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Abstract

The experimentally retrieved value of the op-
tical extinction cross section per unit length,
Ui\{ T ., of individual MoS, multi-wall nanotubes
is here reported over the 440 - 940 nm wave-
length range, for light polarization both parallel
and perpendicular to the nanotube longitudinal
axis. The impact of nanotube diameter and en-
vironment on o7, is addressed for individual
nanotubes with diameters of 120 and 220 nm,
in suspended, sapphire-supported, and PMMA-
supported configurations. Measuring on indi-
vidual nanotubes is of the utmost importance
given the wide nanotube size dispersion intrin-

sic to the synthesis process. The findings are

interpreted in conjunction with finite element
method simulations, informed by morphological
input parameters from electron microscopies,
offering insight into the respective contributions
of absorption and scattering cross sections per
unit length to the overall O’i\{ T .. These quan-
titative results are of relevance in view of op-
toelectronics applications involving MoS,; nan-
otubes, while providing benchmark values for
theoretical investigations on their nanooptical

response.

Introduction

Recently, transition-metal dichalcogenides nan-
otubes (NTs) have been sparking widespread



research interest.’? Their multi-wall struc-
ture, once considered a limitation, has proven
to be a unique advantage, yielding intrigu-
ing discoveries and numerous applications.®™
Significantly, the relatively novel MoS; NTs
have demonstrated noteworthy optoelectronic
properties,®® encompassing exciton coupling
with cavity modes in large-radius multi-walled
NTs,?!? in addition to nonlinear optical prop-
erties. ' Notwithstanding its importance, the
optical extinction cross section per unit length,
07 ¢er [nm?/mm], which governs the attenua-
tion of an optical beam upon interaction with
a MoSy NT| remains unresolved. Indeed, MoS,
multiwall N'T's synthesis has long been a chal-
lenging and puzzling process. 14716 Only re-
cently a reliable method for producing samples
with pure phases has been developed.!® How-
ever, the method still results in a wide disper-
sion of N'T's sizes and morphologies, thus calling
for measurements on individual NTs. !

In this work, we provide the first quanti-
tative measurements of the optical extinction
cross section per unit length, aJLV, T ., for single
MoS,; multi-wall NTs, examining the spectral
response across the 440-940 nm range, for light
polarization both parallel and perpendicular to
the NT longitudinal axis. The impact of the di-
ameter of the NT (~120 nm and ~220 nm) and
its surroundings on o7 ., is examined by mea-
suring individual N'T's in three distinct configu-
rations: suspended, supported on PMMA, and
on sapphire. These configurations are paradig-
matic for the case of isolated, and wide-band-
gap insulator and polymer-supported NT, re-
spectively. Finite element simulations are per-
formed upon insertion of morphological input
parameters from electron microscopies acquired
on the NTs that were optically measured. Sim-
ulations provide indications on the relative con-
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Methods

MoS, NTs Synthesis. Highly crystalline
multiwalled MoSy N'Ts are synthesized in a hor-
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Figure 1: Structural and morphological charac-
terization. a) SEM micrograph of a measured
individual MoSy N'T after metallization and dis-
placement onto a SiO,/Si substrate (for high
resolution imaging). b) High magnification de-
tail of the central section of the nanostructure
shown in panel a. ¢) TEM micrograph of one
of the investigated NTs and (d) high resolu-
tion TEM micrograph of a section of the same
nanostructure: multi-layered grains with differ-
ent layer orientation are visible. e) Representa-
tive Raman spectrum acquired on a suspended
NT: the two main peaks of MoS, are clearly vis-
ible, while there is no sign of spurious molybde-
num oxide peaks. f) Raman spectra of two NT's
with different diameters (inset: optical images).

