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Abstract: Two-dimensional (2D) materials, which commonly have much higher optical
nonlinearity and faster carrier dynamics than their bulk counterparts, hold huge potential for
use in nonlinear optical devices, especially in ultrafast mode-locked fiber lasers. Graphene
has ultrafast carrier dynamics but the optical absorption is low and the modulation depth is
small. It is nontrivial to combine graphene with other 2D materials so as to form a
heterostructure with improved optical properties. In particular, recent research has shown that
the 2D transition metal carbide (TMC) Mo2C has a very large nonlinear absorption coefficient
and can be used as a saturable absorber for mode-locking pulse generation. However, the
nonlinear optical properties of the graphene-Mo2C heterostructure have not been investigated.
In this work, by directly growing Mo2C nanosheets on the monolayer graphene film and
forming the heterostructure, a new kind of saturable absorber was prepared with considerate
nonlinear absorption coefficient and large modulation depth. Such a new saturable absorber
was evanescently interacted with the side-polished fiber and successfully delivered
femtosecond pulse generation at 1550 nm. The combination of two semi-metal 2D materials
has enabled the ease of mode locking and stable soliton state pulse generation.
© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction
The study of the nonlinear optical properties of two-dimensional (2D) materials, such as
graphene [1–3], black phosphorus (BP) [4,5], transition metal dichalcogenides (TMDs) [6,7],
topological insulators (TIs) [8,9], especially their saturable absorption for ultrafast modelocked lasers has long been a fascinating and exciting research area. Due to the quantum
confinement effect, 2D materials commonly have stronger light-matter interaction, larger
optical nonlinearity and faster carrier dynamic than their bulk counterpart [10,11]. Therefore,
2D materials with atomic thickness can be directly implemented into the laser cavity as the
nonlinear optical device and generate ultrafast mode-locking pulses [11]. Graphene has been
intensively studied for the mode-locking pulses generation due to its sub-picosecond level
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carrier dynamics and the broadband saturable absorption from 500 nm to over 3000 nm
[1,12–14]. However, the optical absorption of graphene is relatively low (2.3% of incident
light for monolayer graphene) and its modulation depth is small (<1% for monolayer
graphene) [15]. Although the modulation depth can be enhanced by increasing the thickness
of graphene, the extra loss will also be induced [16–19]. Recently, other 2D materials such as
BP, TMDs, TIs, were also employed as the saturable absorbers and demonstrated in pulse
laser applications [20–24]. For example, 3-4 layered BP has direct bandgap at 0.8 eV, which
provide it a large optical absorption at the 1550 nm, so it is very suitable for ultrafast pulsed
lasers at telecommunication wavelength. But the material is not stable at the ambient
environment and careful encapsulation is essential [4,5,23]. 2D TMDs (e.g., MoS2, WS2,
MoSe2, and so on) have large nonlinear absorption coefficient compared to graphene (~250
cm/GW) [25] and their bandgaps are commonly around 1.6 eV to 2.5 eV [26], making them
suitable for visible photonic applications [27]. TIs have small bandgaps (~0.3 eV in Bi2Te3)
[28], which indicate that they are suitable for broadband operation of mode-locked lasers
[9,28].
2D transition metal carbides (TMCs), known as MXenes materials with a general
structure Mn + 1XnTx (M is early transition metal such as Mo and Ti, X represents Carbon or
nitrogen and T is the surface terminations), are recently discovered as the new members of 2D
materials [29,30]. They have high conductivity, tunable bandgap range from metallic to
semiconductor, excellent mechanic properties, therefore, MXenes are considered as a
promising materials for energy storage [31] and superconductivity applications [32].
Recently, Mo2C as a typical MXenes material was discovered to have a very high nonlinear
absorption coefficient (~105 cm/GW) and realized both 1 and 1.5 µm mode-locked fiber laser
output. The pulse duration were 418 ps and 1.28 ps, respectively [33]. Since both graphene
and Mo2C are semi-metals with ultrafast carrier dynamics and has similar lattices constant, it
is interesting to study the nonlinear optical properties or laser performance of graphene/
Mo2C heterostructure.
In this work, Mo2C nanosheets were directly grown onto a monolayer graphene film by
chemical vapour deposition (CVD) method. The graphene-Mo2C heterostructure shows a
considerate nonlinear absorption coefficient and a large modulation depth. By simply tiling
the heterostructure film onto the side-polished fiber and insert into a 1.5 µm fiber laser cavity,
ultra-short soliton pulses with 723 fs were generated. The mode-locked fiber laser could
continually run over 5 hours with high power and spectrum stability. Our work provides a
simple saturable absorber based on graphene-Mo2C heterostructure and indicate the
promising potential of TMCs and 2D materials in photonic applications.
2. Results and discussion
The graphene-Mo2C heterojunction materials were obtained by CVD production, where the
fabrication method was similar to the previous paper [34]. A Cu foil as the substrate was tiled
on a Mo foil. When the temperature was increased to 1070 °C, H2/Ar and CH4 was introduced
for growing graphene on the Cu surface. Then the temperature was continually increased to
1090 °C. Cu foil would melt and Mo atoms would raise to the Cu surface and contacted with
CH4. Through controlling other parameters such as gas flow, Mo2C nanosheets with high
quality were grown underneath the graphene on the melted Cu substrate. For the ease of our
materials characterization and photonic application, Cu substrates was etched by (NH4)S2O8
solution with the concentration of 0.2 M and the graphene-Mo2C samples was transferred
onto SiO2, quartz and side-polished fiber substrate. During the etching process, due to the
isolation of graphene layer, Mo2C nanosheets were protected and no any damage by the
etching solution. Figure 1(a) shows the optical image of the sample on the SiO2 substrate. It is
clear that Mo2C nanocrystals with regular shapes are randomly distributed on the graphene
film. The surface of the Mo2C nanocrystal are uniform, which was further investigated by the
atomic force microscopy (AFM) measurement as shown in Fig. 1(b). The thickness of the
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nanocrystal is around 7.8 nm. Figure 1(c) is the optical image that the sample was transferred
onto the intersecting surface of the side-polished fiber. We can see the flexible heterostructure
film were attached to the fiber well. Due to the limit of the resolution of our optical
microscopy and the influence of the height of the fiber, more image with higher resolution
was hardly obtained. The morphology of the single Mo2C nanocrystal was shown in the
transmission electron microscopy (TEM) image in Fig. 1(d). The side length of the hexagonal
Mo2C nanocrystal is around 600 nm. In the corresponding high-resolution TEM image as
shown in Fig. 1(e), the configuration of Mo and C atoms are tidy and no defect was observed,
indicating the good crystal quality of Mo2C. The selected area electron diffraction (SAED)
was also employed for the crystal characterization of the heterostructure sample. It is
interesting that two sets of hexagonal diffraction patterns are observed in the image of Fig.
1(f). They are in response to the monolayer graphene layer (marked by the green dots) and the
Mo2C nanocrystals (marked by the red dots). It should be noted that the 6-fold diffraction
patterns have nearly the same orientations, which indicate that graphene [35] and Mo2C [36]
have little lattice mismatch and their heterojunction was formed.

