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Nonlinear optical fibres have been employed for a vast number of applications, including
optical frequency conversion, ultrafast laser and optical communication'. In the current
manufacture technologies, the nonlinearity is realized by nonlinear material injection into
fibres®7 or the fabrication of microstructure fibre31°, Both strategies, however, suffer from
either low optical nonlinearity or poor designing flexibility. Here we report direct growth
of MoS:, a highly nonlinear two-dimensional (2D) material'!, onto the internal walls of a
structured SiO; optical fibre. The growth is realized via two-step chemical vapour
deposition (CVD) method, in which a solid precursor is pre-deposited to guarantee a
homogeneous feedstock prior to a uniform 2D material growth along the whole fibre walls.
Thus fabricated, a 25-cm-long fibre shows that both the SHG and THG (second and third
harmonic generation) can be enhanced by ~300 times compared to monolayer MoS:/silica.
Propagation losses remain ~0.1 dB/cm for a wide frequency range. In addition, we
demonstrate an all-fibre mode-locked laser (~6 mW output, ~500 fs pulse width and ~41
MHz repetition rate) by integrating the 2D material embedded optical fibre as a saturable
absorber. Initial tests show that our fabrication strategy is applicable to other transition
metal dichalcogenides (TMDs), making these embedded fibres versatile for the several all-

fibre nonlinear optics and optoelectronics applications.

The superiority of 2D materials on nonlinear optical fibres lies in that the atomically-thin
layer won’t destroy the high-quality waveguide modes in optical fibres and the enhanced light-
2D material interaction within fibres can produce ultrahigh nonlinear optical responses'*!4.
Previously, 2D materials were mainly attached to optical fibre facets by transfer techniques,
unfortunately suffering the distortion of propagation capacity, the short light-material interaction
length and the difficulty of batch manufacture'>'’. Thanks to the great progress in 2D material
growth, it is now possible to directly fabricate graphene optical fibre, wherein the feedstock is of

gas phase and therefore relatively easy to diffuse into the narrow holes for homogeneous growth'®.

However, in TMD embedded optical fibre growth, the feedstocks are typically solid precursors
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and thus very difficult to transfer into the fibre holes effectively and homogeneously'®-2,

To break this dilemma, the key design in our method lies in the pre-deposition step, as shown
in Fig. 1a, Mo sources were filled by capillarity of sodium molybdate (Na2MoOs4) aqueous
solution into the holes of fibres. After that, the fibre was loaded into a CVD furnace to bake for
30 min at a low temperature of 110 °C for dewetting, and the Na2MoOs4 precursors would
gathered into clusters and coated randomly onto the inner fibre walls, serving as a storage for the
Mo sources (Fig. 1a, middle panel). And then at a high growth temperature of ~820 °C, Na2MoO4
clusters on the hole walls would transform into liquid droplets and continuously release Mo
precursors by vapourization in the confined narrow space of fibre holes?*. The S vapour was
brought in by argon gas from the upstream via a low-pressure pump and then mixed with

Na:MoOs vapour uniformly for following homogenous MoS: growth (Fig. 1a, right panel)

In our two-step growth method, the MoS:2 coverage and thickness can be facilely tuned by
the concentration ¢ of NaxMoOs4 in the solution. When we increased the solute concentration
from 1, 4 to 8 mg/mL, the MoS> gradually enlarged from 40 pm triangles (Fig. 1b), 250 pm
triangles (Fig. 1¢) to continuous film (Fig. 1d). Further increase of Nax2MoQO4 concentration would
lead to the growth of few-layered MoS:2 (Supplementary Figs. 1 and 2). Under our optimized
conditions, we can readily realize homogenous MoS:z growth onto the hole walls of a long optical
fibre up to 25 cm (Supplementary Fig. 3). We have also carried out controlled experiments, in
which we didn’t add the first step of pre-deposition of Mo precursor onto the hole walls of fibres
but directly send MoO3 from outside of the fibres as in prevailing growth methods?*, and found
that only few distributed MoS: islands could be grown (Supplementary Fig. 4). Thus, the pre-
deposition of Mo source in the fibre holes is the key step for the successful growth of large and

uniform Mo$S: film onto fibres.

