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Scalable Functionalization of Optical Fibers Using
Atomically Thin Semiconductors

Gia Quyet Ngo, Antony George,* Robin Tristan Klaus Schock,

Alessandro Tuniz, Emad Najafidehaghani, Ziyang Gan, Nils C. Geib, Tobias Bucher,
Heiko Knopf, Sina Saravi, Christof Neumann, Tilman Liihder, Erik P. Schartner,
Stephen C. Warren-Smith, Heike Ebendorff-Heidepriem, Thomas Pertsch,

Markus A. Schmidt, Andrey Turchanin,* and Falk Eilenberger*

Atomically thin transition metal dichalcogenides are highly promising for
integrated optoelectronic and photonic systems due to their exciton-driven
linear and nonlinear interactions with light. Integrating them into optical
fibers yields novel opportunities in optical communication, remote sensing,
and all-fiber optoelectronics. However, the scalable and reproducible deposi-
tion of high-quality monolayers on optical fibers is a challenge. Here, the
chemical vapor deposition of monolayer MoS, and WS, crystals on the core
of microstructured exposed-core optical fibers and their interaction with the
fibers’ guided modes are reported. Two distinct application possibilities of
2D-functionalized waveguides to exemplify their potential are demonstrated.
First, the excitonic 2D material photoluminescence is simultaneously excited
and collected with the fiber modes, opening a novel route to remote sensing.
Then it is shown that third-harmonic generation is modified by the highly
localized nonlinear polarization of the monolayers, yielding a new avenue to
tailor nonlinear optical processes in fibers. It is anticipated that the results
may lead to significant advances in optical-fiber-based technologies.

The light-matter interaction length in monolayer transi-
tion metal dichalcogenides (TMD)* on planar substrates is
restricted to sub-nanometers due to their miniscule thickness.

This limitation reduces the total optical
response of the TMDs and restricts pos-
sible applications severely. Therefore,
strategies which enhance the light-matter
interaction are highly desired. Coupling
the TMDs with different types of optical
resonators is a widely used method to
enhance the light-matter interaction.!
It is, however, naturally limited to nar-
rowband resonances, while broadband,
ultrafast operation cannot easily be imple-
mented. On the other hand, by integrating
TMDs on waveguides or optical fibers the
interaction length can be enhanced greatly
in a broadband, non-resonant manner.
The resulting 2D-functionalized wave-
guides (2DFWGs) can utilize the optical
properties of TMDs via interaction with
parts of the evanescent fields of the guided
modes. 2DFWGs can show remarkable
features, leveraging from, for example,
the nonlinear or excitonic properties of the TMDs. Previous
attempts to fabricate 2DFWG rely on mechanical transfer of
exfoliated TMDs onto the waveguides or optical fibers.1%-14
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However, this approach is prone to induce uncontrollable stress
fields and lacks reproducibility and scalability. Thus, such
methods are hardly suitable for future large-scale integration.
A process to grow high-quality monolayer TMDs directly on
optical fibers or waveguides is therefore required to establish
2DFWGs as a new photonic platform. We tackle this challenge
by directly growing monolayer TMDs on the guiding core of
all-silica microstructured exposed-core optical fibers (ECFs),[’]
a cross-sectional scanning electron microscopy (SEM) image of
which can be found in Figure S2a,b, Supporting Information.
Details on ECF-fabrication are given in the Experimental Sec-
tion. The growth of 2D-materials turns the ECFs into 2DFWGs,
in a scalable process. Specifically, we show the growth of mono-
layer MoS, and WS, crystals on the guiding core of all-silica
ECFs and investigate their interaction with the evanescent fields
of highly confined guided modes. The growth is facilitated by a
modified chemical vapour deposition (CVD) process.l'®! ECFs
are compatible with this process, because they consist entirely
of silica, which is a well-studied substrate material for high-
temperature CVD processes and in particular for the growth
of TMDs. The process yields interspersed monolayer TMD
crystals of high quality with a typical length of 20 um on ECFs
with a length of a few centimeters. Our scalable technique
paves the way for 2DFWGs as a new tool for integrated optical
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architectures, active fiber networks, nonlinear light sources,
distributed sensing, and photonic chips.

