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Recent advances in multi-wavelength ultrafast lasers based

on nonlinear effects of 2D materials(invited)

Guo Bo
(Key Lab of In-Fiber Integrated Optics of Ministry of Education, Harbin Engineering University, Harbin 150001, China)

Abstract: Multi-wavelength ultrafast lasers play an important role in a variety of applications ranging
from optical communications to medical diagnostics and optical sensing. Two-dimensional (2D) materials,
including graphene, topological insulators, transition metal dichalcogenides, and phosphorene, have
witnessed a very fast development of both fundamental and practical aspects in ultrafast photonics since
2009. Their unique nonlinear optical properties enable them to be used as excellent saturable absorbers
with fast responses and broadband operation and can be easily integrated into lasers. Here, we review the
recent advances in the exploitation of these 2D materials in multi-wavelength ultrafast lasers. Interestingly,
study found that, 2D materials-based nonlinear optical device is an ideal platform for nonlinear pulse
dynamics study. Thus, versatile pulse patterns, including dissipative soliton, rectangular pulse, and bright-
dark soliton pair, are also demonstrated. Finally, current challenges and future application opportunities of
2D materials-based multi-wavelength ultrafast lasers are presented.
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Fig.1 Typical applications of multi—wavelength ultrafast lasers: (a) Dense wavelength division multiplexing system; (b) Phased array radar;

(c) Dual—frequency comb and its applications '?; (d) Microwave generation *!
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Tab.1 Summary of the nonlinear optical parameters of 2D materials

Mater. Laser parameters NLO response ay/cm™ ay/cm-GW™! Imy®/esu Ref.
G 800 nm, 1 kHz, 100 fs SA 17.85 —(1.52+0.4)x1072 —(8.7+2.4)x107" [69]
GO 532 nm, 1Hz, 25ns SA 426.55 1.44 - [70]
rGO 532 nm, 1Hz, 25ns SA 880.67 2.67 - [68]
Bi,Se; 1562 nm, 20.8 MHz, 1.5 ps SA - - 0.86(ny) [80]
Bi,Te; 1550 nm, 35 fs — - - 0.2x107"(ny) [79]
MoS, 800 nm, 1 kHz, 100 fs SA 11.22 —(2.42+0.8)x1072 —(1.38+0.45)x10™ [82]
WS, 800 nm, 1kHz, 40 fs SA 7.22x10° -397+40 —(1.78+0.16)x10™° [83]
MoSe, 800 nm, 1 kHz, 100 fs SA 7.93 —(2.54+0.6)x1072 —(1.45+0.34)x10°" [68]
WSe, 1064 nm, 20 Hz, 25 ps 2PA - 1.9+0.57 —(6.35+1.35)x107" [68]
BP 800 nm, 10 kHz SA 8.7 —1.38x1072 -7.85x107" [87]
Si 1 540 nm, 220 fs — - - 0.45%107"(ny) [80]
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Fig.4 NLO properties of graphene and graphene oxide (a) UV absorption of GO in N, N-Dimethyl formamide (DMF). The inset is an

AFM image of GO sheets; (b),(c) Open aperture Z—scan curves of GO, Single—walled carbon nanotubes (SWCNTs) in DMF,

and C, in toluene for nanosecond and picosecond pulses, respectively. Reproduced with permission!®!. Copyright 2009, American

Institute of Physics; (d) Emission spectra of a graphene flake excited with pump pulses of different wavelengths, (A, As).

The dashed line represents the wavelength dependence; (e) Emission spectra of a graphene monolayer excited with pump

wavelengths (969 nm, 1179 nm), compared to the emission of a 4 nm thick gold film; (f) The contrast in four-wave

mixing images as a function of the number of graphene layers. Reproduced with permission'™. Copyright 2010, American

Physical Society
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Fig.5 NLO properties of topological insulator. (a) Schematic of the microwave generation and saturable absorption measurement;

(b), (c) saturable absorption of Bi,Te; at different microwave frequencies;(d) Schematic of the Z—scan experimental setup;

(e) Relation between normalized transmittance and input peak intensity; (f) Open Z-scan curve at 800 nm. Reproduced with

permission'™. Copyright 2014, Optical Society of America;(g) SEM images of Bi,Se;; (h) Relation between normalized

transmittance and input peak intensity; (i) Dependence of A® and n, on peak intensity. Reproduced with permission'®’,

Copyright 2013, Optical Society of America
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Fig.6 NLO properties of MoS, dispersions. (a) High-resolution TEM image for MoS, nanosheet; (b) open-aperture Z—scan results under the
excitation of 100 fs pulses at 800 nm for the MoS, (t=34.4%) and graphene (1=16.5%) dispersions; (c) Normalized transmission as
a function of fluence for the three dispersions. Reproduced with permission'®. Copyright 2013, American Chemical Society.
(d) Schematic illustration of the discrete energy levels for one- and two-photon allowed transitions in MoS, NDs;
(e) Incident-intensity dependent Z-scan responses of the MoS, NDs at wavelength 750 nm; (f) Reciprocal power transmission
at the focal point vs incident intensity (hollow squares) extracted from, (e) Reproduced with permission™®!. Copyright 2016,

