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Abstract

Bulk transition metal dichalcogenide (TMDC) nanostructures have been regarded as promising material
candidates for integrated photonics due to their high refractive index at the near-infrared wavelengths. In
this work, colloidal TMDC waveguides with tailorable dimensions are prepared by a scalable synthetic
approach. The optical waveguiding properties of colloidal nanowires are studied by the near-field
nanoimaging technique. In addition to dependence on thickness and wavelength, the excitonic responses
and resultant waveguide modes in TMDC nanowires can be modulated by the environmental temperature.
With the high-throughput production and tunable optical properties, colloidal TMDC nanowires highlight

the potential for active optical components and integrated photonic devices.

Main text

The emerging transition metal dichalcogenides (TMDCs) have demonstrated remarkable physical
properties, including tunable bandgaps, strong photoluminescence from monolayers, strong excitonic
effects, and valley polarization. They have been widely exploited for many optoelectronic applications,
including photodetection and light emission,’> © with the potential to outperform conventional
semiconductor materials.

While monolayer and few-layer TMDCs continue attracting intensive research attention, bulk TMDCs
are recently realized to be promising dielectric materials with high refractive indexes, which highlight
notable advantages in low optical loss and high compatibility with the prevailing silicon electronics.[’]
High-index dielectric nanostructures also support strong electric and magnetic Mie resonances that are
suitable for optical nanoantennas and metasurfaces.[®! Silicon-based metamaterials have been extensively
investigated for wavefront control, chiral optics, topological nanophotonics, and nonlinear optics, etc.>*%
Recently, TMDC nanostructures have been studied as dielectric nanoresonators to simultaneously support
pronounced Mie and excitonic resonances.[**®1 The strong coupling between intrinsic excitons and
geometrical resonances leads to tunable exciton polaritons in TMDC nanostructures,** 1611 providing a
simple and compact materials platform for active polaritonic and optoelectronic devices.

In addition, TMDCs feature higher refractive indexes in the visible and near-infrared regimes than
those of silicon and common 111-V semiconductors (Figure S1, Supporting Information),[*® %1 which is
favorable for a variety of integrated photonic applications. Optical components made of bulk TMDCs are
predicted to have superior performances compared with conventional semiconductors.??) Experimental

demonstrations of subwavelength TMDC nanostructures for light confinement and waveguiding have also



been reported.?" 221 However, current methods to prepare TMDC nanostructures rely on advanced
lithographical strategies, which usually involve complex steps and careful testing procedures.??? In this
regard, a versatile and high-throughput approach to produce TMDC nanostructures is highly desired to
fully unleash their potential for practical nanophotonics. Here, we show the chemically synthesized high-
quality TMDC nanowires can function as optical waveguides with tailorable dimensions and optical
responses. We present the near-field study of colloidal MoS; waveguides (Figure 1a) and investigate the
dispersion relations with variable thicknesses and incident laser wavelengths. The temperature-dependent
excitonic properties of MoS; also result in tunable optical waveguiding properties, which offers additional
flexibility in designing active integrated photonic devices.

MoS> nanowires are synthesized via a two-step sulfurization reaction (see Experimental Section and
Figure S2).122l MoO3 nanowires function as both the precursor material and the template to control the size
of final MoS> nanowires. The as-synthesized colloidal nanowires with tunable dimensions can be easily
deposited onto any substrates (Figure 1b). Figure 1c shows the typical scanning electron microscopy (SEM)
images of the MoS; nanowires with a length of 5-20 um. The composition and chemical purity of the final
product is confirmed with Raman spectroscopy (Figure 1d), where the representative El»g and Aig bands
can be identified.[?4]
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Figurel. General concept and characterizations of colloidal MoS; nanowires. a) Schematic showing the near-field
imaging of MoS, waveguides. b) Optical images of the deposited colloidal MoS; nanowires with varying
dimensions. ¢) SEM images of colloidal MoS; nanowires. d) Raman spectrum of MoS, nanowires. Scale bars: (b)

10 pm, (c) 5 pm.



The optical waveguiding properties of individual colloidal MoS; nanowires are investigated by the
near-field nanoimaging technique, known as scattering-type scanning near-field optical microscopy (s-
SNOM, see Experimental Section).?> 28] Compared with far-field methods, such nanoimaging technique
enables the direct visualization of real-space distribution and propagation of localized electromagnetic
fields within the subwavelength waveguides.’?’?°1 Figure 2a-c show three colloidal MoS; waveguides
with the thickness of 60, 80, and 95 nm, respectively. The corresponding near-field images are presented
in Figure 2d-f, where clear fringe patterns along the nanowire axis can be observed. During the near-field
measurement, the incident laser beam with a wavelength of 800 nm is directed onto an atomic force
microscope (AFM) tip to excite the waveguide modes, which propagate along the MoS; nanowire and get
scattered at the sample edge. The fringe patterns are generated by the interference between the tip-scattered
light and edge-scattered photons (Figure S3). The in-plane wavevector q, i.e., the propagation constant, of

the excited waveguide mode in a MoS; nanowire can be determined by the fringe period p by[?"
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where 4, and k, are the wavelength and wavevector of the incident light, respectively. @ is the incident
angle, and « is the angle between the nanowire axis and the projection of incident light in the sample plane
(see Figure S3 for the detailed configurations).