We highlight the possible functionalities of our 2DFWGs
in two case studies. The first demonstrates in-fiber excita-
tion and collection of exciton-driven photoluminescence (PL)
which may pave ways toward future experiments in excitonics,
remote fiber-based sensing schemes and surface-sensitive bio-
analytics. The second is focused on how the highly nonlinear
TMD coating modifies the nonlinear wave dynamics in ECFs,
by investigating enhanced third-harmonic generation (THG).
In general, this shows that 2DFWGs can be used to enhance
and tailor the nonlinear response of integrated wave systems,
without any modification to the guided modes themselves,
leading to new applications in nonlinear light conversion and
optical signal processing. The overall concept of both of our
experiments is displayed in Figure la. The ECFs have been
coated with MoS, and WS, crystals on the entire grooved sur-
face, which also forms the upper surface of the ECFs core. A
laser is coupled into the fundamental mode (FM) of the ECF,
which interacts with the TMDs via the evanescent part of the
mode. The resulting polarization, for example, PL or third-har-
monic (TH) light, is coupled back into the fiber modes or into
free space, where it can be collected for further analysis. An
optical microscopy image of the coated exposed side of the ECF

into fiber mode
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Figure 1. a) Artist’s impression of a PL experiment with an ECF-based 2DFWG, where PL is excited with the fiber mode and is emitted into freespace
and into the fiber mode which can be detected in either way. b) Optical microscopy image of the MoS,-coated ECF. The MoS2 crystals on the exposed-
core section of the fiber are clearly visible as bright triangles. The inset shows typical Raman spectrum of MoS, monolayer crystals grown on an ECF.
c) Cross sectional SEM image of the core area of the ECF. Bright regions are SiO,, whereas dark regions are free of material. The gas flow on the CVD
reactor is marked by orange arrows d) Simulated norm of the electric field distribution of the fundamental guided mode at 1570 nm. e) Cross sectional
PL mapping of MoS,-coated ECF superimposed with a SEM image for clarification.
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is given in Figure 1b, showing high-quality MoS, crystals. The
focal plane of the image is chosen to coincide with bottom of
the groove running along the entire 60 mm length of the coated
ECF, which is also the top of the exposed core.

Figure 1c displays a cross sectional SEM image of the ECF’s
core area (an SEM image of the entire ECF cross section is pro-
vided in Figure S2a, Supporting Information). The core is sus-
pended by three struts of silica to a homogenous silica cladding
structure. The upper boundary of the core forms the bottom of
a groove, which is running down the entire length of the ECF.
When placed in the CVD reactor(1®l the upper boundary of the
core is thus completely exposed to the CVD reactants. Thus, as
monolayer TMD crystals are grown on the entire outer surface
of the ECF, they are also grown on the exposed upper surface
of the core. Their lateral size, distribution and thickness can be
tuned in the growth process. After careful optimization, mon-
olayers were grown almost exclusively, as can be seen from
the inset of Figure 1b, which displays a typical Raman spec-
trum of the MoS, crystalsi”) on the ECF with a characteristic
spacing of 20.5 cm™ between the Raman modes. This spacing
is consistent with that expected for CVD-grown monolayer
TMDs.['*] Examples of alternative growth modes together with
their Raman spectra are displayed in Figure S2c—e. For more
information on the growth process, please see the Experimental
Section.

The ECF’s core has a diameter of =2 um and supports two
nondegenerate FMs, which are mostly polarized along the x and
y direction. However, the x-polarized FM, with the polarization
aligned parallel to the coated surface, has a better field overlap
with the TMD layer (see Table S1, Supporting Information) and
its polarization is aligned with the large ') -components of
the TMDs nonlinear tensor."® Hence, all experiments and sim-
ulations are carried out with the x-polarized FM. Its field distri-
bution was calculated numerically (more details in Supporting
Information) and is shown for a wavelength 4y = 1570 nm in
Figure 1d. Because of the small size of the core, the FM is well-
confined. A fraction of 1.6% of the electromagnetic energy is
flowing in the air region above the ECF’s core, which can thus
interact effectively with the TMD crystals.