Fig. 1. Materials characterizations of Mo2C-graphene hetero-structure. (a) Optical image of
Mo2C nanosheets on graphene. (b) AFM image of a Mo2C nanosheet on the graphene film. (c)
Optical image of the Mo2C-graphene hetero-structure film on the side-polished fiber. (d) TEM
image of a Mo2C nanosheet on the graphene film. (e) The corresponding high-resolution TEM
image. (f) The corresponding diffraction pattern.

In order to further study the interaction between graphene and Mo2C, the Raman spectrum
of pure graphene, Mo2C and the heterostructure samples were compared in Fig. 2(a).
Compared with their positions in pure graphene, the G and 2D peak of graphene in the
heterostructure sample have blue-shift around 10 cm−1 (1590.4 cm−1 to 1600.7 cm−1) and 40
cm−1 (2681.2 cm−1 to 2720.8 cm−1), respectively. Meanwhile, the characteristic Raman peak
in Mo2C was shifted from 142.6 cm−1 to 148.7 cm−1.While in previous reports about the stack
structure of graphene and other materials, their G and 2D peak have no shift with that of
original graphene [37]. The peak shift in the Raman spectra indicates the weak surface
interaction between the two components in the heterostructure.
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The optical absorption spectra of graphene, Mo2C and the heterostructure samples were
also measured as shown in Fig. 2(b). Graphene as a typical dirac material has flat optical
spectrum in visible and infra waveband. Mo2C is a conductor material without bandgap [30]
and a strong and flat optical absorption curve is measured as the blue line in the Figure. The
graphene/Mo2C sample obviously inherits the wideband optical response characteristics of
original graphene and Mo2C and the absorption capability is even better than Mo2C.

