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Optical fibres are one of the most studied and utilized plat-
forms for nonlinear optics1. In particular, since the intro-
duction of the photonic-crystal fibre2, they have found 

many exciting applications, such as supercontinuum white-light 
sources3–5, third-harmonic generation6,7 and several others8,9. 
Optical fibres stand out for their low loss, long interaction length 
and the ability to engineer their dispersive properties, which com-
pensate for the small third-order susceptibility (χ(3)) nonlinear 
coefficient. However, the second-order parametric processes are 
expected to vanish in optical fibres since their fabrication typi-
cally relies on drawing amorphous materials10. Some second-order 
nonlinear responses can be induced, for instance, by electrical pol-
ing11 or by optical poling through irradiation with fundamental and 
second-harmonic (SH) light12,13 to break the inversion symmetry in 
optical fibres. The functionalization of optical fibres with materi-
als with strong second-order nonlinearity and a large mode overlap, 
leading to a hybrid system with substantial second-order non-
linearities, would be a game changer and may enable fibre-based 
harmonic sources, optical parametric oscillators (OPOs), spon-
taneous parametric downconversion sources14 and fibre-based  
quantum communication.

Monolayer transition metal dichalcogenides (TMDs) are a 
well-studied class of two-dimensional (2D) semiconducting mate-
rials. Here we focus on monolayer MoS2 because of its strong 
second-order optical nonlinearity15,16. A first-principles analysis of 
the second-order nonlinear properties of monolayer TMDs pre-
dicts a comparable magnitude of second-order susceptibility (χ(2)) 
to other highly nonlinear semiconducting bulk crystals17. Although 

experimentally reported χ(2) values of MoS2 vary considerably15–21, 
they are all in the range of—or higher than—commonly used non-
linear bulk crystals. Moreover, second-harmonic generation (SHG) 
intensity is enhanced when the SH wavelength overlaps with the 
C-exciton band15 or A- and B-exciton band22,23 of 2D TMDs, all 
of which are in the visible spectral range and thus of immediate 
interest. For example, at resonance with the C exciton, the sheet 

susceptibility χ
(2)
MoS2 ,sheet of the MoS2 monolayer with a thickness 

of t = 0.65 nm is estimated to be approximately 8 × 104 pm2 V–1 
(ref. 15) corresponding to a bulk second-order susceptibility of MoS2: 

χ
(2)
MoS2 ,eff =

χ
(2)
MoS2 ,sheet

t  = 123 pm V–1 (ref. 20).
Most previous works in the integration of monolayer TMDs 

with fibres and waveguides relied on the mechanical transfer 
of TMDs onto nanostructures24 or waveguides25–27. In a similar 
approach, another study demonstrated chemical vapour deposi-
tion (CVD)-based two-step growth of TMD crystals in hollow-core 
and photonic-crystal fibres28. They showed guided-wave SHG in 
the hollow-core geometry. Nevertheless, hollow-core fibres must 
have a large modal cross-section to limit the propagation loss29. 
Moreover, the location of the functionalization layer coincides with 
the low-power area of guided waves. The combination of these two 
effects in hollow-core fibres leads to a small field overlap between 
the fundamental wave (FW) and TMD monolayer. The generated 
SHG also mostly contributes to radiation modes. In another way, one 
study demonstrated the thermal deposition of a few-layer MoS2 film 
within the optical-fibre cladding holes that are adjacent to the fibre 
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core30. This periodically poled silica fibre exhibited SHG enhance-
ment of 10% after the thermal poling process and functionalization 
with MoS2 film inside the 30-cm-long air holes. Nonetheless, the 
growth of the MoS2 film in the enclosed cladding holes makes it 
hard to access the crystals, for example, for further modification as 
periodic patterning of crystallographic structures.

