption curve. (c) The pump power versus laser output power.(d)
Output spectrum with 3 dB bandwidth of 1.94 nm. (e) The RF spectrum. (f) Autocorrelation trace with a pulse duration of
1.49 ps after a sech2 fitting. Reproduced from Ref. [228].

by employing mechanically exfoliated BP few-layer sheets
and coated on the fiber ferrule. Their group employed an
EDFL to obtain mode-locked pulse with the output pulse
duration of 946 fs. But the main barrier that utilizes these
strong absorption matearials to achieve high power output
of the lasers is the low thermal damage threshold on ac-
count of the heating of the lasers. Lee et al. [16] searched
a method that deposits BP onto side-polished fiber, where
the saturable absorption takes place through the interac-
tion between BP and evanescent interaction. This method
can be employed to optimize the fiber laser operating at
a higher power. In recent years, a microfiber-based BP
quantum dot (QD) SA has been studied to display the
strong nonlinear response at the wavelength of 1.56 µm,
which indicates the latent value for the generation of ul-
trashort pulse [235, 236]. Figure 12(a) exhibits the con-
figuration of an Er-doped fiber laser based on BPQD SA,

and the output features of pulses are shown in Figs. 12(b)–
(e). While no obvious change of central wavelength and
spectral bandwidth can be observed, which indicates that
the mode-locked state is very stable [235].

4.1.4 Pulsed fiber laser based on PbS SA

Recently, due to the advantages of small bandgap, high
laser-induced damage threshold, excellent nonlinear ab-
sorption efficient and easy integration, there are some
novel materials attracting researchers’ attention, such as
PbS nanoparticles and QDs, bismuthene, and Mxene.
Hence, these novel materials are the promising optical de-
vices in pulsed fiber lasers.

In 2018, Zhang’s group and Yun’s group both achieved
mode-locked fiber laser based on the PbS nanoparticles
and PbS QDs, respectively. As shown in Fig. 13, the
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Fig. 12 (a) The schematic of fiber laser employing a microfiber-based BPQD. (b) Output optical spectrum. (c) Autocor-
relation trace. (d) The optical spectra of the mode-locked operation at the time interval of 20 min. (e) The stability of the
central wavelengths and the 3 dB bandwidth spectra. Reproduced from Ref [235].

mode-locked pulse with pulse width of 1.01 ps and spec-
trum width of 2.93 nm is obtained in an Er-doped fiber
laser based on PbS NPs [237]. The experimental setup
is shown in Fig. 13(a), and the results are shown in
Figs. 13(b)–(e), respectively. In the same year, Yun et
al. [238] realized a transform-limited soliton pulse with
pulse duration of 559 fs and 3 dB bandwidth of 4.78 nm
at the center wavelength of 1563 nm by incorporating PbS
QDs into a fiber laser. The experimental setup is displayed
in Fig. 14(a) and the results are shown in Figs. 14(b)–(e).
Due to the nonlinear saturable absorption characteristics
of PbS QDs, this material has practical applications in
many fields, such as near-infrared (NIR) pulsed lasers and
modulators.

Few-layered bismuthene, as a mono-elemental novel
NBMs purely composed by the element of bismuth, has

been theoretically predicted to possess an obviously en-
hanced stability and excellent optical responses. Few-
layered bismuthene also has various significant properties,
such as high carrier mobility, high stability, and excellent
nonlinear optical transmission. Therefore, this material,
as SA, has attracted tremendous interest in the applica-
tion of fiber laser.

4.1.5 Pulsed fiber laser based on bismuthene SA

In 2018, Wang et al. [10] employed the few-layered bis-
muthene as the SA in the fiber laser. And the mode-locker
is made by depositing the few-layered bismuthene on a mi-
crofiber. They successfully obtained the ultrashort pulse
with duration of 621.5 fs, the spectrum bandwidth of 10.35
nm at the central wavelength of 1557.5 nm and funda-
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Fig. 13 (a) The setup of Er-doped fiber laser based on PbS NPs. (b) Output optical spectra. (c) Output pulse train at
different range of 1400 ns and 4 µs. (d) RF spectrum. (e) Autocorrelation trace. Reproduced from Ref. [237].

mental repetition rate of 22.74 MHz, which can be seen in
Figs. 15(a)–(d). And also they achieved the bound state

soliton with the modulation period of 0.8 nm and pulse
width of 525.5 fs in the proposed fiber laser at different

Table 1 The conclusion of fiber laser based on bismuthene SA.

Pulse duration Spectrum bandwidth Repetition rate Central wavelength Gain medium Ref.