Fig. 2. Raman spectra (a) and optical absorption spectra (b) of graphene (Red line), Mo2C
(Blue line) and their heterostructure sample (Black line).

The open-aperture Z-scan setup at the wavelength of 1064 nm was performed for
measuring the nonlinear optical absorption response of the heterostructure sample on the
quartz substrate. A Ti: Sapphire regenerative amplifier system was employed as the light
resource with the pulse duration of 45 fs and the repetition rate of 2 kHz. The incident light
was split by a 95/5 spectroscope. The main light path illuminated the sample which was fixed
on the motorized linear translation stage by a focused lens with the work distance of 150 mm,
and then monitored by a detector. The other light path was as the reference light and received
by another detector. By varying the distance between the sample and the lens, the incident
light intensity on the sample would be changed and the intensity-dependent transmission
curve would be obtained. Figure 3(a) is the measured Z-scan curve at the incident light
intensity of 7.99 GW/cm2. The normalized transmittance increases rapidly when the sample
position is closed to the lens focus (Z = 0), which shows the typical saturable absorption
phenomenon. The measured data can be fitted by the following formulation:
TOA ( z ) =

1

π q0

∞

 In[ L + q e
0

− x2

]dx

(1)

−∞

Here, q0 = β I 0 Leff , β is material’s nonlinear absorption coefficient, I0 is incident Intensity at
the focus, Leff is related to the sample’s path length. Through the fitting curve, the β value of
the sample is calculated to 5.07 cm/GW, which is similar to that of graphene [15] and indicate
the huge nonlinear absorption capability of the heterostructure.
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Fig. 3. Z-scan spectrum (a) of the Mo2C-graphene hetero-structure sample and its
corresponding saturable absorption spectrum (b).

The light intensity distribution along the Z position can be transformed by the formulation
I = I 0 (1 + Z 2 / (π w0 / λ )2 ) ( ω0 is the waist radius of the light at lens focus). The satuable
absorption characteristics can be obtained as shown in Fig. 3(b). By the Fitting formulation:

T = (1 −

αs
I
1+
IS

− β IL) / (1 − α s )

(2)

Here, the modulation depth αS, which is defined as the whole change of absorption by
increasing the incident light power from low intensity to saturable intensity, is highly at
55.6%. And the saturable intensity, which is defined as the required optical intensity to the
half of its unbleached value, is calculated to 58.51 GW/cm2. The relatively large saturable
intensity may because that the incident pulse duration is very short [19]. The large modulation
depth indicates that the heterostructure saturable absorber can generate mode-locking pulses
with ultra-short duration.
Table 1. Comparisons of nonlinear optical absorption of graphene, Mo2C and their
heterostructure
Saturable
Intensity Is
(GW/cm2)

Modulation
depth (%)

Reference

1550

nonlinear
absorption
coefficient β
(cm/GW)
−100

<0.06

<1.5

[15] [18]

1550

−9 × 103

0.18

8.6

[33]

1550

−5.07

58.51

55.56

This work

Material

Measurement
wavelength
(nm)

Monolayer
Graphene
Mo2C
(Thickness ~15
nm)
Graphene/Mo2C
(Thickness of
Mo2C ~7.5 nm)

As discussed above in Table 1, the graphene/Mo2C heterostructure sample was etched the
Cu substrate and transferred onto the side-polish fiber as the in-line saturable absorber. The
laser cavity is as shown in Fig. 4. A 980 nm laser diode as the pump incidented into the cavity
by a 980 nm/ 1550 nm wavelength division multiplexer (WDM). The gain medium was a
piece of Er-doped fiber (EDF) with 3 m length. The absorption coefficient of EDF is 80
dB/m. The isolator ensured the right circulation direction of the intra-cavity light and the 10%
coupler was employed as the laser output. Before inserting the saturable absorber into the
cavity, no any mode-locking phenomenon was observed even though different intra-cavity
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polarization was adjusted, in which the self-mode-locking behaviour was excluded. Then the
graphene/Mo2C saturable absorber was inserted between the coupler and the polarization
controller (PC) as the evanescent interaction with the intra-cavity light. Firstly, the output
state is continuous wave state, the output power has no obvious change during this process,
indicating that the polarization-dependent loss of the saturable absorber is little. The modelocking operation would occur under a suitable polarization state and the output power is
smaller than the continuous wave output state.