In this work, we demonstrate a novel approach for functionaliz-
ing optical fibres to exhibit efficient SHG. We coat the surface of the 
exposed-core fibres (ECFs)31 with a highly nonlinear monolayer of 
TMDs32, similar to the process reported elsewhere33 using a scalable 
CVD-based process34. The minuscule thickness t leads to a small 
interaction length on planar substrates, curtailing the overall non-
linear conversion efficiency and hampering applications. Therefore, 
and in line with a previous report on enhanced third-harmonic gen-
eration and in-fibre photoluminescence (PL)33 in ECFs, the exten-
sion of the interaction length by integrating MoS2 in guided-wave 
systems will open new perspectives in nonlinear optics. The highly 
nonlinear MoS2 monolayers have functionalized SiO2-based optical 
fibres to establish a hybrid platform with a measured χ(2) value of 
44 pm V–1 and an SHG conversion efficiency of 0.2 × 10−3 m−2 W−1. 
Moreover, an optimization of the overlap between the modal 
field and 2D materials has been investigated numerically but not 
experimentally.

results
Figure 1a shows a schematic summarizing the fundamental con-
cepts of this work. The integration of highly nonlinear TMDs into 
the ECFs is achieved with a scalable and reproducible CVD pro-
cess34, where high-quality35 TMD monolayer crystals are directly 
grown on the ECF’s guiding core (radius, ~1 µm). Figure 1b shows 
a cross-sectional scanning electron microscopy (SEM) image of 
the ECF’s core, with additional images of the ECF displayed in 
Supplementary Fig. 1a,b. The CVD precursors are carried by the 

gas flow inside the reactor and grow on the exposed surface of the 
ECF’s core. The core is supported by three thin silica struts, with 
two air holes at the bottom and one open-air access hole on top 
of the functionalized surface. The crystal size and distribution are 
controlled by the precursor flow rate and position of the ECF in 
the reaction zone, and the results show densely distributed but ran-
domly oriented monolayer crystals with an average size of 7 µm. 
Details on ECF fabrication are given in the Methods section. The 
small size of the guiding core leads to a comparatively large fraction 
of evanescent field that can interact with the overcoated layers and 
increases the field overlap of the TMD crystals with the fundamen-
tal and SH modes. The overlap of the monolayer location with the 
evanescent field of the guided mode provides a direct interaction 
of guided light and TMD crystals. Possible further optimization of 
this overlap by means of a thin dielectric overcoat is discussed in the 
Supplementary Information but not experimentally explored. The 
fibre is, hence, nonlinearly functionalized and the optical properties 
of the TMD crystals can be used in a guided-wave geometry.

Fibre characterization. The outstanding advantage of wave-
guides functionalized with 2D materials is that the linear prop-
erties including dispersion and guided modes remain virtually 
unchanged, except for higher losses due to the absorption of 2D 
crystals (Supplementary Fig. 9a shows the calculations). The non-
linear interaction in these waveguides is solely due to the action of 
the MoS2 monolayer at the interface33.

In the first step, we used the previously established method33 
to characterize the location, quality and distribution of MoS2 on 
the fibre and its interaction with the core mode. By performing 
atomic force microscopy imaging, we found a thickness of 0.9 nm 
(Supplementary Fig. 2a,b). The Raman spectrum of the MoS2 
crystals displays a characteristic spacing of 20.5 cm−1 between two 
modes, which confirms the successful deposition of monolayers  
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Fig. 1 | Functionalization of EcFs with 2D materials. a, Illustration of the concept to demonstrate SHG with embedded 2D materials on an ECF. ω, 
Fundamental frequency; 2ω, Second harmonic. b, Cross-sectional SEM image of the core region of the ECF. The dotted circle denotes the effective core 
area of the ECF. The exposed surface is highlighted by a dashed yellow curve. c, Top-view PL mapping of a section of MoS2-coated ECF. d, PL emission 
spectrum from a typical monolayer of MoS2 in c under the excitation of a 532 nm laser after filtering by long-pass filters at 550 nm.
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of TMD crystals on the ECF’s core region. We further carried 
out PL mapping along the ECF core (Fig. 1c). This measurement 
was performed by a confocal PL-lifetime microscope (PicoQuant 
MicroTime 200). Typical MoS2 crystals with a size of roughly 7 µm 
can be seen in this image. Figure 1d exhibits the PL spectrum of a 
typical crystal shown in Fig. 1c. Spectroscopic analysis was used to 
unravel the relative contributions of the A- and B-exciton species 
observed in MoS2. As shown in Fig. 1d, the PL emission reveals the 
exciton peaks at 677 nm (dotted blue line) and 613 nm (dotted cyan 
line) with a spectral full-width at half-maximum of 45 nm for both 
cases. These values are comparable to those of high-quality crystals 
grown on planar substrates by the same technique34.