The high-quality MoS: film grown in the confined space of fibre holes is comparable to that

grown on flat substrates in the free space, which is fully confirmed by photoluminescence (PL)
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mapping (Supplementary Fig. 5) of individual triangular domain. These triangles are of single-
crystal domains, as being proved by the parallel polarization SHG patterns at different positions
of single domains (Fig. 1f). We further etched the fused silica fibre away and transferred the
MoS: film onto a hollow grid for scanning transmission electron microscopic characterization
with atomic resolution. As the tube-like MoS2 monolayer collapsed (Supplementary Fig. 6), clear
Moir¢ pattern of MoS:2 bilayers was shown without observable defect sites (Fig. 1e), confirming
the high quality of MoS2 domains again. Furthermore, the very slight variations of frequency
difference between Aig and E2¢ as well as the narrow distribution of full width at half maxima
(FWHM) of Ezg peak in Raman spectra along the entire 25-cm-long fibre indicate that the as-

grown monolayer MoS: film is also of high uniformity®> ?® (Fig. 1g).

Our growth method for TMD embedded optical fibre is proved universal for different fibre
structures and 2D materials. Two types of commonly used micro-structured optical fibres, i.e.
hollow capillary fibres (HCFs) with different hole diameters from 5 um, 15 pm to 50 um (Fig.
2a and Supplementary Fig. 7) and PCFs with air or solid core (Fig. 2b and Supplementary Fig.
8) were used to successfully grow uniform monolayer MoS: films (Fig. 2¢c-d). Since the diameter
of hole varies in different fibres, the amount of Mo precursor pre-deposited on the inner hole
walls was accordingly adjusted by the solute concentration (i.e., the smaller the diameter, the
higher the Na2MoOs4 concentration). This growth method is also proved to be applied to fabricate
fibres with different TMDs just by varying the feedstocks of transition metals (e.g. Na2MoOs4,
NaxWOs4) and chalcogen (e.g. S, Se) species with adjusted growth temperature (see Methods).
Raman and PL spectra of these obtained homogenous TMD embedded fibres demonstrate the

construction of MoS2, WSz, MoSe:z as well as alloys such as MoSxSe2-x embedded optical fibres

(Fig. 2e-f).

Due to their intact light propagation mode (Supplementary Fig. 9), strong light-matter
interaction, various fibre structures and rich TMD species, the 2D material embedded optical

fibres will have ultrahigh optical nonlinearity and plentiful function-designing flexibility, which
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naturally enable variable potential applications in the wide scopes of nonlinear optics. Since the
optical nonlinear susceptibility contains two parts, i.e., the real part and imaginary part, the
corresponding applications can be divided into two types: (i) the nonlinear wavelength
conversion (e.g., harmonic generation, four-wave mixing frequency), which is the typical
demonstration of the real part; and (ii) the nonlinear absorption (e.g., saturable absorption, multi-
photon absorption), which is the typical demonstration of the imaginary part. By selecting proper
fibre structures and 2D material species, the real and imaginary part related applications have

both been demonstrated in our TMD embedded fibres.

We demonstrated that the nonlinear optical harmonic generations (SHG and THG shown in
Fig. 3a) of the TMD embedded fibres were greatly enhanced compared to that of conventional
optical fibres, wherein the SHG and THG were fairly weak and rarely observed before. As for
practical nonlinear wavelength conversion, one will utilize the real part of nonlinear
susceptibility and simultaneously ensure the excitation and emission of photons within the
bandgap of the materials. Since MoS2 monolayer has a direct bandgap at ~670 nm, we chose long
wavelengths (1800 nm and 2100 nm) to generate SHG and THG (900 nm and 700 nm) with
generated photon energies smaller than the bandgap for low propagation loss at both excited and
emitted wavelength (Supplementary Fig. 10). As designed, we observed significantly enhanced
harmonic generation in monolayer MoS: hollow optical fibre with the length up to ~25 cm, which
are more than 300 times stronger than that from monolayer MoS: on a flat fused silica substrate
(Fig. 3b-c). The square and cubic dependence of the emission intensity on excitation power

reveals that the observed signals are respectively from SHG and THG (Fig. 3d).