Fig. 4. Laser cavity schematic. LD: 980 nm laser diode; WDM: wavelength division
multiplexer; EDF: Er-doped fiber; ISO: Isolator; PC: Polarization controller.

By optimizing the cavity parameters, the stable solition mode-locking output of the 1.5
µm graphene/Mo2C fiber laser was obtained as shown in Fig. 5. The optical spectrum under
the pump power of 326 nm is in Fig. 5(a). The center wavelength is 1599 nm and the 3dB
bandwidth 4.1 nm. Symmetry and sharp Kelly sideband can be observed, which indicates that
the laser is working on the convertional solition state. The pulse train is quite stable without
modulation wave on the top of the pulse (Fig. 5(b)). The pulse repetition rate is 15.33 MHz
and the corresponding time interval is 65.2 ns, which is matched well with the cavity length
of 13.04 m. By the monitor of an autocorrelator, the single pulse envelope is obtained in Fig.
5(c), with the pulse duration shortly at 723 fs. The time-bandwidth product is calculated to
0.348, which is very close to that of idea sech2 pulses, indicating little chirp of the modelocking pulses. For further studying the pulses stability, the radio-frequency (RF) spectrum is
obtained in Fig. 5(d). The signal-noise rate of the fundamental frequency is highly at 68.6 dB,
informing that the soliton output has very high quality. Furthermore, the high-order frequency
is also stable up to 500 MHz range.
It is interesting that when the pump power is continually increased to the maximum power
value (850 mW), the fundamental soliton mode-locking state is still stable, without any other
soliton phenomenon happening such as pulse splitting or harmonic soliton mode-locking. The
main reason is that the heterostructure sample was transferred onto the side-polish fiber and
evanescent field interacted with the intra-cavity light. In this way, the modulation length of
the sample would be longer and the thermal damage threshold of the saturable absorber
device would be raised. In the other way, because of the long modulation distance, the ouput
power is relatively low and the pulse split phenomenon is suppressed. The relationship
between the pump power and the output power is shown in Fig. 5(e). The maximum output
power is 10.93 mW, which corresponds the maximum pulse energy and the highest peak
power are 0.713 nJ and 986.14 W, respectively, indicates the new type of saturable absorber
has application potential in high-energy lasers.
The long-term stability performance of mode-locked fiber lasers under the ambient
environment is permanent for the practical application. Here, the output characteristics of our
graphene-Mo2C mode-locked fiber laser was continuously monitored over 5 hours and the
optical spectra was recorded every 1 h. During the measurement period, the vary range of the
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center wavelength in the optical spectra was between 1599.297 nm to 1599.352 nm and the 3
dB bandwidth varies from 4.031 nm to 4.096 nm. The variation of the optical spectra is less
than 2%, which indicate the high stability of the laser device.

Fig. 5. The mode-locked fiber laser based on the Mo2C-graphene hetero-structure saturable
absorber. (a) Optical spectrum. (b) Pulse trains. (c) Autocorrelation curve of the single modelocking pulse. (d) Radio-frequency (RF) spectrum. (e) Output power with the increase of input
power. (f) long-stability measurement of the laser optical spectrum.

3. Conclusion

In conclusion, the graphene-Mo2C heterostructure was demonstrated as a new kind of
saturable absorber, which has large nonlinear absorption coefficient of 5.07 cm/GW and
modulation depth of 55.6%. By inserting the saturable absorber into the 1.5 µm fiber laser
and forming evanescent interaction with the intra-cavity light, the soliton mode-locking
pulses with 723 fs pulse duration would be generated. Even the pump power is continuously
increased to the maximum power value (850 mW), the fundamental soliton mode-locking
state is still stable, without any other soliton phenomenon happening such as pulse splitting or
harmonic soliton mode-locking. Furthermore, the optical spectra variation is less than 2%
during running the fiber laser over 5 hours. Our work indicates graphene-Mo2C
heterostructure is promising for nonlinear optical applications.
Funding