Next, we verify the location and PL activity of the TMD
crystals, grown on the curved ECF core by performing a cross

www.advmat.de

sectional PL emission mapping. The PL map displayed in
Figure le is superimposed on a cross sectional SEM image
of the ECF for easier understanding. Illumination and collec-
tion of PL light were performed sideways through the groove
of the uncut ECF along the direction indicated by the arrow in
Figure le. The PL follows the outline of the ECF groove, which
indicates that the TMD crystals have grown in direct contact
with the entire surface of the ECF. Note that the part of PL light
extending downwards from the center of the image is caused by
the diffraction at the ECF core and its interaction with the con-
focal setup and does not indicate the presence of TMDs within
the core. A PL map along the propagation direction and a PL
spectrum can be found in Figure S4, Supporting Information.
We now focus on guided wave excitation of PL in 2DFWGs,
which is mediated by excitation and decay of excitons in the
TMD coating. Excitons in TMDs["! are particularly appealing
because they exhibit spin valley coupling!?*2%l and are impor-
tant for the emission of single photons.?*8] We couple a green
laser (A = 532 nm) without polarization control into the ECF,
which excites excitons via the evanescent field of the FM (for
experimental setup see Figure S1, Supporting Information).
PL from the TMD monolayers is either emitted into free space
or coupled back into the ECF’s mode. Emission into guided
modes has been observed by imaging the end facet of the fiber
and by measuring the spectrum. The results are displayed in
Figure 2a,b. The image of the PL at the end facet of the ECF is
long-pass filtered to remove residual laser radiation and then
displayed in Figure 2a. For better orientation, a microscopy
image of the ECF itself is superimposed. The PL light is clearly
emitted from guided modes at the core of the ECF. This light
is then analysed spectroscopically, revealing exciton peaks at
678 nm (MoS,;) and 622 nm (WS,) and a spectral full-width at
half-maximum of 48 and 43 nm, respectively. These values do
not significantly differ from the ones reported on planar sub-
strates grown by the same technique.l®l We thus conclude the
material properties are comparable to those grown on planar
substrates and no additional strain has been induced, e.g. due
to different thermo-mechanical properties of the substrate.
Observing PL in the guided mode of the fiber means that
the evanescent field of guided modes can be used to both excite
and collect PLI?°3Y in an integrated optical environment. This
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Figure 2. Modal PL and transmission measurement, where the laser/white light source is coupled into the TMD-coated ECF’s guided mode and excites
excitons in the TMD coating, which emit PL back into the fundamental mode. The PL signal is then recorded after it has propagated through the fiber.
a) False-color image of PL excited by a 532 nm laser in a MoS,-coated ECF. The background image is the back surface of the ECF, recorded through the
same camera. b) Normalized PL spectra of MoS,- and WS,-coated ECF excited by a 532 nm laser. c) Transmission spectrum through a MoS,-coated
ECF. An LED white light source is used for transmission measurement. Values 4> 700 nm are highly influenced by measurement inaccuracy, due to a
lack of power of the light source for this spectral region.
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makes 2DFWGs, such as TMD-coated ECFs, highly interesting
for integrated excitonics and remote sensing applications.

Lateral emission into free space was observed with a camera
mounted sideways, imaging the bottom of the ECFs groove. We
attain compound images of the distribution of PL over a sub-
stantial section of the ECF and thus an image of PL active TMD
crystals. One image such of a MoS,-coated fiber is displayed in
Figure S5b, Supporting Information. From this, we can extract
the distribution and cumulative length of monolayer crystals on
the ECF. For this specific sample we observe 39 distinct MoS,
crystals with an average length of 29 um per crystal and a filling
factor of 5.4%, although the coverage and crystal size have been
significantly increased in later batches after further optimiza-
tion of our growth procedure.

