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Critical-Layered MoS, for the Enhancement of
Supercontinuum Generation in Photonic Crystal Fibre

Jin Xie, Xu Cheng, Guodong Xue, Xiao Li, Ding Zhong, Wentao Yu, Yonggang Zuo,
Chang Liu, Kaifeng Lin, Can Liu, Meng Pang, Xin Jiang, Zhipei Sun, Zhe Kang,*

Hao Hong,* Kaihui Liu,* and Zhongfan Liu*

Supercontinuum generation (SCG) from silica-based photonic crystal fibers
(PCFs) is of highly technological significance from microscopy to metrology,
but has been hindered by silica’s relatively low intrinsic optical nonlinearity.
The prevailing approaches of filling PCF with nonlinear gases or liquids can
endow fibre with enhanced optical nonlinearity and boosted SCG efficiency,
yet these hybrids are easily plagued by fusion complexity, environmental
incompatibility or transmission mode instability. Here this work presents a
strategy of embedding solid-state 2D MoS, atomic layers into the air-holes of
PCF to efficiently enhance SCG. This work demonstrates a 4.8 times
enhancement of the nonlinear coefficient and a 70% reduction of the
threshold power for SCG with one octave spanning in the MoS,-PCF hybrid.
Furthermore, this work finds that the SCG enhancement is highly
layer-dependent, which only manifests for a real 2D regime within the
thickness of five atomic layers. Theoretical calculations reveal that the critical
thickness arises from the trade-off among the layer-dependent enhancement
of the nonlinear coefficient, leakage of fundamental mode and redshift of
zero-dispersion wavelength. This work provides significant advances toward
efficient SCG, and highlights the importance of matching an appropriate
atomic layer number in the design of functional 2D material optical fibers.

1. Introduction

Supercontinuum generation (SCG) light
source, with the capability of producing
ultra-broadband coherent radiation, have
been widely used in various applications
including ultrafast spectroscopy, supet-
resolution optical microscopy, optical co-
herence tomography, frequency comb tech-
nology and optical telecommunications.!*]
Generally, SCG originates essentially from
the fundamental processes of self-phase
modulation (SPM) and soliton dynam-
ics, with the control of dispersion, loss
and rzlonlinear coefficient of the medium
o

(r = —, where 4 is the wavelength,
1 Ay

n, is the nonlinear refractive index, and
A.g is the effective mode area determined
by the waveguide structure and material
properties). The conventional commercial
SCG light sources, with spectral cov-
erage from the visible to near-infrared
spectrum are predominantly relies on
silica-based photonic crystal fibre (PCF)

). Xie, G. Xue, X. Li, C. Liu, K. Lin, H. Hong, K. Liu

State Key Laboratory for Mesoscopic Physics, Frontiers Science Center
for Nano-optoelectronics, School of Physics

Peking University

Beijing 100871, China

E-mail: haohong@pku.edu.cn; khliu@pku.edu.cn

). Xie, G. Xue, X. Li, K. Lin

Academy for Advanced Interdisciplinary Studies

Peking University W. Yu
Beijing 100871, China

X. Cheng

D. Zhong, C. Liu

Department of Physics
Renmin University of China
Beijing 100872, China

Haute Ecole ARC Ingénierie
University of Applied Sciences of Western Switzerland
Saint-Imier 2610, Switzerland

Institute of Interdisciplinary Physical Sciences, School of Physics

). Xie, Z. Liu

Beijing Graphene Institute (BGl)

Beijing 100095, China

E-mail: zfliu@pku.edu.cn

X.Cheng

Group for Fibre Optics

Ecole Polytechnique Fédérale de Lausanne (EPFL)
Lausanne 1015, Switzerland

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.202403696

DOI: 10.1002/adma.202403696

Adv. Mater. 2024, 2403696

2403696 (1 of 9)

Nanjing University of Science and Technology
Nanjing 210094, China

Y. Zuo

Faculty of Metallurgical and Energy Engineering
Kunming University of Science and Technology
Kunming 650093, China

M. Pang, X. Jiang

Innovation and Integration Center of New Laser Technology, Shanghai
Institute of Optics and Fine Mechanics
Chinese Academy of Sciences