National Natural Science Foundation of China (No. 51702219 and 61875139); the National
Key Research & Development Program (No. 2016YFA0201902); the Natural Science
Foundation of Jiangsu Province (No. N321465217, BK20150053); Shenzhen Nanshan

Vol. 9, No. 8 | 1 Aug 2019 | OPTICAL MATERIALS EXPRESS 3275

District Pilotage Team Program (LHTD20170006) and Australian Research Council (ARC,
FT150100450, IH150100006 and CE170100039).
Acknowledgments

H. Mu acknowledges the Monash Graduate Scholarship (MGS) and Monash International
Postgraduate Research Scholarship (MIPRS) for his Ph.D. research.
References
1.
2.
3.

4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

Q. Bao, H. Zhang, Y. Wang, Z. Ni, Y. Yan, Z. X. Shen, K. P. Loh, and D. Y. Tang, “Atomic-layer graphene as a
saturable absorber for ultrafast pulsed lasers,” Adv. Funct. Mater. 19(19), 3077–3083 (2009).
G.-K. Lim, Z.-L. Chen, J. Clark, R. G. Goh, W.-H. Ng, H.-W. Tan, R. H. Friend, P. K. Ho, and L.-L. Chua,
“Giant broadband nonlinear optical absorption response in dispersed graphene single sheets,” Nat. Photonics
5(9), 554–560 (2011).
A. C. Ferrari, F. Bonaccorso, V. Fal’ko, K. S. Novoselov, S. Roche, P. Bøggild, S. Borini, F. H. Koppens, V.
Palermo, N. Pugno, J. A. Garrido, R. Sordan, A. Bianco, L. Ballerini, M. Prato, E. Lidorikis, J. Kivioja, C.
Marinelli, T. Ryhänen, A. Morpurgo, J. N. Coleman, V. Nicolosi, L. Colombo, A. Fert, M. Garcia-Hernandez, A.
Bachtold, G. F. Schneider, F. Guinea, C. Dekker, M. Barbone, Z. Sun, C. Galiotis, A. N. Grigorenko, G.
Konstantatos, A. Kis, M. Katsnelson, L. Vandersypen, A. Loiseau, V. Morandi, D. Neumaier, E. Treossi, V.
Pellegrini, M. Polini, A. Tredicucci, G. M. Williams, B. H. Hong, J. H. Ahn, J. M. Kim, H. Zirath, B. J. van
Wees, H. van der Zant, L. Occhipinti, A. Di Matteo, I. A. Kinloch, T. Seyller, E. Quesnel, X. Feng, K. Teo, N.
Rupesinghe, P. Hakonen, S. R. Neil, Q. Tannock, T. Löfwander, and J. Kinaret, “Science and technology
roadmap for graphene, related two-dimensional crystals, and hybrid systems,” Nanoscale 7(11), 4598–4810
(2015).
Y. Chen, G. Jiang, S. Chen, Z. Guo, X. Yu, C. Zhao, H. Zhang, Q. Bao, S. Wen, D. Tang, and D. Fan,
“Mechanically exfoliated black phosphorus as a new saturable absorber for both Q-switching and Mode-locking
laser operation,” Opt. Express 23(10), 12823–12833 (2015).
H. Mu, S. Lin, Z. Wang, S. Xiao, P. Li, Y. Chen, H. Zhang, H. Bao, S. P. Lau, C. Pan, D. Fan, and Q. Bao,
“Black phosphorus–polymer composites for pulsed lasers,” Adv. Opt. Mater. 3(10), 1447–1453 (2015).
X. Yin, Z. Ye, D. A. Chenet, Y. Ye, K. O’Brien, J. C. Hone, and X. Zhang, “Edge nonlinear optics on a MoS2
atomic monolayer,” Science 344(6183), 488–490 (2014).
H. Liu, A.-P. Luo, F.-Z. Wang, R. Tang, M. Liu, Z.-C. Luo, W.-C. Xu, C.-J. Zhao, and H. Zhang, “Femtosecond