To accurately extract the fringe period p for wavevector analysis, we plot the real-space amplitude of
the fringe profiles (Figure 2g) and apply Fourier transform (FT) to obtain information in the momentum
space. The FT profiles show two distinct peaks, including the low-frequency air model?®! and the
waveguide mode Ef. The wavevector of the air mode remains largely unchanged with the varying
thickness. In contrast, the wavevector of the E; mode clearly shifts to higher frequencies for thicker MoS:
nanowires (Figure 2h). The in-plane wavevectors are then calculated based on Equation 1 and plotted in
Figure 2i. According to Marcatili method for the rectangular dielectric waveguide model % the

wavevector g of EJ,, mode can be written as
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where k, and k,, are transverse wavevector components in the cross-sectional plane, ¢, &, and & are the
relative dielectric constants of MoSy, air, and the substrate, respectively, d and w are thickness and width
of the nanowire, respectively (see Inset in Figure 2i); m and n stand for different mode numbers and are
obtained from the solutions of Egs. (3) and (4). We calculate the theoretical wavevectors of the EJ; mode
as a function of waveguide thickness, which agree well with the experimental results (Figure 2i). The
simulated mode profiles are also shown in Figure S4, where the high-index MoS2 nanowires can confine

electric fields in the waveguide with minimal leakage.
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Figure 2. Near-field imaging of MoS, nanowires with different thicknesses. a-c) AFM images of three MoS;
nanowires with the thickness of (a) 60 nm, (b) 80 nm, and (c) 95 nm. The height profiles across the nanowire axis
are embedded. d-f) The corresponding near-field images of MoS, nanowires in (a-c). The incident wavelength is
800 nm. g,h) Real-space fringe profiles and corresponding FT profiles extracted from (d-f). i) Experimental and
theoretical thickness dispersions of the Ef; waveguide mode. Insets show the cross-sectional view of the waveguide
configuration. Scale bars: (a-c) 2 um.

To determine the propagation length (Lp) of the waveguide mode, we perform an inverse Fourier
transform process for the FT profile after filtering out the short (< 3 pm™) and long (> 5 um™) spatial
frequencies.i?! The fitting of this new fringe profile with an exponentially decaying envelope yields a
propagation length L, = 3.1 um (Figure S5). The obtained propagation length is similar to that of reported



TMDC waveguides prepared from exfoliated flakes,?” 21 indicating the high materials quality of our
colloidal nanowires.

Next, we study the dispersion of the MoS; waveguide. Figure 3a shows near-field images of the same
nanowire in Figure 2c at different excitation wavelengths (4,). The real-space fringe amplitude and the
corresponding FT profiles are presented in Figure 3b and Figure 3c, respectively. With increasing
wavelengths, the E7; mode moves toward lower frequencies. We calculate the theoretical wavelength-
dependent wavevectors of the EJ; mode based on Equation 2, and the results match with the

experimentally obtained in-plane wavevectors (Figure 3d).
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Figure 3. Wavelength dependence study. a) Near-field images of a MoS; nanowire with a thickness of 95 nm under
different laser wavelengths. b,c) The real-space fringe profiles and corresponding FT profiles. d) Experimental and

theoretical data of the Ef, mode. Scale bar: (a) 2 um.

Last, we explore the possibility of modulating optical waveguiding properties by changing the
environmental temperature. With a customized heating stage in the experimental setup, we measure the
temperature-dependent near-field images of a MoSz nanowire (Figure 4a). By tracking the peaks in the
FT profiles of the fringes (Figure 4b), we observe the increasing spatial frequencies of the E;;, mode under
the elevated temperature (Figure 4c). This thermal tunability can be interpreted by tuning excitonic
properties of MoS; via the environmental heating strategy. We first use the Lorentz oscillator model to fit

the dielectric function of MoS; at room temperature!®
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where E is the photon energy, b is the background permittivity, fj, Eexj, and yexj are the oscillator strengths,
exciton energies, and exciton linewidths of the three oscillators (A, B, and C excitons), respectively. As
shown in Figure 4d, a reasonably good fitting can be obtained (see Table S1 for fitting parameters), which
permits the modelling of temperature-dependent dielectric function caused by exciton tuning.
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Figure 4. Thermal tunability of waveguide modes. a) Near-field images of a MoS; nanowire with a thickness of 80
nm under different temperatures and at the wavelength of 800 nm. b,c) The real-space fringe profiles and
corresponding FT profiles. d) Dielectric function of bulk MoS; reported by Ref. 2 (solid curves) and its fitting
(dashed curves) by the Lorentz oscillator model. e) The modelled temperature-dependent dielectric function of bulk
MoS: after considering the exciton energy redshift and linewidth broadening at higher temperatures. f) Experimental

and theoretical data of the E{Y, mode. Scale bar: (a) 2 um.