izontal reactor equipped with a porous-quartz
reaction cell and a split furnace whose temper-
ature profile is controlled with £2 °C precision.
The process involves multiple steps, each car-
ried out within the same reactor but at dif-
ferent temperatures and flow conditions of re-
active gases. Initially, the temperature is in-
creased to 550-620 °C and the Ny carrier gas
is injected into the reactor for 30 minutes to



obtain an inert atmosphere. Afterwards, the
reactive gases (Hy or/and H,S) and carrier Ny
gas are injected with the flow rates depend-
ing on the reaction step and regulated by elec-
tronic mass flow controllers (MFC). The MoOj3
precursor powder in the porous quartz cell is
inserted in the hot zone and the growth of
suboxide nanowhiskers - intermediate precur-
sors for NTs - starts. The growth follows a
few steps: evaporation of MoOs3 powder into
3-5 molecular clusters, their partial reduction
into MoO, and following “chemical condensa-
tion” of MoO3 and MoQO, vapors into suboxide
Mo4O11 nanowhiskers, while non-volatile MoO,
serves as a center of crystallization. When the
first stage of oxide nanowhiskers growth is com-
pleted, the reaction cell is removed from the
hot zone and the temperature of the furnace
is raised for the next reaction steps. A second
stage is dedicated to the conversion of subox-
ide nanowhiskers into MoS, NTs. When the
600-620 °C temperature and reactor inert atmo-
sphere are obtained, the HyS gas is injected, to
trigger the sulfurization reaction. The oxide-to-
sulfide conversion starts from the nanowhiskers’
surface. Once external walls are grown and the
1D structure becomes stable, the temperature
is increased to 800 °C and the reaction proceeds
inward until all the oxide is converted to molyb-
denum sulfide N'T's with highly crystalline lay-
ered walls. As a result of the difference in the
compounds’ densities, this process leads to the
formation of hollow MoS,; NTs. A detailed de-
scription of this process was reported earlier. '

Nanofabrication. The fabrication proto-
col allows to suspend individual nanostructures
over trenches defined in the deposition sub-
strate, the latter being made of a material that
is transparent within the wavelength range of
interest: 440-940 nm. This allows us to inves-
tigate the N'T's with an optical setup operating
in transmission mode. A 10 x 10 mm? sap-
phire substrate, 0.48 mm thick, was used. Elec-
tron Beam Lithography (EBL), metal (5/50nm
Ti/Au) evaporation and lift-off process were ex-
ploited to realize markers on the substrate, that
are essential for identifying specific individual
NTs and for precisely locating them when the
sample is placed in the optical setup. A second

lithography step allows to define and then etch
micrometric width trenches into a 300 nm-thick
layer of a positive resist based on polymethyl
methacrylate (PMMA). After baking the sub-
strate coated with the PMMA, we drop-cast
NTs, previously diluted in ethanol, onto the
surface at a concentration that ensures a spatial
separation of approximately 10 ym between ad-
jacent nanostructures. Upon drop-casting, op-
tical and electron microscopies reveal the oc-
currence of NTs suspended over the trenches,
NTs laying on the PMMA layer (within two
trenches) and NTs laying on the sapphire sub-
strate (on a trench bottom).

Electron microscopies. The Scanning
Electron Microscope (SEM) images of the NTs
are obtained with a FEI Quanta-200 system.
All the images are captured via the secondary
electron detector and electron beam acceler-
ation of 15.0 kV. For high-resolution images,
and after optical spectroscopy has been per-
formed, the measured NTs are metallized and
displaced onto a SiOs/Si substrate. The struc-
tural characterization of MoS,; NTs is con-
ducted using high-resolution transmission elec-
tron microscopy (HRTEM). The imaging is per-
formed on a ThermoFisher Talos FS200 micro-
scope, equipped with a Schottky field emission
gun (FEG), operating at an accelerating volt-
age of 200 kV. The sample is prepared by dis-
placing the NTs onto holey carbon-coated cop-
per TEM grids, ensuring minimal overlap be-
tween the structures and sufficient transparency
for electron imaging. Imaging is performed at
different magnifications to capture different as-
pects of the NT morphology, with particular at-
tention to the number and arrangement of the
layers in both the pristine and defective regions.
High-resolution images are acquired at low elec-
tron dose rates to minimize beam-induced dam-
age, which is especially critical for nanostruc-
tures like MoSs that are sensitive to prolonged
electron exposure.