American Chemical Society.
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Fig.7 Broadband nonlinear optical response in multilayer black phosphorus®’: an emerging near—, and mid—infrared optical material.
(a) TEM image of as—prepared BP; (b) XRD pattern of BP powder; (c) Relation between normalized transmittance and input
intensity for BP; (d), (e) are the open aperture Z—scan measurements of BP under different intensities, respectively; (f) The

open aperture Z—scan measurements of BP in IPA, NMP and EA at intensities of 515 GW/cm?. Reproduced with

permission. Copyright 2015, Optical Society of America.
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Fig.9 Dual-wavelength Q—switching operation based on the graphene SA™ and BP SAM'™!: (a) Experimental setup of fiber laser,
Inset: image of the fiber end face after the graphene was deposited; (b) dual-wavelength Q-switched lasing spectrum,
Inset: CW output spectrum without the graphene in the cavity; (c) pulse duration and pulse energy as a function of the
incident pump power. Reproduced with permission. Copyright 2010, Optical society of America; (d) the solid laser
setup based on BP-SA; (e) average output power versus absorbed pump power and emission spectrum; (f) pulse
width and repetition rate versus the absorbed pump power. Reproduced with permission. Copyright 2016, Optical
society of America
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Tab.2 Summary of the multi—wavelength Q-switched lasers based on 2D materials

2D Incorporation Central wavelength/nm Repeat Pulse Pulse Output Ref.
Materials method Wavelength number rate/kHz width/us energy/nJ power/mW
Graphene Sandwiched 1566.17/1 566.35 3.3-65.9 3.7 16.7 1.1 [89]
Grphene  sandviched o)V agusee  mas 103 om0
Graphene Sandwiched 1531.12/1 556.79 12.6-22.8 8.2-26.5 70.2 1.6 [91]
Graphene Sandwiched 1550-1 551,11 152.4-267.2 1.67-12.17 - - [92]
Graphene SAM 1076/1 079.7, solid 45-159 0.096-0.68 11 300 1080 [97]
Graphene SAM 1442.8/1 415, solid 40-101 0.47-1.1 5.95 601 [100]
Graphene SAM 1082/1 092, solid 70-133 0.176-2.1 2750 365 [101]
GO Sandwiched 1547-1552, 5 15.36-72.25 2.72-6.8 229.74 16.6 [93]
GO Injected into PCF 1553.42/1 553.83 - 8.98 0.167 [94]
GO Sandwiched 1551.845/1 551.873 24-31 7-13.2 1.7-2.6 0.086 [97]
GO SAM 1 057.28/1 060.65 (solid) 132-338 0.115-0.31 1340 521 [122]
Bi,Se; SAM 1077/1 081 (solid) 44.3-94.7 0.72-1.81 834.2 79 [98]
Bi,Se; SAM 1066.6/1 066.8 (solid) 1-135 0.25-0.55 560 74.2 [98]
Bi,Se; SAM 1037.14/1 037.69 15.37-59.24 8.46-20.88 0.65 0.038 [102]
MoS, SAM 1025.2/1 028.1 (solid) 94-333 0.182-0.82 1800 0.6 [99]
WS, SAM 1057/1 061 (solid) 45-70.7 0.591-1 5.19 367 [95]
BP SAM 1969/1 979 (solid) 41-81 0.181-0.72 39 500 3100 [96]
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Tab.3 Summary of the multi-wavelength mode-locked lasers based on 2D materials
2D Incorporation Repeat Pulse Pulse Output
tral length Ref.
materials method Central wavelength/nm rate/MHz  width/ps  energy/n] power/mW €
Graphene Deposited on microfiber 1529-1 535,4 8.034 8.8 0.42 3.36 105
Graphene Sandwiched 1533.4/1 556.11 8.4/9.1 0.9/0.94 1.38 11.36 106
GO Sandwiched 1572.93/1 588.37 23.4 12 200 0.65 15.2 107
G-SnO,-PANI Sandwiched 1532/1557.6 2.13 1.25 1.51 3.2 108
Bi,Se, Sandwiched 1566-1 570,4 8.83 22 1.1 9.7 109
Bi,Se, Sandwiched 1527-1532,3 8.95 — - - 110
Bi,Se; Sandwiched 1547.5-1552.5,3 8.95 30 1.12 10 111
WS, Deposited on microfiber 1 558.54/1 565.99 8.83 0.585 1.14 10.1 112
WS, Deposited on microfiber 1 568.55/1 569 2.14 11 6.63 14.2 113
BP Sandwiched 1557.2/1 557.7/1 558.2 1.65 9.41 - - 114
BP Sandwiched 1533/1 558 20.82 0.7 1.5 0.07 115
BiSe; Deposited on microfiber 1557.4/1 559.4, harmonic 239/388 1.3 - - 116
GO SAM 1057.28/1 060.23 100 441 - 189 118
Graphene Deposited on microfiber 1031.43/1 034.94/1 038.43,DS 0.5515 74.6 6.4 3.52 119
GO Sandwiched 1056.5/1 062.3/1 069.5, DS 14.2 - - - 120
Bi,Se; Sandwiched 1561.6/1 562.1, rectangular 3.54 — - 10 121
GO Deposited on microfiber 1061.8/1 068.8, rectangular 1.78 4230 1.713 3.05 122
GO Deposited on microfiber 1564.6/1 567.4, rectangular 7.9 75 000 - 8 123
Bi,Se; Sandwiched 1565/1 566, Bright-dark soliton pair 1.09 - - - 125
-30 = 1.0F
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Fig.10 Multi-wavelength mode-locking operation based the graphene topological insulator, and black phosphorus SA: (a) deposition setup
of graphene by the evanescent light in tapered fiber; (b) optical microscope image of the GDTF; (c) the optical spectrum, and
(d) the autocorrelation trace”; Reproduced with permission. Copyright 2012, IEEE photonics society; (e) the Raman spectrum
(Inset: SEM of Bi,Se;); (f) the optical spectrum, and (g) the pulse train (Inset: single pulse)™'; Reproduced with permission.
Copyright 2014, SPIE; (g) Linear absorption spectrum and nonlinear transmission of BP. (h) Optical spectra, and (i) RF spectrum