Because direct interaction between the guided modes and 
monolayer crystals is crucial for efficient nonlinear interaction, we 
investigated the coupling of TMDs to the core mode of the ECF. 
Figure 2 shows a schematic of the experimental setup used. The 
excitation light source was a 532 nm laser (Lighthouse Photonics 
Sprout) focused on the fibre core by a ×40 microscope objective. 
The incident power was varied using a combination of a half-wave 
plate (HWP) and a polarizer. To obtain systematic statistics of the 
crystal ensemble on the fibre core throughout the fibre length, we 
imaged the PL emission perpendicular to the ECF using a micro-
scope objective, a camera and a pair of 550 nm long-pass filters. 
Scanning the setup along the length of the fibre allowed us to obtain 
a series of images, which were stacked to record the length-wise dis-
tribution of PL-active monolayer crystals. Such a stack is depicted 
in Supplementary Fig. 5b. By tweaking the fabrication process, we 
obtained a MoS2 monolayer coverage of up to 43.4%, as opposed to 
5.4% in previously reported results33.

SHG from ensembles of crystals. The SHG is governed by the 
interplay of second-order susceptibility, mode matching and phase 
matching within the 7-µm-long flakes. Because SHG is an intrinsic 
property of TMDs, it also serves to quantify the material quality 
and layer thickness. Nonlinear experiments were carried out with 
a pulsed Ti:sapphire laser (Coherent, 80 MHz repetition rate, 162 fs 
pulse width; Supplementary Fig. 4), the output of which was cou-
pled into the fibre core using an aspheric lens with a focal length of 
3.1 mm. Light leaving the fibre was collimated with a ×40 objective 
and coupled into a spectrometer (Horiba Jobin Yvon Triax) with 
a cooled Si charge-coupled device (CCD) detector to measure the 
SH spectra after passing through a series of band-pass filters. The 
power was controlled by an HWP and linear polarizer, as illustrated 
in the schematic of the experimental setup. The input polarization 
was adjusted by a second HWP in front of the aspheric lens.

Although bulk silica itself has zero second-order susceptibil-
ity, there is a minor contribution stemming from the surface of 

the ECF core. This surface imposes symmetry breaking perpen-
dicular to the optical axis, which, in turn, leads to SHG. We use the 
SHG generated by the bare ECF as a reference to compare against 
the MoS2-coated ECFs. Both optical power of the SHG and driv-
ing FW were simultaneously measured. As previously discussed, 
the MoS2-coated ECF has a higher loss per unit length than bare 
ECF due to the absorption and scattering of TMDs. To minimize 
loss-related effects and the impact of nonlinearly induced breakup 
of the pump pulse, we used a short fibre of 3.5 mm length. Figure 
3a displays the recorded spectra of the FW for an averaged input 
power of 80 mW. The generated SH spectra are displayed in Fig. 
3b and demonstrate that SHG in the MoS2-coated ECF is much 
higher than that of a bare ECF, irrespective of the input power. 
For ease of presentation, the SH intensity from bare ECF has been 
scaled up by a factor of 50. We also note that the SH spectrum of 
the MoS2-coated fibre differs in shape from that of the plain fibre, 
most probably due to the frequency dependence of the nonlinear 
response of MoS2 crystals, which has a pronounced resonance at 
the C exciton at 420 nm. Figure 3c shows the power dependence of 
the SHG in coated ECFs, revealing a quadratic dependence on the 
input power, as expected.

Using bare ECFs as a reference, we systematically investigated 
the SHG enhancement of our MoS2-coated fibres. The comparison 
was made for identical input powers between a pair of equal-length 
ECFs by calculating the ratio of SHG power, ϵSHG = PSHG

MoS2 /P
SHG
Bare . 