pu~-Raman.  Raman spectroscopy is per-
formed on the investigated NT's using a Horiba
LabRAM HR Evolution micro-spectrometer
equipped with a solid-state laser centered at 532
nm (max power 100 mW). We use a diffraction
grating with 1800 G/mm in the single spectra.



Single spectra are recorded on the sample, using
a 100X magnification lens that provides a Gaus-
sian beam focused on the surface with FWHM
~1.5 ym and energy intensity of 0,63 mJ/pm?
over an acquisition time of 5 s with 3 accumula-
tions to reduce noise. The extended spectrum
is automatically generated by the Horiba acqui-
sition software, merging 4 consecutive spectra
acquired with different Raman shift range.

Optical spectroscopy. The extinction cross
section per unit length of MoS; NTs, o}l
is measured using extinction spectroscopy in a
setup equipped with a tunable Ti:Sa femtosec-
ond laser source (Chameleon Ultra II). The
wavelength is extended to encompass the range
440-940 nm by an automated Optical Para-
metric Oscillator (OPO) (Chameleon Compact
OPO-Vis) in conjunction with second harmonic
generation. Two Apochromatic 100X magnifi-
cation objectives with 0.7 numerical aperture
(N.A.) are used to focus light onto the sample
(input objective) and collect the transmitted
signal (output objective). The sample holder
is connected to a piezoelectric controller, allow-
ing for raster-scan operations. The 2D spatial
map of the light transmitted through the nano-
object is acquired via Lock-In detection (see SI
for setup details). A post-processing analysis
of the map, developed in the discussion section,
ultimately allows retrieval of o7/ L.

Simulations. Simulations of the optical
cross sections is performed with input data from
morphological characterization and running ta-
bles of refraction indexes available in the liter-
ature. Numerical models are implemented and
solved via Finite Element Modeling (FEM). Re-
fer to SI for further details.

Results and discussion

Structure and morphology. A combined
SEM and TEM investigation was carried out
on individual NTs from the same growth batch
deposited by drop-casting onto different sub-
strates (SiO9/Si for SEM, or TEM grids), re-
vealing the occurrence of two main populations
of N'Ts displaying average diameters of 120 nm
(small NTs) and 220 nm (large NTs). The same

investigation was then repeated on the NTs
on which optical spectroscopy was performed.
Specifically, Figure la shows the SEM micro-
graph of a large NT laying onto the SiOy/Si
substrate. The image was taken after measur-
ing O'i\c T . of the very same NT originally sus-
pended on the PMMA trench, see Figure 2b.
The nanostructure is 4.3 pm long and displays
a diameter that varies between the two ends of
the NT. However, the high-resolution imaging
of the central section of the NT (the section rel-
evant for extraction of o}'7,), shown in Figure
1b, indicates a diameter of 225 4+ 8 nm.