pulse erbium-doped fiber laser by a few-layer MoS2 saturable absorber,” Opt. Lett. 39(15), 4591–4594 (2014).
J. Sotor, G. Sobon, W. Macherzynski, P. Paletko, K. Grodecki, and K. M. Abramski, “Mode-locking in Er-doped
fiber laser based on mechanically exfoliated Sb2Te3 saturable absorber,” Opt. Mater. Express 4(1), 1–6 (2014).
C. Zhao, Y. Zou, Y. Chen, Z. Wang, S. Lu, H. Zhang, S. Wen, and D. Tang, “Wavelength-tunable picosecond
soliton fiber laser with Topological insulator: Bi2Se3 as a mode locker,” Opt. Express 20(25), 27888–27895
(2012).
F. Xia, H. Wang, D. Xiao, M. Dubey, and A. Ramasubramaniam, “Two-dimensional material nanophotonics,”
Nat. Photonics 8(12), 899–907 (2014).
Z. Sun, A. Martinez, and F. Wang, “Optical modulators with 2D layered materials,” Nature Photonics 10,
nphoton. 2016.2015 (2016).
J. M. Dawlaty, S. Shivaraman, M. Chandrashekhar, F. Rana, and M. G. Spencer, “Measurement of ultrafast
carrier dynamics in epitaxial graphene,” Appl. Phys. Lett. 92(4), 042116 (2008).
X. Jiang, G. Simon, H. Zhang, Z. Guo, M. J. Withford, and A. Fuerbach, “Bismuth telluride topological insulator
nanosheet saturable absorbers for Q-switched mode-locked Tm: ZBLAN waveguide lasers,” Ann. Phys. 528(7–
8), 543–550 (2016).
C. Amol, S. Dhingra, B. D’Urso, P. Kannan, and D. P. Shepherd, “Graphene Q-switched mode-locked and Qswitched ion-exchanged waveguide lasers,” IEEE Photonics Technol. Lett. 6, 646–649 (2015).
H. Yang, X. Feng, Q. Wang, H. Huang, W. Chen, A. T. Wee, and W. Ji, “Giant two-photon absorption in bilayer
graphene,” Nano Lett. 11(7), 2622–2627 (2011).
M. Zhang, R. C. Howe, R. I. Woodward, E. J. Kelleher, F. Torrisi, G. Hu, S. V. Popov, J. R. Taylor, and T.
Hasan, “Solution processed MoS2-PVA composite for sub-bandgap mode-locking of a wideband tunable
ultrafast Er: fiber laser,” Nano Res. 8(5), 1522–1534 (2015).
G. Sobon, “Mode-locking of fiber lasers using novel two-dimensional nanomaterials: graphene and topological
insulators,” Photon. Res. 3(2), A56–A63 (2015).
I. H. Baek, H. W. Lee, S. Bae, B. H. Hong, Y. H. Ahn, D.-I. Yeom, and F. Rotermund, “Efficient mode-locking
of sub-70-fs Ti: sapphire laser by graphene saturable absorber,” Appl. Phys. Express 5(3), 032701 (2012).
G. Xing, H. Guo, X. Zhang, T. C. Sum, and C. H. Huan, “The Physics of ultrafast saturable absorption in
graphene,” Opt. Express 18(5), 4564–4573 (2010).
K. Wu, X. Zhang, J. Wang, X. Li, and J. Chen, “WS2 as a saturable absorber for ultrafast photonic applications
of mode-locked and Q-switched lasers,” Opt. Express 23(9), 11453–11461 (2015).
J. Sotor, G. Sobon, M. Kowalczyk, W. Macherzynski, P. Paletko, and K. M. Abramski, “Ultrafast thulium-doped
fiber laser mode locked with black phosphorus,” Opt. Lett. 40(16), 3885–3888 (2015).