Shanghai 201800, China

© 2024 Wiley-VCH GmbH


http://www.advmat.de
mailto:haohong@pku.edu.cn
mailto:khliu@pku.edu.cn
mailto:zfliu@pku.edu.cn
https://doi.org/10.1002/adma.202403696
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202403696&domain=pdf&date_stamp=2024-08-25

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

with tunable dispersion profile, low-loss transmission ability and
devisable A g, profiting from the well-established silica-based fi-
bre fabrication technique.l®'3] However, the limited nonlinear re-
fractive index of fused silica (n,~1072 m? W~1) poses fundamen-
tal limitations of the SCG light source on pump threshold and
frequency-conversion efficiency, requiring high pumping power
and long distance for strong light-matter interaction.

Apart from exchanging the base material of PCF (such as soft
glass, with higher n, but more complex fabrication process) to
enhance the efficiency of SCG,!3 previous efforts also em-
ployed nonlinear fluids (such as liquids and gases).'>?*] in a
well-designed silica-based optical fibre. Gas-filled fibers offer the
advantages of low absorption and tunable dispersion, enabling
the SCG in an ultrabroad band ranging from vacuum ultravio-
let to long-wave infrared band. Liquid-filled fibers provide higher
nonlinearity, allowing the novel soliton dynamics with lower in-
cident power. However, both hybrid fibers also face some chal-
lenges, such as the requirement of a sealed cell, the risk of ma-
terial leakage, all-fibre integration and the instability against en-
vironmental vibration. In addition to these two strategies, an ap-
pealing alternative is to decorate silica-based PCFs with conven-
tional solid optical crystals with highly nonlinear susceptibility,
which would be for enhancing the nonlinear coefficient of the
PCF and preserve its stability and portability for table-top laser
sources. Nevertheless, depositing conventional solid-state crys-
tals onto the curved surface of fibre holes will inevitably lead
to scattering loss and mode leakage, due to the rough interface
and the refractive index mismatch between adhered crystal and
optical fibre.
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In principle, 2D layered materials (e.g., graphene, MoS,,
hBN, etc.),®3% with the merits of ultra-high optical nonlin-
ear response (n, of MoS, film is about 4-5 orders of mag-
nitude higher than that of silica at 1550 nm.),332] atomic-
level flatness (with low scattering loss).[**] extremely thin thick-
ness (hardly damage the transmission mode),***! and facile in-
tegration with silica-based waveguides,*>*”] are an ideal part-
ner to combine with various waveguides for optical nonlin-
earity enhancement.[*®] By transferring nonlinear 2D materials
onto silica waveguides or fibers, optical nonlinear effects such
as saturable absorption.*?! second-/third-harmonic generation
(SHG/THG),“41] Kerr effect,*®) and SPM.I*?] can be dramati-
cally enhanced. Since the SPM plays a crucial role in the ini-
tial process of SCG, the combination of nonlinear 2D materi-
als with PCF could be a promising strategy to improve the ef-
ficiency of SCG. Guided by these inspirations, here we directly
grow solid-state thin-layer 2D MoS, onto the inner walls of air-
holes of PCF (MoS,-PCF) and systematically study its SCG per-
formance. We find that the physical properties of PCF, including
the y, zero-dispersion wavelength (ZDW) and the fundamental
mode distribution, can be gently engineered by the layer number
of MoS,. A real 2D regime within a critical thickness of around
five-atomic-layer is required for strong SCG enhancement, bring-
ing a 70% reduction in the threshold power to achieve one octave
broadening.

2. Results and Discussion

In our work, MoS,-PCF is designed with MoS, layers tightly at-
tached on the inner walls of the air-holes of a silica-based nonlin-
ear PCF (Figure 1a,b, and Figure S1, Supporting Information).
According to the simulation result based on the full-vector finite
element method.[**] the electric field intensity of the transmitted
light at the innermost MoS, layer is ~#15% of that at the core cen-
tre, indicating a considerable light-MoS, interaction through the
evanescent wave (Figure 1b,c and Experimental Section). To as-
sess the SCG performance in PCF with the integration of MoS,,
we carefully evaluate three important parameters: dispersion,
nonlinear coefficient and propagation loss in the following. Re-
garding the dispersion, we perform mode analysis of the pro-
posed hybrid PCF and show that, except for a ~8 nm redshift
(from 797 to 805 nm) of the ZDW), the overall dispersion profile
of monolayer MoS,-PCF is nearly identical to that of the bare-PCF
(Figure 1d). The large variation of the dispersion value ~680 nm
is attributed to the fluctuation of the real part of refractive in-
dex in MoS, induced by the exciton effects close to its bandgap
(Figure S2, Supporting Information).[*+-*¢]