For the smaller NTs, with diameters in the
order of 120 nm, an extensive TEM study was
performed. Figure 1lc shows the TEM micro-
graph of one of the investigated nanostructures.
This allows to precisely measure the diame-
ter change along the axial direction, indicat-
ing a diameter in the range 116-127 nm. The
NT exhibits the characteristic layered struc-
ture, with multiple walls consisting of MoS,
layers.  Such multiwalled structure appears
inhomogeneouslc and d, with layers occasion-
ally terminating either on the outer surface or
within the wall. This phenomenon, very com-
mon in layered van der Waals materials, oc-
curs when layers within the N'T terminate in a
dislocation-like fashion, disrupting the regular
stacking of MoS, layers. However, rather than
an almost perfectly-ordered crystalline struc-
ture with a few evident layer terminations, the
NTs exhibit noticeable internal contrast varia-
tions, which may indicate some structural ir-
regularities or a degree of inhomogeneity in the
layering. This suggests the occurrence of sev-
eral multiwalled domains with different orien-
tations of the MoS, layers. This scenario was
verified by taking high resolution TEM micro-
graphs of selected areas of the nanostructures,
allowing to clearly identify single multi-layered
domains of MoS,. Figure 1d shows a defective
region of the external region of the NT, where
the MoS, layers are visibly disordered. These
defects may be related to buckling instabilities
or internal stresses that arise as the NT diame-
ter increases, complicating the regular arrange-
ment of layers. Similar considerations hold for
the wide diameter sample.



We used Raman spectroscopy to investigate
the structural properties of the measured indi-
vidual NT's. The main Raman peaks displayed
by the nanostructures are the E,,, that repre-
sents in-plane vibrations of MoS, molecules and
is centered at 380 cm ™! and the Aj,, that repre-
sents out-of-plane vibrations of MoS,; molecules
and is peaked at 410 cm™'.!7 As an example, in
Figure le we report an extended spectrum mea-
sured at a suspended NT site, where the two
typical peaks of MoSs are present. Importantly,
the absence of satellite peaks at 280 cm™! and
816 cm~!, usually attributed to MoO, crystal
phases, ' indicates the excellent purity of the
material. Figure 1f reports the Raman spectra
measured in two NTs with different cross sec-
tions. Both E,, and A, peaks blue-shift pass-
ing from the smaller to the larger NT. In par-
ticular, the Ey, (Ajy) mode is centered at 378
(405) cm™! in the smaller NT and at 382 (408)
cm~! in the larger. In the layered MoS, planar
system, the energy distance between the two
peaks is correlated to the number of layers!’
and the presence of defects.'%?Y Extrapolating
to our case, the observed distance of 27 (26)
cm~! in the smaller (larger) NTs is fully com-
patible with a multiwalled structure with 10 or
more walls of MoS,.

Retrieval of o'/ ,: concept. To outline the
retrieval method, we consider the case reported
in Figure 2a. The Gaussian laser beam, full
width half maximum (FWHM) d and wave-
length ), is focused on a single NT via the in-
put objective, the optical input power on the
sample being P;,. The center of the laser spot
(which is kept fixed in the same position) de-
fines the origin of the coordinate system illus-
trated in Figure 2a bottom panel, where the x
and y axes are taken along the NT longitudinal
axis and perpendicular to it, respectively. The
NT, whose center C' has coordinate (z¢,yc), is
scanned via a translation stage across the en-
tire waist of the laser beam, i.e. starting from
yo = —oo (actually yo < —d) to yo = +oo
(actually yo > +d) while keeping z¢ constant.
For each position yo of the NT, the transmit-
ted light is collected through the output objec-
tive and fed to a photodetector. With reference
to Figure 2a top panel, P, (y¢) indicates the

collected optical power. P, (00) is then the
power collected after transmission throughout
the sapphire substrate only, that is, when the
NT is completely outside the laser beam.

We now relate the output optical power to
the power extinction caused by the presence of
the suspended NT (i.e. NT and the air gap
between NT and the sapphire substrate) and
the substrate. The power extinction, for the
case of the laser beam impinging on the sub-
strate alone (with the NT translated out of
the beam), is Py (00) = Tsup P, with T,y the
power transmission coefficient. The power ex-
tinction adding the N'T is then cast in the form:

Pout (yC’) = Tsub (Pm - Pe]\x[tT (yC)) (1)

The present formulation, accounting for the
cascade of power losses, allows one to define the
NT extinction cross section. Within the present

approach, coherence effects are encapsulated in
PNT (yo). This is achieved by taking P, (yc)

ext
as the measured quantity and using Equation 1,

which then serves as the definition of PYT (yc¢).