30.25 ps 2.72 nm 21.74 MHz 1034.4 nm Yb [9]
621.5 fs 10.35 nm 22.74 MHz 1557.5 nm Er [10]
652 fs 4.64 nm 8.83 MHz 1559.18 nm Er [99]
193 fs 14.4 nm 8.85 MHz 1561 nm Er [126]
1 ns 4.5 nm 16.7 MHz 2030 nm Tm [127]
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Fig. 14 (a) The schematic of PbS QD mode-locked fiber laser. (b) Output spectrum. (c) Pulse train. (d) The pulse train.
(e) Radio frequency spectrum. Reproduced from Ref. [238].

pump power and polarization state, which can be seen in
Figs. 15(e) and (f). Chai et al. [9] studied the Yb-doped
ring fiber laser using bismuthene for the generation of ul-
trashort pulse based on evanescent field. And they suc-
cessfully achieved the conventional solitons with duration
of 30.25 ps at the wavelength of 1034.4 nm. The character-
istics of output are shown in Figs. 16(a)–(d), respectively.
In the same year, Yang et al. [127] achieved the Tm-doped
fiber laser based on a 17-layer thickness bismuthene. The
schematic diagram is exhibited in Fig. 17(a). And the out-
put pulse with duration of 1 nm and 3 dB spectrum band-
width of 4.5 nm was obtained, as shown in Figs. 17(b) and
(c), accordingly.

In recent years, many studies based on bismuthene [9,
10, 99, 127, 239–241] have emerged. And the researches
about the fiber laser were concluded in Table 1. Hence,
we demonstrate that the study of bismuthene can be
regarded as a novel direction of up-and-coming SA ma-
terials with high stability and excellent nonlinear optical
characterizations. In addition to the materials mentioned
above, the variety of 2D materials has constantly been en-
riched in recent years, such as TIs [242–244], MXene [245–

247], antimonene [248], and perovskite [249], which exhibit
sundry properties, therefore they are the promising can-
didates for the applications of ultrafast photonics.

4.1.6 The various pulse laser technologies

Different from the semiconductor saturable absorber mir-
rors (SESAMs) that have the limited saturable absorp-
tion bandwidth, the NBMs have wide saturable absorp-
tion bandwidth. And the fabrication cost of SESAMs is
much higher than that of NBMs. The SESAMs operate
in reflection while the NBMs integrate into solid state or
fiber lasers in different ways. As for solid state laser, the
simplest way to manufacture SA is to deposit the NBMs
dispersion on a flat substrate, such as mirrors or the quartz
glass plates, and in this way, it makes the SA operates
in transmission or reflection. As for fiber lasers, various
methods have been stated for the NBMs SA integrated in
the system. As shown in Fig. 18 [222, 250–253], the SA
can be fabricated by deposition of the NBMs dispersion
on the surface of fiber connector, or on side-polished fiber
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Fig. 15 (a) Output spectrum; (b) Out pulse train. (c) The autocorrelation trace with pulse duration of 621.5 fs. (d) The
RF spectrum. (e) Output spectrum of bound state solitons. (f) Autocorrelation trace of bound state solitons. Reproduced
from Ref. [10].

or tapered fiber.

4.2 Optical modulation based on NBMs

4.2.1 The typical methods of optical modulation based on
NBMs

The NBMs’optical response to the incident light can be
characterized through dielectric constant or conductivity
or refractive index, and it can be modified by the external
field such as optical, magnetic, or electric field, and tem-
perature or pressure. Hence, the light that propagates
through the certain NBMs can be modulated by another
beam light (called as all-optical modulation) or the elec-
tric field (called as electro-optical modulation). The typi-

cal methods of optical modulation based on NBMs are di-
vided into three types through the different applied exter-
nal fields, such as thermal heating, electrical gating, and
optical excitation, as exhibited in Fig. 19 [254]. And the
optical excitation and the external electrical gating adjust
the complex refractive index and the carrier density of the
NBMs, which can be applied in the generation of the am-
plitude modulation and phase modulation. The thermal
heating produced in the NBMs, whether electrical-induced
or the optical-induced, is spread to the transparent sub-
strate or waveguide, which elevates the temperature and
then altering the real part of the refractive index, which
is generally utilized for the phase modulation.