We observed a 1,113-fold increase in SHG conversion efficiency for 
an input power of 20 mW considerably dropping to about 600-fold 
for 80 mW (Fig. 3d). This drop in enhancement is most probably 
caused by the nonlinear effects that the TMD layer has on the FW, 
which may enhance FW pulse breakup for higher power levels and 
thus quenches SHG33. The more than 1,000 times increase in SHG 
is a testament to the highly nonlinear nature of MoS2, given that the 
fraction of power flowing in the MoS2 monolayer is calculated to be 
only ~3 × 10−5 (Supplementary Fig. 3b).

The role of fibre length is revealed in a cut-back experiment, 
in which we investigate the dependence of SHG efficiency on the 
fibre length (Fig. 4a). First, we measured the SHG spectrum of a 
12-mm-long fibre for horizontal input polarization and then the 
fibre was cut to a shorter length of 3.5 mm. The specific fibre under 
test was densely coated with monolayer MoS2 crystals on the core 
region. Compared with the long fibre, the SHG efficiency increased 
2.5 times for the short fibre, which is subject to further investigations 
and may be attributed to a reduced tendency of FW pulse breakup 
in the shorter fibre. By tuning the FW excitation, we can modu-
late the SH signal due to the wavelength dependence of the nonlin-
ear susceptibility tensor. There are two dominant peaks in the SH 
spectra (Fig. 4b), that is, surrounding 620 and 660 nm; we attribute  
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them to the resonance near the B and A exciton of the MoS2 mono-
layer, respectively. The enhancement in A exciton is stronger than 
from B exciton, although the signal from 680–690 nm was not 
recorded owing to the instability of OPO for those wavelengths.

Tunability of SHG by input polarization. We next investigate the 
dependence of FW on input polarization by tuning it from hori-
zontal (0°, in plane with the functionalized surface) to vertical (90°, 
out of plane with the functionalized surface) (Fig. 5a, black line). 
The power was fixed in this measurement. As expected, the SH 
intensity is the highest for the horizontal polarization of the input 
beam. By altering the input polarization, the SH intensity drops to a 
minimum at 40° before increasing again at 90°. A pulsed Ti:sapphire 
laser with a central wavelength of 800 nm was used in this measure-
ment on the 12-mm-long coated ECF.

This functional dependence is a result of the projection of the 
FH field onto the horizontal parts of the ECF surface scaling like the 
cosine, which is squared in SHG resulting in a total SH power (PSH) 
proportional to the fourth power of the cosine of the input polariza-
tion angle. The same applies to vertical parts of the surface, where 
the cosine is replaced by the sine. Mixed angular terms (for exam-
ple, products of squared sine and cosine) critically depend on the 
geometry and are assumed to be almost negligible from the actual  

multimodal ECF structure. Decomposition into these two compo-
nents yields the following expression:

PSH ≈ P0
(

cos4 (θ) + ϱ sin4 (θ)
)

. (1)

A rigorous derivation of this formula is presented in 
Supplementary Section 4.4. The experimental results are well 
approximated by this formula, as evident from the fitting of the 
experimental data to equation (1) (Fig. 5a). Here θ is the polariza-
tion angle with respect to the x axis and P0 is the nonlinear response 
resulting from the joint interaction of all the possible SH modes at 
θ = 0. Furthermore, ϱ is the relative impact of the SHG excited by a 
horizontal FW as opposed to the vertical FW. We experimentally 
found ϱ = 1.23 from fitting the model. A comparison with the simu-
lation value of ϱ = 4.0, determined from the calculated modes of the 
structure (Supplementary Section 4.4), is an acceptable agreement 
to the measured value given the simplicity of the model and the 
number of approximations made in its derivation.