A transmission spectrum through the ECF is displayed
in Figure 2c. It was obtained by coupling white light into the
MoS,-coated ECF. This spectrum is shown with the imaginary
part of the refractive index of MoS,, the two absorption peaks at
619 and 671 nm can thus be clearly connected to the character-
istic exciton resonances the TMD.

2D TMDs are also highly interesting because of their strong
nonlinear optical response per unit thickness.?? For third order
processes this is quantified by the nonlinear refractive index n,
with a reported value of 1) = 2.7 x 107 m*> W™ for TMDs
transferred on waveguides.! It is almost four orders of magni-
tude larger than that of silica, although lower values have been
reported on planar substrates.'® Thus, a TMD coating may have
a substantial contribution to nonlinear effects in ECFs, although
less than 107* of the power flow of the FM is localized in the
TMD at any wavelength (see Figure S6e, Supporting Informa-
tion). The influence on the nonlinearity can be quantified by
calculating the respective contributions of the MoS, coating and
the SiO, core to the overall self-phase modulation coefficient
V= Yos, T ¥si0,.23 Indeed, we find Yyes, > ¥si0, for wavelength in
excess of 1470 nm (see Section 7 (“Supplement 7: Fiber Nonlin-
earity, Self-Phase Modulation, and Third-Harmonic-Generation
Coeflicients”) and Figure S6g, Supporting Information), which
means the nonlinear contribution of the TMD coating domi-
nates for long wavelengths. Note, that even larger y,s, may be
obtained in the future by optimizing the field overlap of the FM
with the TMD coating, opening, for example, the path for TMD
enhanced supercontinuum generation experiments.

While many third order nonlinear processes are observed
in fibers, THG is particularly fascinating, because it relies on
the simultaneous interplay of nonlinearity, mode matching,
and phase matching (PM). We found that there is no appreci-
able modification of the PM by the TMD coating, because all
linear mode properties, except loss, are unaffected by the TMD
coating (see Figure S6, Supporting Information). The ECFs
of the design used here, exhibit PM only for higher-order TH
modes (HOMs) at a TH wavelength of roughly 550 nm, corre-
sponding to a fundamental wavelength of 1650 nm.3+3¢l

To show that THG is indeed enhanced we excited TH with a
pulsed laser operating at Ay = 1570 nm and a pulse duration of
32 fs (see Figure S7, Supporting Information for pulse characteri-
zation).’”) Figure 3a displays the TH spectrum for three different
input energies for an uncoated and an MoS,-coated ECF. Meas-
urements were qualitatively reproducible for individual ECFs
but also across different samples. For ease of representation
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we present data here from a representative sample. We consist-
ently observe more THG in the MoS,-coated ECF, which signi-
fies that the TMD coating does enhance the THG process. This
is particularly noteworthy, as the MoS,-coated ECFs experience
roughly 60% linear loss over the length of the ECF and the com-
parison was made for equal input energy. As dictated by PM we
observe TH not at exactly a third of A, but in a spectral band
ranging from 540 to 560 nm, marked in Figure 3a. The funda-
mental wave (FW) spectrum must thus first nonlinearly broaden
(more details in Figure S8, Supporting Information) into a THG-
relevant sub-band between 1620 to 1680 nm before TH is gener-
ated. This explains the somewhat stronger-than-cubic scaling in
the inset Figure 3a. The similarity of TH spectrum for both ECF
types reassures us that the phase matching (PM) between FW
and TH is indeed unaffected by the MoS, coating.

Because a PM modification is thus ruled out, the observed
TH enhancement must be related to the process of nonlinear
light generation itself. This process is driven by the nonlinear

polarization field P™¢ (%) = E} (%,7;40) - X (%, y)e,. Here,

E,(x,y) is the x-component of the electric field of the FW mode
and x9.(x,y) is the dominating element of the nonlinear
tensor of the THG process for the TMD coating and the silica
core, respectively. The shape of P™S is displayed in Figure 3b
in logarithmic scaling. There are two major contributions: the
spatially smooth nonlinear polarization from the SiO, core
and the strong but highly localized contribution of the TMD
coating, better visible in the inset.