As for monolayer graphene, the Fermi energy of mate-
rial is apparently varied to modify the optical transition

13304-18 Xiao-Hui Li, et al., Front. Phys. 17(1), 13304 (2022)



Review Article

Fig. 16 (a) The output optical spectrum. (b) The output pulse train. (c) Autocorrelation trace. (d) The RF spectrum.
Reproduced from Ref. [9].

of interband when inflicting the bias electric field. Fig-
ure 20(a) shows the gate voltage dependent reflection rate
of graphene on a silicon substrate, and the inset figure
demonstrates the interband transition of the monolayer
graphene. While the all-optic method for the optical mod-
ulation based on NBMs is used by applying the ultrashort

Fig. 17 (a) Experimental setup. (b) Output pulse train.
(c) Output pulse, and the inset is the output spectrum. Re-
produced from Ref. [127].

pulses to regulate the propagation of the signal, providing
the ultrafast response based on the optical nonlinear ef-
fects [255]. Due to the relatively low density of state and
zero bandgap of graphene, optical excitation generates the
nonequilibrium carriers in the valence band and conduc-
tion band, which results in the extremely strong saturable

Fig. 18 The schematic devices of NBMs based on SA.
(a) The film coated on pigtail of fiber. (b) Materials inset
between two fiber connectors. (c) Dispersion of material de-
posited on microfiber or tapered fiber. (d) Material coated on
the mirror. (e) Material deposited on D-shaped fiber. Repro-
duced from Refs. [222, 250–253].
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Fig. 19 The typical methods of optical modulation based
on NBMs. Reproduced from Ref. [254].

absorption with the ultrashort response time [256]. And
it can be widely applied in mode-locked fiber lasers and
the optical modulators. Figure 20(b) [257] shows the the-
oretical and experimental results of the nonlinear refrac-
tive index based on graphene. Due to the high thermal
conductivity of the graphene at the room temperature,
the NBMs diffuse the heat to their surrounding materials,
which could be used as the heat generator and conduc-
tor [258, 259].

4.2.2 The typical systems of optical modulation based on
NBMs

The typical systems of optical modulation include free
space optical modulation [255, 256], fiber-based optical
modulation [262–265], and chip integrated optical modu-

lation. There are many different structures of the optical
modulation listed follows. Sensale-Rodriguez et al. [266]
put forward a kind of wideband graphene terahertz (THz)
modulator and achieved by the intraband transition in
2012, as shown in Fig. 21(a). As shown in Fig. 21(b), a
gating voltage is used between a back ring-shaped contact
on the substrate and a top contact on monolayer graphene
to adjust the Fermi level of graphene. Figure 21(c) exhibits
the modulator composes of the accumulated graphene
pairs with capacitive-coupled 2D hole gases (2DHG) in
the valence band and 2D electron gases (2DEG) in the
conduction band, so that it can surmount potentially lim-
ited modulation by using a single-layer graphene [267]. At
zero bias (Vg = 0 V), it causes the minimum loss of inser-
tion or the attenuation of signal when the Fermi level is
at the Dirac point of all layers of graphene. When the
bias voltage is applied, 2DEGs are in one of the graphene
layers linked to the negative electrode and 2DHGs are in
another of graphene layers linked to the positive electrode,
which leads to the near-zero terahertz transmission.

In 2014, Wen et al. [268] achieved a maximum modula-
tion depth of 94% based on an all-optical structure where
the 1550 nm incident light acts as the incident light to
excite carrier in graphene and cause the third-order non-
linear effect, as exhibited in Fig. 22(a). And Fig. 22(b)
shows the time domain THz transmittance of graphene
on germanium (GOG) represented by dashed curves and
germanium (Ge) represented by the solid curves without
and with the photo-doping, respectively, and the inset fig-
ure is the peak–peak amplitude with the variation of pump
power. The experimental configuration for the measure-
ments of modulation features is shown in Fig. 22(c).

In free space modulation configurations in which the
pump light passes through and interacts with the mate-
rial merely once, the interaction between light and matter
is generally not robust enough for the employments that
required large modulation depth (MD). The LBM is inte-
grated with a variety of the resonant structures in order

Fig. 20 (a) The gate voltage dependent reflection rate of graphene on a silicon substrate. (b) The theoretical values
represented in the green point and purple line and the experimental values represented in color points except for the green of
the graphene refractive index. (a) Reproduced from Ref. [253], (b) Reproduced from Ref. [257].
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Fig. 21 The operating principle and modulator structures.
(a) Diagram of intraband transition enabled THz modula-
tors. (b) The diagram of the graphene THz modulator. (c)
THz modulator composed of accumulated graphene pairs with
capacitive-coupled 2DEG in the conduction band and 2DHG
in the valence band. (a) Reproduced from Ref. [266], (b, c)
Reproduced from Ref. [267].