The temperature-dependent exciton energy and linewidth can be described by[33 341
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Vex(T) = Vex(o) + V,T (7)
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where T is the temperature, E,,.(T) and y,, (T) are the energy and linewidth of excitons at the temperature
of T, respectively, E,,(0) and y,, (0) are the energy and linewidth of excitons at 0 K, respectively, S is a
dimensionless coupling constant to phonons, (Aw) is the average phonon energy, kg is the Boltzmann
constant, and y' is the exciton-phonon coupling strength. We model the dielectric function of MoS; at
higher temperatures after accounting for the energy redshift and linewidth broadening (Figure 4e, see
Table S1 for fitting parameters). The theoretical wavevectors of the EJ, mode under different
temperatures are calculated based on the modeled dielectric function, which is in good agreement with the
wavevectors measured by the near-field experiments (Figure 4f). Such thermal modulation of excitons in
TMDC nanowires and the resultant tunability in optical waveguide modes provide additional possibility
for applications in tunable photonic devices.

In summary, we report the near-field nanoimaging of guided modes in colloidal TMDC waveguides.
High-quality MoS, nanowires are prepared in a scalable way without the need of lithographic methods. In
addition to the thickness and photon energy dispersion, we demonstrate the thermal tunability of the
waveguide mode in TMDC nanowires through the exciton tuning strategy. This approach is expected to
be applicable to other TMDC nanostructures as well. Our results show the potential of high-index TMDC
materials for applications in integrated nanophotonics and tunable optical components. Moreover, being
in the colloidal state, the TMDC nanowires reported here provide additional advantages for practical
implementation, such as on-demand deposition to any substrates as well as easy integration with optical
and electric manipulation techniques(?® 5-%1 for controlled positioning and assembly of TMDC

nanostructures with enhanced functionalities.

Experimental Section

Synthesis of colloidal TMDC waveguides. MoOs nanowires are first synthesized as the precursor and
template to prepare MoS> nanowires. In a typical hydrothermal synthesis, 1 g ammonium heptamolybdate
tetrahydrate ((NH4)eM07024-4H,0) is added into 20 mL deionized (DI) water, followed by vigorous
stirring. After adding 5 mL HNOg, the solution is transferred to a 30 ml Teflon autoclave, which is
maintained at 180 °C for 20 hours to obtain the powder of MoO3z nanowires. Next, MoS, nanowires are
prepared by a standard chemical vapor deposition method in a vacuum tube furnace. Two quartz boats
filled with 0.5 g sulfur powder and 0.1 g MoOgz nanowires, respectively, are placed into a one-end-sealed
quartz tube with a separated distance of 20 cm. The tube pressure is reduced to 20 mTorr and Ar gas (50

sccm) is used as the carrier gas. The reaction temperature is set to 500 °C for 30 min to convert MoOs



nanowires into hybrid MoS2/MoO> nanowires. Last, a second heating cycle at 900 °C for 30 min is carried
out to convert hybrid nanowires into pure MoS; nanowires.

Materials characterizations. The morphology of MoS, nanowires were characterized using a FEI
Quanta 650 SEM and the Raman measurement was conducted with a Renishaw system using a 532 nm
wavelength laser.

Near-field nanoimaging. The setup is developed based on a commercial near-field optical microscopy
system (Molecular Vista).*® A platinum-coated AFM tip with a tapping frequency Q of ~250 kHz and an
apex radius of ~25 nm is used. A femtosecond laser beam from Spectra Physics with tunable wavelengths
from 750 to 850 nm is directed to the AFM tip via a parabolic mirror. The typical optical intensity of the
laser beam before entering the AFM chamber is ~ 0.5 mW. The scattered light is then collected by the
parabolic mirror and redirected to an avalanche photodiode detector (Thorlabs) after it interferes with a
reference beam from the reference mirror, per the scheme known as homodyne detection.®®! The signal
from the detector is sent to a lock-in amplifier for signal demodulation at the third harmonic of the tapping
frequency to suppress the background noise.

Optical simulations. The calculated in-plane wavevector (or propagation constant) q by the Marcatili
method was confirmed by simulations using a commercial package (COMSOL Multiphysics 5.2, wave
optics module) based on finite element method. A waveguide was modeled on its cross-sectional plane as
a rectangle with rounded corners (rc = 20 nm), a fixed width (w = 300 nm), and a varying thickness d,
sitting on a semi-infinite substrate with an index ns = 1.5. By using the mode analysis solver, possible
effective mode indices were searched around the refractive index of MoS; at 800 nm wavelength.

Supporting Information

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