Vol. 9, No. 8 | 1 Aug 2019 | OPTICAL MATERIALS EXPRESS 3276

22. Z.-C. Luo, M. Liu, Z.-N. Guo, X.-F. Jiang, A.-P. Luo, C.-J. Zhao, X.-F. Yu, W.-C. Xu, and H. Zhang,
“Microfiber-based few-layer black phosphorus saturable absorber for ultra-fast fiber laser,” Opt. Express 23(15),
20030–20039 (2015).
23. K. Park, J. Lee, Y. T. Lee, W. K. Choi, J. H. Lee, and Y. W. Song, “Black phosphorus saturable absorber for
ultrafast mode-locked pulse laser via evanescent field interaction,” Ann. Phys. 527(11-12), 770–776 (2015).
24. Z. Li, N. Dong, Y. Zhang, J. Wang, H. Yu, and F. Chen, “Invited Article: Mode-locked waveguide lasers
modulated by rhenium diselenide as a new saturable absorber,” APL Photon. 8(8), 080802 (2018).
25. K. Wang, J. Wang, J. Fan, M. Lotya, A. O’Neill, D. Fox, Y. Feng, X. Zhang, B. Jiang, Q. Zhao, H. Zhang, J. N.
Coleman, L. Zhang, and W. J. Blau, “Ultrafast saturable absorption of two-dimensional MoS2 nanosheets,” ACS
Nano 7(10), 9260–9267 (2013).
26. M. M. Ugeda, A. J. Bradley, S.-F. Shi, F. H. da Jornada, Y. Zhang, D. Y. Qiu, W. Ruan, S.-K. Mo, Z. Hussain,
Z.-X. Shen, F. Wang, S. G. Louie, and M. F. Crommie, “Giant bandgap renormalization and excitonic effects in
a monolayer transition metal dichalcogenide semiconductor,” Nat. Mater. 13(12), 1091–1095 (2014).
27. S. Wang, H. Yu, H. Zhang, A. Wang, M. Zhao, Y. Chen, L. Mei, and J. Wang, “Broadband few-layer MoS2
saturable absorbers,” Adv. Mater. 26(21), 3538–3544 (2014).
28. S. Chen, C. Zhao, Y. Li, H. Huang, S. Lu, H. Zhang, and S. Wen, “Broadband optical and microwave nonlinear
response in topological insulator,” Opt. Mater. Express 4(4), 587–596 (2014).
29. B. Anasori, M. R. Lukatskaya, and Y. Gogotsi, “2D metal carbides and nitrides (MXenes) for energy storage,”
Nat. Rev. Mater. 2(2), 16098 (2017).
30. C. Xu, L. Wang, Z. Liu, L. Chen, J. Guo, N. Kang, X.-L. Ma, H.-M. Cheng, and W. Ren, “Large-area highquality 2D ultrathin Mo2C superconducting crystals,” Nat. Mater. 14(11), 1135–1141 (2015).
31. Y. Zhong, X. Xia, F. Shi, J. Zhan, J. Tu, and H. J. Fan, “Transition metal carbides and nitrides in energy storage
and conversion,” Adv. Sci. (Weinh.) 3(5), 1500286 (2016).
32. Y. Saito, Y. Kasahara, J. Ye, Y. Iwasa, and T. Nojima, “Metallic ground state in an ion-gated two-dimensional
superconductor,” Science 350(6259), 409–413 (2015).
33. M. Tuo, C. Xu, H. Mu, X. Bao, Y. Wang, S. Xiao, W. Ma, L. Li, D. Tang, H. Zhang, M. Premaratne, B. Sun, H.M. Cheng, S. Li, W. Ren, and Q. Bao, “Ultrathin 2D transition metal carbides for ultrafast pulsed fiber lasers,”
ACS Photonics 5(5), 1808–1816 (2018).
34. C. Xu, S. Song, Z. Liu, L. Chen, L. Wang, D. Fan, N. Kang, X. Ma, H.-M. Cheng, and W. Ren, “Strongly
Coupled High-Quality Graphene/2D Superconducting Mo2C Vertical Heterostructures with Aligned
Orientation,” ACS Nano 11(6), 5906–5914 (2017).
35. J. C. Meyer, A. K. Geim, M. I. Katsnelson, K. S. Novoselov, T. J. Booth, and S. Roth, “The structure of
suspended graphene sheets,” Nature 446(7131), 60–63 (2007).
36. Z. Liu, C. Xu, N. Kang, L. Wang, Y. Jiang, J. Du, Y. Liu, X.-L. Ma, H.-M. Cheng, and W. Ren, “Unique domain
structure of two-dimensional α-Mo2C superconducting crystals,” Nano Lett. 16(7), 4243–4250 (2016).
37. K. S. Novoselov, A. Mishchenko, A. Carvalho, and A. H. Castro Neto, “2D materials and van der Waals
heterostructures,” Science 353(6298), aac9439 (2016).