The so-generated TH radiation is distributed onto the TH
modes, the magnitude of which is described by an overlap
coeflicient y™® for every TH mode (see Supporting Informa-
tion). Thus, the addition of the TMD coating does not enhance
the nonlinear interaction for all HOMs equally but it boosts
those that are localized close to the surface and with predomi-
nant x-polarization. This mode-selective nonlinear enhance-
ment is quantified in Figure 3c, displaying ™ values for all
TH HOMs close to the PM point. The PM region contains 11
HOMs and is marked by the shading (see Supporting Informa-
tion for determination of PM bandwidth An). The contribution
of Si0, and MoS, are marked in different colours. While /™
grows for all HOMs, it does so very differently from mode, that
is, the enhancement is mode-selective.

To confirm this model and to compare with the experi-
ment, we only discuss the three HOMs with the largest (™%
marked with M; to M; in Figure 3c. The most dominant HOM
is the M; mode at nyi = 1.379. ;"9 is approximately dou-
bled due to the MoS, coating. The second strongest contribu-
tion for the bare ECF comes from the M, mode at nff = 1.366,
y,'® increases by =2.5 upon application of the TMD coating.
Upon coating; however, it is superseded by the M; mode at
nst = 1.383, which almost quadruples its % ©. The modes
profiles of M;, M,, and M; can be found in Figure S9, Sup-
porting Information.

The mode-selective enhancement of the overlap coefficients
is reflected in spatial distribution of the TH light as seen in
images recorded by a camera, focused to output plane of the
ECFs, displayed in Figure 3d,e for a bare and an MoS,-coated
ECF of identical length, respectively. The single peak marked
with the white oval at the top of the bare ECF is replaced by

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 3. a) Third-harmonic spectra. The THG band from 540 to 560 nm is marked in orange. (Inset) Power dependence of the THG for the MoS,-
coated ECF, with a cubic fit. b) Log-plot of the nonlinear polarization field, driving THG. The field is generated by the cubed FM and the nonlinear

action of SiO, and MoS,. The inset is a zoom of the exposed surface, showing the strong and highly localized nonlinear polarization from the MoS,.

c) Modal THG overlap coefficients (") at a TH wavelength of 550 nm, calculated for all HOMs k, which are close to the phase matching point at

nf¥ =1.373 . The PM region with An < 0.012 is marked in blue. The stacked colored bars mark the contributions of the SiO, core (blue) and the MoS,

coating to ¥{™%) (orange), respectively. d) Experimentally acquired image of the light distribution of the THG field at the end of a bare ECF. e) Experi-
mentally acquired picture of the light distribution of the THG field at the end of a MoS,-coated ECF. f) Simulated picture at the end of the ECF as a
superposition the M and M,, with an 80/20 power distribution, according roughly to the overlap coefficients for the bare ECF. g) Simulated picture at
the end of the ECF as a superposition the M;, M, and M3, according to a 62/13/25 power distribution according roughly to the overlap coefficients for
the MoS,-coated ECF. In (d)—(g), the white ovals and green circles mark regions, in which the coated and uncoated ECF show appreciable differences.

a broader and weaker triple peaked distribution for the MoS,-  also demonstrated that 2D materials modify nonlinear optical
coated ECF. Moreover, the field is less localized and extends  processes intricately by investigating the enhancement of third-
further into the bottom strut for the MoS,-coated ECF in the  harmonic generation, which is found to be highly mode selec-
region marked with the green circle. Qualitatively, both distri-  tive. This may well enhance the design freedom for highly non-
butions can be reproduced by a simple superposition of the M;,  linear guided wave systems and may be utilized in nonlinear
M, and M; modes, displayed in Figure 3f,g, where the super-  fiber devices. Altogether the direct growth of 2D materials on
position coefficients are chosen according to the relative values ~ waveguides is opening a novel path toward the scalable and
of the overlap coefficients y;"® with and without the MoS,  reproducible functionalization of waveguides, fibers, and other
coating. Both the modifications at the top and bottom of the integrated optical systems.
image are well-reproduced for such a simple model, particularly
in light of the large uncertainties of the linear and nonlinear
coefficients of MoS, and the impact of the random distribution . .
of the crystals on the ECF. Experimental Section