As for y in the MoS,-PCF, it can be described as (Note S1, Sup-
porting Information):

2n ZiSo, (ma)i(w) | F ()| 'dxdy

YMoS,—PCF = -
(S Iy (o) JE )ty

1)

where 4 is the pump wavelength, |F(x, y)| is the amplitude of elec-
tric field distribution of fundamental mode, D, represents differ-
ent integral areas, n, and n, are the linear and nonlinear refrac-
tive indices, respectively. With MoS, embedded, y is remarkably
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Figure 1. Optical properties of MoS,-PCF. a) Schematic illustration of the SCG in PCF embedded with MoS, film. b) Cross-section illustration of the
MoS,-PCF structure. MoS, film is attached on the wall of air-holes in the PCF. The enlarged view is the spatial distribution of the fundamental mode
around the core region at the 800 nm pump. c) Normalized electric field intensity distribution of MoS,-PCF along the x-axis shown in Figure 1b. The
electric field intensity at the innermost MoS, layer is ~#15% to that at the core centre, indicating a considerable light-MoS, interaction. d) Dispersion
profile of the bare- and monolayer MoS,-PCF. e) Layer-dependent nonlinear coefficient in MoS,-PCF. Nonlinear coefficient of the hybrid PCF increases
monotonously with the MoS, layer number. The grey shaded area indicates the layer number of thin-layer MoS,-PCF used in the following experiments.
f) The transmittance spectra of 3 cm bare-PCF and thin-layer MoS,-PCF. The addition of MoS, hardly influence the transmittance of PCF.

boosted (highly correlated with the PCF structure, as calculated
in Figure S3, Supporting Information) and increases gradually
with the number of MoS, layers (Figure 1e). This layer-dependent
behavior is ascribed to the enhanced light-MoS, interaction, as
the increased thickness of MoS, layers brings more significant
evanescent wave along the interaction path (Figure S4, Support-
ing Information). It is worth noting that via replacing the MoS,
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thin-layer by other 2D materials with larger third-order suscepti-
bility, such as graphene or hBN, 8] could demonstrate a further
enhancement of nonlinear coefficient (Figure S5, Supporting In-
formation). However, the graphene one would suffer from a large
transmission loss problem while the synthesis of hBN one is still
challenging. From our experimental result, the additional loss in-
duced by the quasi-bilayer MoS, in a 3 cm-long hybrid PCF is less
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Figure 2. Characterizations of MoS,-PCF. a) Schematic diagram of the experimental setup used to characterize the MoS,-PCF. Pulsed light at 800 nm is
incident horizontally into the fibre and the nonlinearity is obtained via measuring the spectral broadening caused by the SPM. In addition, continuous
light at 532 nm, and pulsed light at 1064 nm and 1550 nm are used to measure the Raman, SHG and THG signals, respectively under excitation along
the radial direction with z-axis scanning. b) Optical images of bare-PCF (top) and MoS,-PCF (bottom). c) The AFM mapping of the collapsed MoS,
tube after etching silica. The grown MoS, film is a quasi-bilayer with collapsed tube thickness of ~5 nm (considering the probable presence of air-gap
or wrinkles between tubes during the etching process). d) Raman spectra of PCF before and after growing MoS,. The ~21.0 cm™~! frequency difference
between two peaks in MoS,-PCF exhibits a successful growth of thin-layer MoS,. e) Z-axis scanned SHG and THG intensity. Dramatically enhanced
optical nonlinearity is obtained after growing MoS,. f) SPM induced spectral broadening of bare- and MoS,-PCF. The spectrum of MoS,-PCF has more

peaks and is wider than that of bare-PCF at 3 kW excitation pump power, indicating a higher nonlinear coefficient.