to boost the interaction between the light and material,
and the structures have many types, such as Fano reso-

nant structures shown in Figs. 23(a) and (b). Figures 23(c)
and (d) show the photonic crystal cavities, metasurfaces
structures, respectively. And the metal plasmonic an-
tenna arrays structures. All these structures are designed
to process a Fano or plasmonic resonance at THz or MIR
wavelength. Figure 23(a) shows a diagram of adjustable
plasmonic equipment possessing 3 dB cutoff frequency of
30 MHz that will be further enhanced to the range of gi-
gahertz (GHz) [269]. It convinces that the structures of
hybrid metal graphene are excellent factors for the pro-
duction of ultrahigh speed electrical-controllable optoelec-
tronic and optical facilities. Figure 23(b) uses the elec-
trically adjustable interband transitions in graphene to
charge the intensity of the plasmonic resonance [270]. Fig-
ure 23(c) shows an all-optical structure [271]. Due to the
possibility of flexibly controlling its complex refractive in-
dex, when a pump power is reduced to tens of milliwatts,
it will lead to a resonance wavelength shift of 3.5 nm. And
these graphene integrated metamaterials exhibit the pos-
sibility of modifying both phase and intensity of the light
in the interaction between light and materials. As shown
in Fig. 23(d) [272], Bumki et al. demonstrated that the
linear modulation of THz wave and the gating induced
sustaining switching can be obtained in a metamaterial,
in which the integration of a thin and gated graphene
layer is successfully achieved. A THz pump wave is mod-
ulated by the intensity change of 47% and phase rotation

(a)

(c)

(b)

Modulator

THz source Detector0.34 THz CW

TTL

signal

Modulator

Digital

oscilloscope

1550 nm

las
er

H

E

THz wave

0

T
H

z 
tr

an
sm

is
si

o
n
 (

a.
u
.)

4

4

8

Ge 0 mW
Ge 400 mW
GOG 0 mW

12

25 30 35
Time (ps)

40

GOG 400 mW

5

0 100 200

Laser power (mW)

300 400

6

7

8

P
ea

k
-p

ea
k
 a

m
p
li

tu
d
e 

(a
.u

.)

9

10

11

12

13
GoG film
Ge substrate

15
50

 n
m

la
se

r

Fig. 22 (a) The structure of the all-optical spatial THz modulator. (b) The time domain spectra and the inset figure
shows amplitude of the main THz pulse with the increasing of pump power. (c) The experimental configuration applied in the
measurement of modulation. Reproduced from Ref. [268].
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Fig. 23 (a) The setup of the adjustable plasmonic facility. (b) Graphene-bowtie plasmonic structure for voltage controlled
optical transmission measurements. (c) A cross-polarized reflectivity measurement on the hybrid structure of grapheme.
(d) The diagram of gate-controlled active graphene metamaterial. (a) Reproduced from Ref. [269], (b) Reproduced from
Ref. [270], (c) Reproduced from Ref. [271], (d) Reproduced from Ref. [272].

of 32.2° at the same time, offering the new opportunities
for the employment in polarization rotators, thin optical
modulators, and nonreciprocal devices.

With the booming studies of these novel materials, in-
cluding graphene, TMDCs, BP, h-BN, TIs, semimetal ma-
terials and various narrow-bandgap semiconductors, they
have already been widely researched for different applica-
tions including photodetector [273–275], biomedical [276–
280], sensors [281–283], battery [284, 285], and so on.
These novel materials show many merits, such as great
optical and electric properties, and the prefect nonlinear
optical response exhibited with the strong or reverse sat-
urable absorption. These narrow-bandgap emerging mate-
rials exhibit excellent elements for the application in the
fields of ultrafast photonics and nonlinear optics due to
their simple accessibility employing the methods of me-
chanical exfoliation or liquid phase exfoliation and easy in-
tegration of devices. SAs prepared by these various NBMs
have obvious differences in the saturable intensity, modu-
lation depth and relaxation time. All these differences rely
on the intrinsic and extrinsic characteristics of materials

and the fabrication procedures.
According to the above analysis, first of all, from the