The complex multimodal nature of the process is also underlined 
by the structure of the SH modes that are mapped as a function 
of input polarization (Fig. 5b–d). It can be seen that neither of the 
intensity distributions is completely symmetric due to the asymmet-
ric structure of the fibres themselves. Note that the SH-field profile 
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does not dramatically vary with input polarization. This is consis-
tent with the data collected from Supplementary Fig. 12, where the 
overlap coefficients can be seen to quantitatively differ between two 
SH modes but also that the ratio between the horizontal (x) and ver-
tical (y) input polarization of the same mode is roughly maintained 
for all the modes.

Nonlinear susceptibility from an individual MoS2 crystal. We 
must clarify that the data needed to produce Figs. 4b and 6 were 
not measured from the same fibre. In this experiment, we have 
used a fibre with a low-density coating of MoS2 crystals to easily 
locate the position of every single crystal by PL mapping. The dis-
tance between adjacent crystals ranges from tens to hundreds of 
micrometres. To quantitatively evaluate the SHG efficiency of our 
MoS2-coated ECFs, we removed all the crystals from an ECF, except 
one by pulse laser ablation. Details on the removal of MoS2 crystal 
are given in Methods and Supplementary Section 2.2. The original 
ECF has a length of around 12 mm and exhibited 30 MoS2 crystals 
on the fibre core. Using a pulsed laser at the central wavelength of 
515 nm, the TMD crystals can be thermally removed. To do so, the 
laser beam was translated along the entire fibre length with a speed 
of 100 µm s–1; a section of the fibre with a single monolayer crystal 
was covered by a silicon wafer. The fibre was subsequently analysed 
using a PL microscope at prerecorded locations of all the crystals to 
verify their successful and complete removal. The remaining crystal 
was chosen to be oriented with a symmetrical axis perpendicular to 
the fibre axis, such that the nonlinear tensor was well aligned with 
the input polarization (Supplementary Fig. 6).

The experimental setup was also slightly modified. The excita-
tion wavelength was set from 1,280 to 1,400 nm because the reliable 

reference data for the χ(2) coefficient of MoS2 was available and the 
loss is less pronounced. Moreover, in this FW-wavelength range, we 
can sweep over the A- and B-exciton resonances, which are indic-
ative of the SHG being generated by the MoS2 crystal. The setup 
shown in Supplementary Fig. 8 was also calibrated to infer absolute 
SHG power levels from noise-corrected grey-scale images to enable 
a quantitative analysis. The input power was set such that 7 mW 
propagated through the fibre.

Figure 6a displays the SH power from the ECF before crystal 
removal (where 30 crystals contribute) and after removal (with 
individual crystals). Both cases have the highest SHG at 680 nm, 
consistent with the A-exciton energy of MoS2. These findings 
underline that the origin of the SHG is indeed from monolayer 
crystals. The SH signal from the individual crystals is lower by a 
factor of 15 to 25, depending on the wavelength, roughly consistent 
with their respective quantities. This ratio is caused by the crystal’s 
random spacing and orientation leading to the incoherent addition 
of their individual SHG contributions. Near the B-exciton energy 
at 640 nm, the SHG ratio between multiple and single crystals is 
considerably higher. This is probably due to the different dynam-
ics of this type of exciton in the case of multiple crystals. The suc-
cessful removal of typical unwanted MoS2 crystal on the fibre core 
and retaining the isolated crystal is confirmed by PL mapping (Fig. 
6b–d). The strong PL emission from the retained isolated crystal is 
shown in Fig. 6d.

Discussion
Using the measured SHG power from the isolated MoS2 mono-
layers and the simulation data of the mode properties given the 
crystal length and orientation, we determine an experimental 
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conversion efficiency of η = 0.2 × 10–3 m–2 W–1 at λFW = 1,360 nm 
and χ(2) of 44 pm V–1. This value is much higher than previously 
discussed SHG-functionalized fibres, for example, based on 
germanium-doped glass (1 pm V–1)36. The overall conversion effi-
ciency is still low, which is mainly due to the short crystals, lack of 
phase matching to the fundamental SH mode and only moderate 
mode overlap. We argue that the conversion efficiency considerably 
increases by enhanced fabrication methods to grow highly oriented 
and large-sized monolayers, which are an active field of research. 
Phase-matching techniques are a well-established topic in fibre 
design, and only need to be applied to the specific problem at hand. 
The easiest leverage is, however, the enhancement of mode overlap. 
As a proof of concept to further enhance the nonlinear conversion 
efficiency, we show that a simple 25-nm-thick coating of HfO2 on 
the TMD monolayer can increase the conversion efficiency 600-fold 
up to η = 0.1 m−2 W−1 (Supplementary Section 4.3), which is indeed 
a value that would be useful for first applications.