than 1% at 800 nm (Figure 1f and Experimental Section). This
negligible propagation loss is expected due to the weak light scat-
tering from the ultra-flatness of the 2D surface and small absorp-
tion of MoS, at ~800 nm. With the wavelength decreases, it sus-
tains #10% higher loss than that of the bare-PCF below 700 nm
due to the increase of imaginary part of refractive index in MoS,
(Figure S2a, Supporting Information). Thus, the improvement
in nonlinearity with barely sacrificing dispersion and propaga-
tion loss is expected to substantially enhance the performance of
SCG in PCF after thin-layer MoS, embedding.

Experimentally, the MoS,-PCF is fabricated by a specially de-
signed two-step method. This improved growth method can real-
ize a good control of the thickness of embedded MoS, in the mi-
crostructured fibers (Experimental Section and Figure S6, Sup-
porting Information). Optical images of the side views of PCF
before and after MoS, growth are shown in Figure 2b. By us-
ing hydrofluoric acid to etch the silica-based fibre, the collapsed
tube-packed MoS, film can be procured and analyzed by atomic
force microscopy (AFM, Figure 2c). In order to gain a deeper
understanding of both the sample quality and optical nonlinear-
ity of the MoS,-PCF, a custom-built optical system is established
(Figure 2a), which allows for the simultaneous measurement of
the Raman, SHG/THG and SPM spectra. From the Raman spec-
tra, two fingerprint peaks of the MoS, (E,, mode at 380.7 cm™",
and A, mode at 401.7 cm™') can be clearly observed. The fre-
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quency difference of ~21.0 cm™! between these two peaks im-
plies the successful growth of thin-layer MoS, (Figure 2d). By z-
scanning measurement along the fibre radial direction, an obvi-
ous SHG/THG signal appears in the PCF after embedding MoS,,
which further reveals the efficient embedding of MoS, and indi-
cates the integrated MoS, significantly amplifies the optical non-
linear effects of PCF (Figure 2e). This enhancement further pro-
motes the nonlinear spectral broadening by the SPM effect, as
shown in Figure 2f. According to the simulation results, the y
of MoS,-PCF is close to 0.28 W~! m~!, which is 4.8 times larger
than that of bare-PCF (Figure S7, Supporting Information).
Intuitively, the boosted SHG/THG and SPM with MoS, film
embedded will enhance SCG in PCF. To quantify the impact of
MoS, on the performance of SCG, we test the SCG evolution
of bare-PCF and PCF embedded with a thin MoS, film (=5 nm
thickness of collapsed MoS, tube, as depicted in Figure 2c¢), un-
der femtosecond laser pump at 800 nm (76 MHz repetition rate,
~130 fs pulse width, the experimental setup is depicted in Ex-
perimental Section and Figure S8, Supporting Information). As
expected, the SCG of the MoS,-PCF exhibits a significantly en-
hancement compared with that of the bare-PCF (Figure 3a,b). For
a straightforward comparison of the SCG broadening, we show
their instantaneous spectra at three representative pump peak
powers (Figure 3d). (i) At 4 kW, the bare-PCF maintains in the
initial SPM stage, while the spectral evolution in the MoS,-PCF
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Figure 3. SCG evolution of MoS,-PCF. a—c) Spectral evolution profiles of the bare-, thin-layer MoS,- and thick-layer MoS,-PCF under 800 nm pulsed laser
pump. The pump peak power required to initiate soliton fission in the bare- and thin-layer MoS,-PCF are ~20 and ~4 kW, respectively. The embedded
thin MoS, film enhances the SCG broadening significantly, while the thick MoS, film suppresses the SCG broadening. d) Experimental and simulated
instantaneous spectra of bare- and thin-layer MoS,-PCF at three representative powers (4, 14, and 20 kW). Different spectral features are labeled (DW
for dispersive wave). e) Side views along the fibre direction of the thin-layer MoS,-PCF. Under the power of 20 kW, side views are recorded with bandpass
filters of 670, 525 and 460 nm. The onset of soliton fission is observed at 1.2 cm, with spectral broadening to the visible range and cascaded DW
generation of blue light at ~1.5 cm. The length of MoS,-PCF is 3 cm. Bottom panel shows the schematic setup. f~g) The output patterns from the
MoS,-PCF. The Gaussian-like spot indicates that the output beam has high quality at different wavelengths.