of dual-wavelength soliton pulses'"; Reproduced with permission. Copyright 2014, Optical Society of America
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Fig.11 Dual-wavelength soliton pulse operation based on the graphene ternary composite film"®!: (a) the SEM morphology of G/SnO,/PANI
film; (b) the photograph of the surface of the fiber connecter with the graphene polymer film; (c) optical spectrum, and (d) the

oscilloscope trace (inset: the autocorrelation trace). Reproduced with permission. Copyright 2017, Chinese Laser Press
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Fig.12 Dual-wavelength soliton operation based on the WS, SA!"5I: (a) The Raman spectrum, inset: the photograph of WS, sample;

(b) optical spectrum; (c) the oscilloscope trace (inset: the autocorrelation trace) and (d) long-term optical spectra.

Reproduced with permission. Copyright 2018, Elsevier Science Press
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Fig.13 Triple-wavelength DS operation based the graphene and GO SA: (a) Deposition setup of graphene by the evanescent light

in tapered fiber; (b) optical microscope image of the GDTF; (c) the optical spectrum; (d) the pulse train'"”!. Reproduced

with permission. Copyright 2012, IEEE photonics society; (e) the saturable absorption curve; (f) the optical spectrum;

(g) the pulse train!"®. Reproduced with permission. Copyright 2014, Optical Society of America
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Fig.14 Dual-wavelength rectangular pulse operation based on few-layer Bi,Se;!""” and graphene!™!: (a) the photograph of the surface of
the fiber connecter with the Bi,Se; polymer film; (b) the optical spectrum; (c) pulse-train. Inset: single pulse. Reproduced with
permission. Copyright 2015, Optical Society of America. (d) the microscopy image of fabricated microfiber-based GSA;

(e) optical spectrum; (f) pulse-train. Inset: single pulse. Reproduced with permission. Copyright 2014, Optical Society of America
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Fig.15 Triple-wavelength soliton operation based on the ULPG device!™!: (a) the transmission spectrum (Inset: the photograph when

the visible light transmitting); (b) the optical spectrum; (c) the pulse train; (d) its corresponding zoom-in image
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Fig.16 Dual-wavelength bright-dark soliton pair operation based on the Bi,Se; SA: the photograph of the Bi,Se; polymer film (a) and the
mode-locker; (b) the output optical spectrum; (c) the pulse train (inset: the zoom-in single pulse profile)!'™, Reproduced
with permission. Copyright 2016, IEEE photonics society; (d) the photograph of the surface of the fiber connecter with the
Bi,Se; polymer film; (e) the optical spectrum; (f) the corresponding pulse train™"; Reproduced with permission.
Copyright 2017, IEEE photonics society; (g) Linear transmittance of ReS,—sample in comparison with bare sapphire;
(h) output spectrum of the bright pulse and the dark pulse; (i) Typical pulse train. The inset shows the corresponding

single pulse profile!™; Reproduced with permission. Copyright 2014, Optical Society of America
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