Another great advance of 2D material embedded optical fibres in the nonlinear wavelength
conversion is that they will have higher damage threshold power. Unlike the direct laser focusing
on nonlinear materials in free space, light in fibre can fulfill the waveguide core, resulting in a
typical larger light-field area. Therefore, the fibre optics can bear much higher power before the

damage of the nonlinear medium. Besides, the 2D materials on the walls of fibres are typically
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interacted with the evanescent light, which is often weaker than light in fibre core. Under the
current HCF with hollow core size of ~50 um and wall thickness of ~40 um, light will propagate
steadily in the side wall (an annular fibre core) and output at the fibre end (Supplementary Fig.
11). The damage threshold power in the MoS2 embedded fibre under 800 nm excited laser (with
high power to reach the damage threshold) is about 3 times higher than that on a planar substrate
with focal spot of ~10 um (Fig. 3e). Considering the enhancements in both the light-matter
interaction and damage threshold power, the harmonic generation output power in monolayer
MoS:2 embedded optical fibre is three orders of magnitude higher than planar 2D MoS:2 and the
energy conversion can reach 10 to 107, which is already high enough for some applications
such as on-chip new wavelength generation and all-fibre optical parametric oscillator. We also
observed that the nonlinear enhancement shows a general monotonical increase and a saturation
behaviour with the fibre length (Fig. 3f). In principle, the SHG or THG signal should have a
quadratic dependence on the length?’, which is indeed the case here for fibre length within 5 cm.
However, when the fibre becomes longer, the loss effect caused by the absorption tail of
monolayer MoS: and the phase mismatching between the excitation and SHG/THG lights leads

to the deviation from the quadratic increase and the saturation trend shows up.

Furtherly, we utilized the MoS: embedded photonic crystal fibres as a saturable absorber
(SA) in a fibre laser for ultrafast pulse generation, which is a typical example of the imaginary
part related applications. The laser structure is similar to the most commonly demonstrated fibre
ring cavity, which contains a pump laser diode, an erbium-doped fibre as gain media, and an
optical coupler for output (Fig. 4a). The main difference here is that we replaced the conventional
free-space SA film by the MoS2 embedded fibre and therefore realized the all-fibre mode-locked
laser. As we use the absorptive properties of 2D materials, we purposely grow 6-8 layered MoS2,
which has a larger absorption tail at ~1550 nm than monolayer?®. This 3-cm-long few-layered
MoS: PCF with hollow-core honeycomb structures shows a relative low coupling loss of ~1 dB

(Supplementary Fig. 12) and a nonlinear absorption modulation depth (ay) of 10% with a
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saturation peak intensity of 0.8 MW/cm? (Fig. 4b), which are already comparable to conventional
semiconductor SA'*(e.g. modulation depth ~5% with a saturation peak intensity ~2 MW/cm? in
AlAs/GaAs Bragg-mirrors). Then a stretched-pulse passively mode-locked fibre laser was built
by dispersion management. The maximum output power of the pulsed laser is ~6 mW (under
continue-wave laser pump power of 600 mW and room temperature) with ~41 MHz repetition
frequency (Fig. 4c), ~19 nm spectral bandwidth (AL), 1560 nm centre wavelength (Fig. 4d) and
~500 fs pulse duration (Fig. 4¢). The sub-picosecond pulse train shows a high signal-to-noise
ratio of ~52 dB (Supplementary Fig. 13). Considering the relatively broad spectral bandwidth
(~19 nm), the pulse duration could be further compressed to ~200 fs by group velocity dispersion
compensation outside the laser cavity if needed for future applications. The superior performance,
massive production ability and environmental adaptability of the MoS: embedded fibre
demonstrate its distinct advantages compared with the conventional 2D materials integrated fibre
on facets or external surfaces (Supplementary Tables 1 and 2), and indicate that it is now ready

for scientific researches and industrial applications in ultrafast lasers.

We predict that the two-step growth method is also applicable to grow other 2D materials
beyond TMDs onto optical fibres. For different application purposes, there are extremely rich
choices of various 2D materials with different nonlinear properties. In addition, by fabricating
well-designed fibre structures to control the group velocity dispersion, one would realize
supercontinuum generation. And if the phase matching between excitation light and nonlinear
signal was satisfied, one would further increase the nonlinear conversing efficiency even to ~10%
level (Supplementary Fig. 14), which would be comparable to the conventional bulk optical
crystals. If so, it will open up a new regime for the design of nonlinear optical materials, which
would inspire versatile nonlinear applications, such as sum-/difference- frequency generation,
high-harmonic generation, nonlinear parametric amplification and terahertz source, in optical

fibres.
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Methods:

Pre-deposition of transition metal feedstock into optical fibres. Transition metal sources (Mo
or W) were pre-deposited in fibres by capillarity of their corresponding saline solution with
optimized concentrations. For monolayer film growth, the amount of metal precursor was tuned
according to the hole diameters of different fibres. Typical concentrations are listed as below:
Na:MoOs4 of 8, 21 and 45 mg/mL or Na2WO4 of 12, 30 and 64 mg/mL for HCF with core diameter
of 50, 15 and 5 pum, NaxMoOs4 of 32 and 54 mg/mL or Na2WO4 of 45 and 72 mg/mL for PCF
with hollow- and solid-core honeycomb structures, respectively. The fibres were then heated to

110 °C and maintained for 30 min at argon atmosphere to dry before CVD growth.