already starts the soliton fission process. (i) At 14 kW, multiple
spectral peaks due to SPM effect start to appear in the bare-PCF,
while the spectrum in the MoS,-PCF has already achieved one-
octave spanning. (iii) At 20 kW, both fibers undergo the soliton
fission process. The MoS,-PCF exhibits a 1.8-octave SCG, which
is significantly broader than the nearly one octave spectrum ob-
tained from the bare-PCF. We note that the spectrum of the pump
pulse used here spans the fiber’s ZDW, thus the soliton number
is invalid due to the combined dispersion regime. The SPM ef-
fect governs the initial pump pulse evolution until its spectrum

Adv. Mater. 2024, 2403696
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significantly reaches the anomalous dispersion regime, where
soliton dynamics, such as high-order soliton compression and
soliton fission, start to dominate the evolution. Dispersive wave
and mixed Kerr effects, such as four-wave mixing and cross
phase modulation, further broaden the spectrum on both the
longer and shorter wavelength side after soliton fission. The spec-
trum profile presents remarkable asymmetric characteristic, that
is, the spectral components in the longer wavelength side are
broadened more significantly. Details about the pulse duration
characterization are given in Figure S9, Supporting Information.
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Figure 4. Simulations of the layer-dependent SCG performance in MoS,-PCF. a—c) Simulations of the SCG spectrum evolution in bare-PCF a), bilayer
MoS,-PCF b) and 13-layer MoS,-PCF c), under 800 nm pump. d) Fundamental mode profiles at 800 nm in MoS,-PCF with different MoS, layer number.
At a critical layer number of 12, light gradually diffuses from the core region to the cladding area until nearly disappears at 15 layers. e) The cut-off
wavelength (defined as the ability to keep fundamental mode intensity intact) versus MoS, layer number. For the SCG broadening to cover the visible
part of >400 nm, the MoS, layer number should be <5. f) The dependence of ZDW on MoS, layer number. ZDW red-shifts away from the pump

wavelength of 800 nm with the layer number increasing.

We find a 70% reduction in the threshold power required to attain
a one-octave-spanning spectrum in MoS,-PCF, while maintain-
ing the stability of output beam profile (Figure S10, Supporting
Information).

The small scattered portion of guided light out of the fibre by
embedded MoS, film enables us to directly observe the whole
process of the SCG evolution (Figure 3e). At the beginning, the
pump field undergoes initial SPM process and gradually broad-
ens to visible red light. Then the spectrum suddenly becomes oc-
tave spanning through soliton fission and dispersive wave gen-
eration processes, leading to the wavelength conversion of the
pump light to green and blue regimes. Almost all output light
components at different wavelengths show optical field patterns
with Gaussian-like field distribution pattern (Figure 3f=h). This
facilitates a lower coupling loss and higher spot quality when the
generated supercontinuum is coupled to other optical systems
(e.g., single-mode fibers, objective lenses, etc.).

However, the SCG enhancement is not adaptable to the MoS,
layer with arbitrary thickness. As we test a thick-layer MoS,-
PCF with measured collapsed MoS, tube film thickness of
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~20 nm (Figure S11, Supporting Information), the SCG broad-
ening is dramatically suppressed compared to that of the bare-
PCF (Figure 3c). The distinct performance of the thin-layer and
thick-layer MoS, hints a layer-dependent SCG performance. In
the following, we conduct numerical calculations to compre-
hend this layer-dependent SCG behavior in MoS,-PCFs. The evo-
lution of SCG is simulated by numerically solving a general-
ized nonlinear Schrodinger equation (GNLSE) (Note S2, Sup-
porting Information), which is widely used for modelling SCG
and enables accurate prediction of the spectral dynamics of
ultrashort pulse propagation in nonlinear fibers.[*”] We simu-
late SCG in the bare-PCF at first (Figure 4a), and find its re-
sult matches well with our experimental result in Figure 3a.
After embedding MoS, into the PCF, the SCG spectra of bi-
layer MoS,-PCF (Figure 4b) shows pronounced enhancements,
agreeing well with the experimental result of thin-layer MoS,-
PCF (Figure 3b). As the thickness of MoS, increases to 13
layers, the spectrum range of SCG is suppressed in contrast
(Figure 4c). These simulations reproduce well the experiments
of layer-dependent SCG enhancement in the MoS,-PCF, and
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suggest the existence of a critical layer for achieving the optimal
SCG enhancement.