Apart from nonlinear light conversion, this work may extend 
into fibre-based remote sensing because SHG has proven to be 
an effective and non-destructive method to monitor strain in 2D 
materials37,38. Light conversion in waveguides functionalized with 
2D materials shows strong potential for further work to optimize 
the nonlinear conversion efficiency by optimizing the field overlap 
and mutually growing oriented crystals. Additionally, ECFs provide 
free access to nonlinear crystals, which can be actively patterned to 
make a coherent buildup of the SH field.

conclusions
In summary, we have demonstrated in-fibre SHG from an opti-
cal fibre with a silica core by functionalization of the core with a 
highly nonlinear monolayer of CVD-grown MoS2. This approach 
of using single crystals on ECF can also be used as a character-
ization tool for 2D materials. Through the measurement of iso-
lated TMD monolayer crystals on the silica fibre, we are able to 
quantify the second-order response of this atomically thin semi-
conductor and the TMD–fibre hybrid. In contrast to bare ECF, we 
observed considerable SHG, most notably from a 3.5-mm-long 
fibre with a dense multicrystalline coating. Further enhancement 
can be expected by tuning the phase matching, optimization of 
field overlap and growth of mutually oriented crystals or large 
monocrystalline films. The scalability of this CVD-based deposi-
tion process is possible and can be expanded to other fibre types 
and materials. This work establishes a highly versatile photonic 
platform to further investigate the optoelectronic properties of 
2D TMDs, with an interaction length that is no longer limited 
by the monolayer material thickness but by the fibre length. 
Efficient, fibre-based, three-wave mixing components may even-
tually be possible, with application scenarios such as SHG sources, 
OPOs/OPAs, optical modulators, optical signal processing or 
spontaneous-parametric-downconversion-based photon-pair 
sources. The longer interaction length and unusual polarization 
geometry may also help explore excitonic properties, for instance, 
related to dark excitons in XSe2-type materials. As SHG is a reli-
able indicator of strain, this work may also expand the applicabil-
ity of fibre-based sensors and active fibre networks.
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Methods
ECF fabrication. The all-silica (SiO2) ECF was manufactured using an ultrasonic 
drilled silica preform with the opening on one side of the central section of the 
fibre to make the exposed core. During the drawing process, the glass and air holes 
are heated to the glass transition temperature in a furnace in a typical temperature 
range of 1,900–2,000 °C. The preform was canned and inserted into a jacket tube 
and then drawn into an ECF. The optical fibre has a comparable geometry to the 
preform, except for the smaller size and much longer length. The fabricated fibre 
has an outer diameter of 175 µm and effective core diameter of 2 µm. Because of the 
chemically inert and temperature-stable process, silica fibre has minimal internal 
stress due to heating and cooling. It can sustain both temperature and atmosphere 
condition of the CVD process. The cross-section and geometry of our ECFs are 
shown in Supplementary Fig. 1.

CVD growth of MoS2 on fibres. MoS2 crystals were grown on the ECFs by a 
modified CVD technique, where a Knudsen-type effusion cell was used to deliver 
the sulfur precursor. Metal oxide MoO3 powder was used as the source of the 
transition metal atoms. Both MoO3 and ECF were put in the second zone of the 
split-tube furnace and heated up to 770 °C at a rate of 40 °C min–1, whereas the 
sulfur precursor was positioned in the first zone and heated up to 200 °C. The 
precursor species were carried out by argon gas with a flow of 100 cm3 min–1 at 
atmospheric pressure. After the growth time of 20 min, the furnace was turned 
off and cooled down to room temperature. The grown MoS2 on the ECFs were 
characterized using optical microscopy (ZEISS Axio Imager Z1.m) and Raman 
spectroscopy (Bruker Senterra spectrometer operated in the backscattering mode 
using 532 nm wavelength obtained with a frequency-doubled Nd:YAG laser, 
together with a ×100 objective and thermoelectrically cooled CCD detector).