Syntheses of TMD embedded optical fibres. The Mo precursor pre-deposited fibres were
placed on a quartz plate in the centre of the CVD furnace, and 1 g sulphur (99%, Sigma Aldrich)
powder was placed at the upstream region outside the heating zone. Then, the chamber of furnace
was flushed with argon for inert atmosphere and subsequently ramped up to the optimized growth
temperature (~820 °C for MoS: growth) with 100 sccm argon. During growth, the temperature
for sulphur evaporation was ~120 °C. The entire process was carried out under ~150 Pa and the
growth duration was set as 15-30 minutes. After the growth, the system was naturally cooled
down to room temperature. Similar growth conditions were used to synthesize other TMD and
alloy fibres, including MoSe2, WS2 and MoSxSe2x except for the different temperatures for
chalcogen sublimation and TMD growth. Specifically, sublimation temperatures were
respectively ~120 °C for sulphur and ~220 °C for selenium, and the growth temperature were

respectively ~800 °C, ~950 °C and ~820 °C for MoSe2, WSz and MoSxSe2x embedded fibres.

Characterization of TMD embedded optical fibres. Optical images were taken with an
Olympus BX51M microscope by focusing on the hole walls of the fibres. Raman and PL spectra
were collected with a homemade optical system using a 532 nm laser excitation with power of

~1 mW. Scanning transmission electron microscopic (FEI Titan Themis G2 300) was conducted
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to characterize the atomic structure and scanning electron microscope (Thermal Fisher, Quattro

S) was used to characterize the morphology of samples.

Harmonic generation measurements. An optical parameter oscillator (Coherent, Mira-OPO-X)
pumped by Ti sapphire oscillator (Coherent, Mira-HP) provided a wavelength tunable excitation
laser (15 mW, ~150 fs, 76 MHz), and then it was focused into the MoS2 HCF or on the
MoSa/silica by an objective (Nikon, 10X, NA = 0.25). The SHG and THG generation signals
were collected by a spectrograph with a silicon-based CCD (Princeton Instrument, SP2500 and

Pylon 400BRX) via a transmission system.

Saturable absorption measurements. A homemade pulsed fibre laser (200 fs, 1564 nm, 75.4
MHz) was utilized to measure the power-dependence transmission of MoS2 PCF. The pulsed
laser was equally divided using a fibre optics coupler to monitor the power. The input/out single
mode fibre (Corning, SM-28e+) was aligned with the 3-cm-long MoS2 PCF (NKT Photonics,
HC-1550) by a home-built alignment setup which includes two optical microscopes in different

directions and multi-axis stages to ensure accurate alignment.

Implement and characterization of all-fibre mode-locked laser. A laser diode (600 mW, 976
nm) was coupled into the fibre ring cavity via a wavelength-division multiplexer as pump source
of 60-cm-long erbium-doped fibre (LIEKKI, Er110) as gain medium. An isolator guaranteed that
the laser in the fibre ring transferred along one direction. In the case, we employed backward
pumping configuration for large output power. 3-cm-long MoS2 PCF was integrated as SA with
a coupler for 20% output. An additional polarization controller was utilized to optimize the output
spectrum and pulse width. The total group velocity dispersion of the fibre ring was 0.0005 ps?,
consisting of 1 m single mode fibre, 0.6 m erbium-doped fibre and 3.4 m OSF980 (as dispersion
compensation fibre) with -22, +12 and +4.5 fs*/mm, respectively. The output spectra and
autocorrelation trace were measured by a spectrograph with infrared-CCD (Princeton
Instruments, HRS-300SS with 150 grooves/mm grating and NIRvana-640, the resolution of the

spectrometer ~1.3 nm) and an auto-correlator (APE, Pulsecheck USB-15). The pulse train and
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signal-to-noise ratio were observed by an oscilloscope (Rigol, DS6104) and a radio frequency
spectrograph (Rigol, DSA815). Self-starting mode-locked pulse was observed when the pump

power was increased to 180 mW.
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Figures and captions