Equation 1 is conveniently cast in the form:

Pout (yC) = Pout (OO) X (1 - %) (2)

For the textbook case of an infinitely extended
plane wave with spatially constant fluence, I;,,

impinging on the NT, one would have PN =
oNT % I, with o¥T' [nm?] the NT extinction

cross section. For the present case of a Gaus-
sian laser beam the fluence reads I, (x,y) =
Lin exp(—wzﬂﬂ), with s = d/(2v/2(n2) the

2m 252
standard deviation, yielding:

+5  fyoty
P e) = oXLox [ [ Tl dody

ye—L2
(3)
defines the NT
Inser-

SISl

where o7, [nm?/nm?]

extinction-cross section per unit area.
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Figure 2: Retrieval of o7 ezt Ulustrations for a suspended N'T, D=225 nm.

Panel (a): schematics of the measurement principle. Top panel: side view. Bottom panel: top view.
The laser Gaussian beam (red) is kept fixed over the sample. The origin of the coordinate axis,
O, is taken at the beam center. P, and P, are the input and output (collected) optical power,
respectively. C is the center of the NT of coordinates (z¢,yc). The NT is swept across the laser
beam along the y-axis, i.e. keeping z¢c=0. Panel (b) MoS; NT, D=225 nm, L=4.3 pm, suspended
over a sapphire trench 2 ym wide and 300 nm deep. Red circle: schematics of the laser beam
of FWHM d=650 nm. Panel (¢): P, /maz{P,,;} colormap obtained at A=650 nm, polarization
parallel to the N'T longitudinal axis, scanning a 7 pumx7um area with the NT. The superposed
coordinate axis matches the one in panel (a). Red dashed line: cut passing through the center of
the nanotube and orthogonal to its longitudinal axis yielding P,,(xc = 0,yc)/max{ Py, }. Inset:
P,i(zc = 0,yc)/max{P,,;} data points (blue dots) acquired along the red dashed line and fit
(continuous red line) to Equation 4 normalized to maz{ P }. Panel (d): polar plot of o7'%, for
A=760 nm (black dots) together with its angular fit (red line). Panel (e): o7, vs A for laser
polarization parallel (blue) and perpendicular (red) to the NT longitudinal axis.

tion of Equation 3 into Equation 2 yields: iment L > d. The fact that the value of L is a
few times that of d, renders erf(v/In2L/d) ~ 1.

Pout(yc) = Pou( {1 oV A m This makes the fit function Equation 4 effec-

1 L tively independent of L. The cross section per

xger erf <\/_d) unit length, o} =D x oNT . [nm?/nm], then

(29 + D) becomes the relevant quantity to be addressed
X {er f <\/ln_2yc—) and will be the focus of our analysis for the re-
d mainder of this discussion. We note that,

—erf ( m@yc -D ))} } (4) retrieving o7 ezt irom the previous analysis, i.e.

d Equation 2, we do not take into account the

portion of the scattered field that falls within

the collecting objective’s acceptance angle.?!

This approximation may result in a reduced ex-

tinction cross section, slightly inferior as com-
pared to the full extinction case.

D and L are known from morphological char-
acterization, leaving d and o¥ A, T . as the sole
free parameters. Fitting the experlmental curve
P,.+(yc) with Equation 4 therefore allows us to
retrieve o7 (together with d). In our exper-



Retrieval of 07 ,: experiment. We now
adapt the conceptual framework outlined above
to the actual experiment. We discuss the case of
the NT shown in the SEM image in Figure 2b.
In experiments, the NT is not exactly arranged
perpendicular to the PMMA ridges. Further-
more, once the chip is mounted under the input
objective, the N'T longitudinal axis is commonly
not perpendicular to the translation-stage axis
movement. To overcome these limitations, we
proceed as follows.