PL mapping and spectroscopy. PL and crystal size were mapped with a 
commercial confocal PL-lifetime microscope (PicoQuant MicroTime 200), using 
a 532 nm laser for excitation. The maps were achieved by moving the focus of the 
×100 microscope objective along the ECF core. The device has a spatial resolution 
of the order of 0.5 µm. The fibre was placed flat on the specimen table and thus 
perpendicular to the optical path. The PL signal was detected by a single-photon 
avalanche diode after passing through a series of band-pass filters. The PL spectra 
were recorded by a grating spectrometer (Horiba Jobin Yvon Triax) equipped with 
a cooled CCD camera.

Transverse in-fibre PL mapping. PL was excited with a 532 nm CW laser 
(Lighthouse Photonics Sprout). A scientific complementary metal–oxide–
semiconductor camera (Zyla 4.2 plus) was laterally mounted together with a ×10 
objective to image the sideways PL emission from the grown crystals. A set of 
550 nm long-pass filters was utilized to reject the scattered excitation laser. The 
camera and objective were mounted on a translational stage to map the entire 
length of the fibre.

SHG measurements. Nonlinear experiments were performed with a femtosecond 
pulsed laser with a duration of 162 fs at a central wavelength of 800 nm at a 
repetition rate of 80 MHz (pulsed Ti:sapphire laser, Coherent) and focused into 
the fibres with an aspheric lens. The laser was strongly chirped (short-wave light 
arriving before the long-wave light), the transform-limited pulse duration is in 
the range of 20 fs. No attempt at chirp compensation was undertaken. The signal 
leaving the ECF was collimated with a microscope objective and coupled into a 
Horiba spectrometer (Horiba Jobin Yvon Triax) with a cooled Si CCD detector 
to measure the FW and SH spectra. A band-pass filter was utilized to cut off the 
laser excitation.

MoS2 crystal ablation. To obtain a single monolayer on the ECF, we have used 
a Pharos laser system from Light Conversion to thermally ablate the unwanted 
crystals on the fibre core. The laser has a pulse width of 200 fs, central wavelength 
of 1,030 nm with a frequency doubled to 515 nm, and a repetition rate of 100 kHz. 
The laser beam was put on a translational stage with a scanning speed of 100 µm s–1 
and the light beam was focused by a 200 mm focal lens on the bottom of the 
exposed surface. The width of the ablated region is approximately 60 µm, which is 
helpful to remove all the crystals not only on the core region but also on the curved 
wall nearby with a pulse energy of 4 µJ. To protect the chosen monolayers, a silicon 

wafer with a dimension of 1 × 1 cm2 was covered on top of the fibre near the edges 
during the ablation process.

SHG from isolated MoS2-monolayer measurement. This experiment was 
accomplished with an OPO (Mira OPO-X from APE) pumped by a Ti:sapphire 
mode-locked laser (Chameleon Ultra II, Coherent) with a repetition rate of 
80 MHz, pulse duration of 140 fs and generating tunable pulses from 1.0 to 1.6 μm. 
The SHG from the fibres was imaged onto a thermoelectrically cooled scientific 
complementary metal–oxide–semiconductor Thorlabs camera with a medium 
read noise of 1.4746 e− (r.m.s.) and gain of 0.4853 e− (electron) per ADU (analog 
to digital unit). The quantum efficiency is taken from the datasheet of the camera. 
The signal loss of our experiment setup was determined to be 36.6%. All the signals 
recorded from the camera were compensated for this loss.

Data availability
The minimum dataset that supports the plots within this paper and other findings 
of this study are available in the Supplementary Information and at https://
www.iap.uni-jena.de/iapmedia/microstructure/2d-materials/publicationdata/
ngoetal-shgonfibers-data.zip. More data is available from the corresponding 
authors upon reasonable request.
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