Figure 1 | Two-step growth of high-quality uniform monolayer MoS; embedded optical
fibre. a, Schematic diagram of the designed two-step growth method, consisting a pre-deposition
of NaxMoOs4 onto the hole walls of fibre by capillary filling and low-temperature drying, and a
high-temperature growth afterwards. b-d, The dependence of MoS: coverage on the NaxMoO4
aqueous solution concentrations of 1 mg/mL (b), 4 mg/mL (c) and 8 mg/mL (d) respectively. e,
Scanning transmission electron microscopic (STEM) image of a collapsed tube-like MoS:
transferred onto a hollow grid, showing the high crystallinity of as-grown MoS: without
detectable defects. f, Parallel polarization second harmonic generation patterns at different
positions labelled in (c), revealing the whole MoS2 domain is a large single crystal. g, Statistical
frequency differences of Aw (Aig-Ezg) (left y-axis) and FWHM values of the Eag peak (right y-
axis) plotted as a function of numbered sites on MoS2 embedded fibre along the whole length of

25 cm. The slight variations prove that the MoS: film is uniformly grown onto the fibre.
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Figure 2 | 2D material embedded optical fibres with diverse fibre structures and material
species. a,b, Optical images of a hollow capillary fibre (HCF) with a core diameter of ~5 um (a)
and a photonic crystal fibre (PCF) with hollow-core honeycomb structure (b). ¢,d, The
corresponding side views of HCF (c) and PCF (d) shown in (a) and (b) respectively. Higher
contrast was observed after the growth of MoS: (bottom panels) compared with the bare ones
(top panels). e.f, PL (¢) and Raman (f) spectra of as-grown MoSe: (green), MoS: (dark yellow),
WS> (orange) and MoSxSe2x (violet) embedded fibres. The PL and Raman spectra are shifted

vertically for clarity.
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Figure 3 | Greatly enhanced harmonic generation in MoS; embedded hollow capillary
fibre (HCF). a, Schematics of second harmonic generation (SHG, 2w) and third harmonic
generation (THG, 3®) in MoS2 HCF. b,¢, SHG (b) and THG (c) spectra of MoS2 HCF, MoS: on
flat fused silica substrate (MoSz/silica) and bare HCF under 1800 and 2100 nm excitation,
respectively. With the strong light-matter interaction in 25-cm-long MoS2 HCF, both the SHG
and THG can be enhanced by ~300 times compared to monolayer MoSa/silica. For comparison,
no apparent SHG or THG signal can be observed in bare HCF. The SHG and THG spectra are
shifted vertically for clarity. d, Excitation power dependence of SHG and THG intensity for MoS2
HCF, showing the as-expected quadratic and cubic law. e, Measured SHG intensity of 12-cm-
long MoS2 HCF and MoSa/silica as a function of the excitation power under 800 nm excitation.
Benefiting from the larger mode area and evanescent light coupling, the damage threshold of
MoS:2 HCF is about three times higher than MoS2/silica. f, Fibre length-dependent SHG and THG
enhancements of MoS2 HCF with respect to MoS2/silica, showing a general monotonical increase

and a saturation behaviour with the fibre length.
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Figure 4 | Ultrafast laser based on MoS; embedded photonic crystal fibre (PCF). a,
Schematic diagram of all-fibre mode-locked laser with MoS2 embedded fibre as a saturable
absorber. The optical components consist of a laser diode (LD), a wavelength-division
multiplexer (WDM), single mode fibre (SMF), dispersion compensation fibre (DCF), erbium-
doped fibre (EDF), an isolator (ISO) and a polarization controller (PC). b, Transmission
measurement of the MoS2 PCF with a nonlinear absorption modulation depth () of ~10% and
a saturation peak intensity of 0.8 MW/cm?. The solid curve is fitted according to the experimental
data (circle symbols). ¢, Output pulse train with ~24 ns interval (~41 MHz repetition rate). d,
Spectrum of the output laser with a ~19 nm spectral bandwidth (AL). e, Autocorrelation trace
with FWHM (A7) of ~720 fs fitted by a Gaussian function, corresponding to a pulse duration of
~500 fs.
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