We first mount the chip under the input ob-
jective and focus the laser beam on the NT
plane. We then raster scan the NT across a
Tumx 7um area, acquiring P,,; at each posi-
tion. The scan area linear dimensions far ex-
ceed the laser FWHM. The measurement is
performed exploiting lock-in detection. Fur-
thermore, to remedy for possible laser fluctu-
ations, a portion of the incoming laser beam
is fed to a reference photodiode before enter-
ing the input objective, see Figure S1 for a de-
tailed setup. Figure 2c¢c shows the spatial dis-
tribution of P,,;, normalized to its peak value,
obtained by raster-scanning the N'T reported in
Figure 2b, diameter D = 225 nm and length L
= 4.2 um, across a laser beam with wavelength
A = 650 nm, d=650 nm and polarization par-
allel to the NT longitudinal axis.

A cigar-like blue shape is clearly visible in the
colormap. When the center C' of the NT is
moved to coincide with the center of the laser
beam O, the most intense portion of the beam is
attenuated by the NT, hence yielding the min-
imum value of P,,, i.e. occurring at the center
of the cigar-like blue shape. We note that the
contour of the cigar-like blue shape does not ex-
actly represent the NT shape. It would only be
so if the NT dimensions were greatly exceeding
d. This is certainly not the case here for the
NT transversal dimension where d ~ 2.5D, see
SI on this point.

The center O of the Gaussian laser beam and
the NT longitudinal axis are identified in Figure
2c. We then superpose the same coordinate axis
defined in Figure 2a, allowing us to recover the
correct reference frame for Equation 4. Taking
a cut of the colormap data along the y axis (see
the red dashed line on the colormap) thus yields

P,.+(yc) normalized to max{P,,}, see dotted
data points in inset to 2c. The latter trace is
then fitted to Equation 4 upon proper normal-
ization, see continuous red line in inset to 2c,
ultimately yielding o7, The latter quantity
has a marked dependence on the beam polar-
ization: Figure 2d reports o} [, as a function
of the polarization angle taken for A=760 nm.
The coordinate axis superposed on the polar
plot is the same as in panel (c), i.e. the x axis
identifying the NT longitudinal axis. The val-
ues span from a maximum of 628 nm?/nm to a
minimum of 477 nm?/nm for longitudinal and
perpendicular (with respect to the NT axis) po-
larization, respectively. The measurement is re-
peated varying A in the 440-940 nm range and
for light polarization both parallel and perpen-
dicular to the NT longitudinal axis, yielding the
plot in Figure 2e.

Experimental assessment of o7 ,. The
measured values o' T, vs X are reported in Fig-
ure 3 for both parallel (blue dots) and perpen-
dicular (red dots) polarizations. Graphs in the
first row (panels a-c) pertain to small diame-
ter NT's, D ~ 120 nm, whereas the second row
(panels e-g) shows data for wide diameter NT's,
D ~ 225 nm. The first column (panels a and d)
pertains to the suspended NT case, the second
(panels b and e) and the third (panels ¢ and
f) to the PMMA and sapphire-supported NT,
respectively. These are the first available val-
ues for the MoS, absolute extinction cross sec-
tion, setting o7 [, in the tens to few hundreds of
nm?/nm range, depending on wavelength, size,
environment and polarization.

Small diameters: D~120 nm case. 07 L,
is greater for the suspended NT, as com-
pared to the substrate-supported cases, over
the entire wavelength range for both polar-
izations, despite having a slightly smaller di-
ameter than the sapphire-supported NT. For
parallel polarization, o7, for the suspended
NT exceeds by a factor of ~ two those of the
substrate-supported cases in the low- and high-
wavelength region. The values for the PMMA
and sapphire supported NT are within the same
range up to A = 750 nm. The o7, for the
PMMA-supported NT exceeds the sapphire one
for higher A values. The effect of the environ-
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Figure 3: Ui\{ T . vs X for the suspended (a,d), PMMA-supported (b,e), and Al,Os-supported NT
(c,f). Panels in first and second rows report data for small and wide diameter NTs, respectively.
Light polarization parallel (blue) and perpendicular (red) to the NT axis: experimental (dots) and
numerical (full lines) values. Reported sizes are from SEM imaging.