In summary, we have shown that high-quality crystalline ECF Fabrication: The fused silica ECF was fabricated using an
monolayer TMDs, for example, MoS, and WS,, can be grown  ultrasonic drilled silica preform that was then cut open on one side
directly on the core of microstructured exposed-core fibers in  to expose one part of the central section of the fiber. The preform was
a scalable CVD process. This process functionalizes the optical then can‘ed and msgrteﬁ into a jacket tu-be, which is then drawn into an
fibers, creating a new platform to investigate and utilize the EFZF. Active prg;surlzatlon was usgd during the draw on the ce:'ntral cane

- . - piece, to stabilize the structure.” The fiber has an outer diameter of

optoelectronic properties of 2D TMDs. Excitonic and non- 2 um (see Figure S2a, Supporting Information) and an effective core
linear functionalization is demonstrated in two case studies.  diameter of 2 um.
First, we excite and collect excitonic photoluminescence from CVD Growth of TMDs on Fibers: MoS, and WS, crystals were grown

monolayers in the optical fiber, which may give access to, for ~ on the ECF (fixed on a quartz holder) by a modified CVD growth method
in which a Knudsen-type effusion cell is used for the delivery of sulfur

example, remote sensing schemes, leveraging on the sensitivi ) '
16
precursorl® from sulfur-powder and metal-oxide powder is used to

O,f the TMD excitons to the enVllronmen.t. M.oreover, 1t may pro- supply the transition metal. Details of the method are given in ref. [16],
vide a new platform to investigate excitonic effects over long  f5m which no modifications were made, except for the usage of ECFs as
interaction lengths. A connection with in-fiber electrodes could  the substrate. The grown TMDs on the ECFs were initially characterized
be used to facilitate novel ultrafast detectors for light. We have  using optical microscopy (Zeiss Axio Imager Z1.m) and Raman
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spectroscopy (Bruker Senterra spectrometer operated in backscattering
mode using 532 nm wavelength obtained with a frequency doubled
Nd:YAG Laser, a 100x objective and a thermoelectrically cooled CCD
detector).

Microscopic PL  Mapping and Spectroscopy: Photoluminescence
mapping was carried out with a commercial confocal PL lifetime
microscope (Picoquant Microtime 200), with an excitation laser
operating at 532 nm. The maps were created by moving the sample
along the focus of the microscope’s objective, which had a magnification
of 64x. The resulting spatial resolution is estimated be in the range of
500 nm. Detection of the PL signal was carried out with an avalanche
photodiode. Alternatively, the PL microscope was connected to a grating
spectrometer (Horiba Jobin Yvon Triax) equipped with a cooled CCD
detector to measure PL spectra.

In-Fiber and Transverse PL Mapping and Spectroscopy: To record PL
and transmission spectra, the incoming light was focused into the fiber
core. For PL spectroscopy the outcoming light was passed through two
550 nm long-pass filters and then imaged into a spectrometer (Horiba
Jobin Yvon Triax), with a cooled Si-CCD-detector. PL was excited with
a 532 nm laser (Lighthouse Photonics Sprout), whereas transmission
spectra were excited with a white light diode. Alternatively, the light was
imaged onto a CMOS camera (Zyla 4.2 sCMOS), to image the PL at the
output facet. The camera was alternatively mounted laterally together
with a 10x objective imaging the sideways emission of PL from these
crystals. Again, a set of 550 nm long-pass filters was used to reject
scattered light from the excitation laser. The camera and the objective
had been mounted on a motion stage to map larger sections of the fiber
side.

THG Measurements: Nonlinear experiments were carried out with a
femtosecond laser emitting pulses with a duration of 32 fs at a central
wavelength of 1570 nm at a repetition rate of 80 MHz (Toptica FemtoFiber
pro IRS-11) and focused into the ECF with an aspheric lens. Light leaving
the fiber was collimated with a microscope objective and coupled into an
optical spectrum analyser, to measure the FW and the TH spectra.

Supporting Information
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