To further elucidate the origin of the layer-dependent en-
hancement and delimit the critical layer number of embedded
MoS,, we systematically analyze the transmission mode, ZDW
and nonlinear coefficient with different layer number of MoS,
(Figure 4d-f and Figure S12, Supporting Information). For the
transmission mode of the hybrid PCF, the effective refractive in-
dex of fibre cladding rises correspondingly with the embedded
MoS, thickness until surpassing that of fibre core and breaking
the total internal reflection condition. As a result, the light bun-
dled at the core area gradually diffuses into the cladding region
and leads to a significant leakage loss. For example, the funda-
mental mode of transmission wavelength at 800 nm is kept sta-
ble before 12 layers but exhibits an obvious diffusion since 13
layers (Figure 4d). Thus, there is a cut-off wavelength for MoS,-
PCFs under a specific layer number, at which the fundamental
mode of a shorter wavelength cannot be transmitted in the fibre.
As the MoS, layer number decreases, this cut-off wavelength un-
dergoes a blueshift and drops out of the visible spectrum range
at a critical layer around five (Figure 4e). It should be noted that
the calculated cut-off wavelength of ~250 nm for the case of <5
layers is due to the absorption of fused-silica itself. Moreover, the
layer-dependent mode diffusion breaks the monotonous increase
of the nonlinear coefficient with layer number and a maximum
value is achieved at 12 layers (Figure S12, Supporting Informa-
tion). As for the ZDW of the MoS,-PCF, it red-shifts sharply away
from the pump wavelength with the increase of MoS, layer num-
ber (Figure 4f). Thus, the original 800 nm pump wavelength falls
into deep normal dispersion region, preventing the formation of
optical solitons in the fibre and therefore limiting the spectral
broadening in the SCG process.!®! Taking a comprehensive con-
sideration, the y of the PCF increases with the thickness of the
embedded MoS, layer, but excessive thickness will lead to mode
leakage and ZDW shift. Hence, MoS, layer number of around
five is the optimal one for the enhancement of SCG with the vis-
ible to near-infrared spectral coverage in this hybrid PCF.

3. Conclusion

In summary, we have demonstrated an effective methodology to
enhance the SCG performance by embedding solid-state MoS,
atomic layers into the air-holes of silica-based PCF. The corpo-
ration of a 2D material with a critical thickness endows the op-
tical fibre with the optimal SCG output. Given the large library
of 2D materials with diverse physical properties, our work indi-
cates a way for extending SCG with wider spectrum, lower thresh-
old power and better tunability. This non-destructive, portable
and easy-to-integrate solution should promote the development
of fibre-based table-top light sources.

4. Experimental Section

MoS,-PCF Sample Growth: The MoS,-PCF was prepared by the two-
step CVD method. First, Na,MoO, aqueous solution with optimized con-
centration (50 and 150 mg mL~" for thin-layer and thick-layer MoS,-PCFs
fabrication, respectively) was filled into the needle tube and injected di-
rectly into the air-holes of PCF. Then the feedstock filled fibers were baked
at 110 °Cin the CVD furnace for ~30 min to dewet and these Na,MoO, de-
posited fibers were placed on the quartz plate and reloaded into the CVD
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furnace. Second, the Na,MoO, precursor in fibre was gradually heated
to 800 °C for ~40 min and it started to react with sulphur vapour (here
the S powder was heated at 150-180 °C by a heating belt separately) car-
ried by argon gas (100 sccm) for homogeneous MoS, growth. This work
maintained the ambient pressure at the heating stage to avoid the molten
Na,MoO, diffusing out of fibre and ensure sufficient Mo supply without
early volatilization, and only pump the system into low-pressure at growth
and cooling stages. It was worth noting that the supplied S source at the
upstream was also utilized to match up with the timing of varied pres-
sure in the procedure. The detailed growth setup and heating temperature
profiles are provided in Figure S6a,b, Supporting Information. With this
procedure, the grown thin-layer MoS,-PCFs exhibited full MoS, coverage
and consistency within a typical length of 6-7 cm (Figure S13, Support-
ing Information). In addition, for thick-layer MoS, grown in the air-hole of
PCF, its thickness was controlled by adjusting the amount of pre-deposited
Mo source. This was because the multilayer nucleation growth was mainly
determined by the Mo precursors due to their poor volatility during the
synthesis. As a result, the average thickness of MoS, was proportional to
the pre-injected Na,MoO, solution concentration (Figure Séc, Supporting
Information).