material band gap, the graphene band gap ranging from 0
to 0.25 eV. MoS2 has a special energy band structure dif-
ferent from graphene, that is, the indirect band gap. Its
forbidden band width is 1.29 eV, and the forbidden band
width will increase as the number of molybdenum disulfide
layers decreases. The band gap of the monolithic MoS2 is
1.8 eV, and the band structure also becomes a direct band
gap at this time. Therefore, the monolithic MoS2 is not
only a semiconductor material, but also has photocatalytic
activity. The band gap of WS2 is 2 eV. The band gap of
black phosphorous (BP) can be adjusted from 0.3 eV (mul-
tilayer) to 2 eV (single layer), and it is also a material with
adjustable band gap. The band gap of PbS is 0.4 eV, and
the band gap of Bi is about 0.14 eV. It can be seen that the
band gaps of the above materials are very small, which is
very suitable for mode-locked pulse lasers. Furthermore,
graphene can be used as a saturable absorber to generate
pulses ranging from visible light to infrared in pulsed lasers
due to its ultra-fast recovery time, ultra-wide nonlinear
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optical response bandwidth, and super-saturated absorp-
tion. Because the exit of edge states and defect states
helps MoS2 SA work in near-infrared and MIR, it is possi-
ble to describe fiber lasers with wavelengths far exceeding
the exciton absorption wavelength. In solid-state lasers
based on volumetric cavity, due to the highly unsaturated
loss of MoS2 SAs, mode-locked pulses still cannot be gen-
erated, but mode-locked pulses can be obtained in fiber
lasers. However, the Q-switch produced in the solid-state
laser can achieve higher output power and lower repetition
rate, which shows that this material is more suitable for
realizing the function similar to Q-switch in laser. The
narrow band gap and adjustable band gap of black phos-
phorous (BP) make it very suitable for ultrafast photonics.
Therefore, when studying ultrashort pulse fiber lasers, we
can find that materials with a narrower band gap are more
advantageous in achieving mode-locking performance, be-
cause the smaller the band gap is, the larger the range
of light absorption will be, and the wider the range of
applications for ultrafast photonics.

5 Conclusions and outlook

These novel and flexible NBMs have vast applications in
the fields of mode-locker, Q-switcher, modulator, detec-
tor, transistor and optical limiter. They have realized
short pulses generation based on mode locking and Q-
switching both in solid-state and fiber laser. Up to now,
the optical modulation based on NBMs has acquired great
achievements in many aspects, and covering from theoret-
ical optimal design and analysis, the preparation of the
materials, the integration methods between materials and
devices to the structures of modulator. These results in-
dicate the excellent opportunities of employing NBMs for
many types of optical modulation, such as free space op-
tical modulation, fiber-based amplitude modulation, and
fiber-based phase modulation.

The materials discussed in this article are all narrow
band gap materials with very excellent nonlinear optical
properties. However, each material also has its own mor-
phology, such as light absorption intensity and element
composition. These factors all directly or indirectly affect
its scope of application. These characteristics of the ma-
terial can be observed through its characterization results.
The narrow band gap material studied in this article also
has excellent light absorption properties, and the smaller
the band gap the material has, the larger the absorption
spectrum and the wider the application range of ultrafast
photonics. Therefore, materials with a narrow band gap
are more suitable for infrared ultrafast photonics applica-
tions.

Nevertheless, the studies are focused on the characteris-
tics of these NBMs, while as for the practical applications
are still a vast challenge. The biggest challenge in commer-
cial SAs exists in long term stability of these NBMs, par-

ticular under the operation of high pump power. But the
intelligent structures of laser partly figure out this prob-
lem. For a more thorough solution, we can add organic
modification materials on the surface of the material. The
SAs made of phosphorous, chalcogenides or the polymers
like polyvinyl alcohol (PVA) and polymethyl methacry-
late (PMMA) should avoid the thermal damage and ox-
idization. Thermal damage will affect the thermal shock
resistance of the material, and oxidation will change some
properties of the material. In order to prevent thermal
damage and oxidation of materials, we need to passivate
the materials. Although BP as a novel family member
of NBMs has superior photoelectric characteristics, the
low environmental stability is one of the biggest adverse
factors restricting its practical application, and it is also
an important research topic in the field of these NBMs.
Therefore, not all narrow band gap materials are suit-
able for fiber lasers. When we use a material, we should
make full investigation to determine whether the material
is suitable for the desired effect according to its charac-
teristics.

It is one of the most significant research directions to
study and apply the nonlinear optical features of these
novel NBMs as SA in laser pulse generation and modu-
lation. This field has obtained fruitful achievements, but
there are still some problems to be solved at the same
time, including how to enhance the laser-induced damage
threshold of NBMs (especially TMDCs, TIs, and BP) and
environmental stability in the process of application, and
integration with fiber optic devices more effectively in the
applications of fiber laser. These are all topics that need
further studies in near future.
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