MoS2-PCF Characterization: Optical images of bare-PCF and MoS,-
PCFs were obtained by an Olympus BX51M microscope. A home-made
optical system was designed to measure Raman spectra and z-scanning
SHG and THG, excited through a continuous laser at 514 nm and a pi-
cosecond pulsed laser at 1064 and 1550 nm, respectively. The SPM spec-
tral broadening was obtained by the horizontal incidence of an 800 nm
pulsed laser (130 fs pulse width, 76 MHz repetition) launching into the
core region of PCFs. Collapsed MoS, tube samples for the AFM (Bruker Di-
mensional Icon) test were prepared by immersing MoS,-PCF in hydroflu-
oric acid to dissolve the silica, and then transferring the MoS, tube sam-
ples onto the substrate. A laser line filter (NKT) was used to select the
monochromatic light from a supercontinuum laser (NKT, WL-SC-400-4)
to perform the transmission measurement. Starting from 450 nm, wave-
lengths at 10 nm interval were selected out. Light is coupled into the fibre
through an objective (Olympus, x40, NA = 0.65) and its power before and
after the incidence into the fibre was measured by an optical power meter
(Thorlabs, PM100D and S120VC), from which the transmittance was ob-
tained. The transmission results shown in Figure 1f have been calibrated
by eliminating the coupling loss from the objective lens (Figure S14, Sup-
porting Information).

Supercontinuum Generation Experiments: A titanium-sapphire oscilla-
tor (Coherent, Mira-HP, 800 nm, specifications mentioned before) was
used as excitation laser and light was coupled into optical fibre samples via
an objective (Olympus, x40, NA = 0.65). The cross-section of the fibre was
observed by using white light imaging system to verify the incident pulse
laser was aligned with the fibre core. The output supercontinuum light
source was collected by YOKOGAWA AQ6374 spectrometer via a trans-
mission system. The output power was collected by a thermal power sen-
sor (Thorlabs, S401C). Pictures of the side views of the MoS,-PCF glowing
at various wavelengths were filtered by a series of band pass filters and
taken via a charge-coupled device camera. The experimental setup was
schemed in Figure S8, Supporting Information.

Numerical Simulations: The simulations were performed using the RF
module of COMSOL Multiphysics software and MATLAB software. The in-
tensity distribution and effective refractive index of the fundamental mode
in bare- and MoS,-PCFs were simulated using the finite element method
in COMSOL. In the model, all the air-holes in the PCF were covered by
layered MoS,. To eliminate the reflection effect of the leaky light on the
mode shape, this work considered perfectly matched layer and scatter-
ing boundary condition in the simulation process. The relative intensity
of MoS, was defined as the ratio of the electric field intensity at the in-
nermost MoS, position to that at the fibre core center along the x-axis

\EZ+ Ef,
where E, and E, are the intensity of two orthogonal fundamental modes,
respectively. Based on these simulating results, the dispersion and nonlin-

ear coefficient of the bare- and MoS,-PCFs were calculated, respectively.
The SCG in bare- and MoS,-PCFs was simulated by using the GNLSE. The

(Figure 1b,c). The electric field intensity was calculated by E =
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fourth-order Runge-Kutta algorithm was used to numerically calculate the
GNLSE in the frequency domain. More details can be found in Note S2,
Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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