ment is even more pronounced for perpendicu-
lar polarization, where the relative difference of
O’ﬁ T . among the suspended and supported NT
cases is indeed greater at all wavelengths. For
ease of visual comparison, the plots for different
environments are reported on the same graphs
for both parallel (Figure S3a) and perpendicu-
lar polarization (Figure S3c), respectively.
Features are best resolved for the suspended NT
case, enabling the detection of a richer set of
resonances, followed by the sapphire supported
NT, and lastly by the PMMA supported one.
With reference to Figure3da, the resonances at
650-660 nm, 590-600 nm and 450 nm are rem-
iniscent of MoSs A (660 nm), B (602 nm) and
C (459) bulk excitons, respectively. 22724

The features in the PMMA supported NT are a
subset of those of the suspended one. The only
exception is the resonance at 750 nm in parallel
polarization (730 nm in perpendicular polariza-
tion) which, for the suspended case, is split in
two resonances at 710 and 790 nm, respectively.
The case of the sapphire supported N'T exhibits
a distinct although shallow resonance at 550

nm visible in parallel polarization (540 nm in
perpendicular polarization) as compared to the
case of the suspended NT.

Large diameters: D~225 nm case. At vari-
ance with the D=120 nm case, O'[]Y, T . is greatest
for the sapphire supported NTs over the entire
wavelength range for both polarizations, the
values for the suspended and PMMA supported
NT being substantially similar throughout. For
ease of visual comparison, the plots for different
environments are reported on the same graphs
for both parallel (Figure S3b) and perpendicu-
lar polarization (Figure S3d), respectively.

In general, spectral features for D~225 nm
are washed out with respect to the D~120 nm
case. For suspended NTs, o7 [, has compara-
ble values throughout the wavelength range for
both dimensions of the NTs. The optical re-
sponse varies with N'T diameters for the case of
substrate-supported NTs. Specifically, for the
case of the PMMA-supported NT, 070, val-
ues for D~225 nm are slightly superior to the
D~120 nm case for parallel polarization, the
difference becoming seizable for perpendicular
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Figure 4: Absorption Contribution to op Ly

Simulated 077, (full line) and o7'%,, (shaded
area) vs \, for longitudinal (panel (a)) and per-
pendicular (panel (b)) polarization. Experi-
mental data (full dots) are superposed for ease
of comparison. Data are for the suspended N'T,
D = 225 nm case.

polarization. The difference in o'7, between
NTs of wide and small diameters is further
enhanced in sapphire-supported NT's, where
07 age for D~225 nm significantly exceeds the
value for D~120 nm, the difference increasing

for longer wavelengths.

Numerical assessment of o}’ exts We pro-
ceed to investigate, via FEM, the predlctablhty
of the measured results and the role of the pa-
rameter at stake in their determination.

The FEM model, further detailed in SI, ac-
counts for the N.A. of the output objective,
thus mimicking the actual experimental mea-
surement. Simulation key inputs, for comput-
ing the N'T optical response, consist of the NT

geometry and dielectric function. The NT is
mimicked as a hollow cylinder of external and
internal diameters D and D;,, respectively. All
FEM simulations are performed adopting, for
large NTs, D;, = 190 nm and D = 230 nm,
while, for small NTs, D,;,=120nm and D=140
nm. The values adopted for D are close to
the values observed in SEM images, while the
choices for D;, imply wall thicknesses of 20 and
10 nm for large and small NTs, respectively,
that is values compatible with results from Ra-
man spectra.

We take the anisotropic bulk MoS, dielectric
tensor from Ermolaev et al. works.?%20 Specif-
ically these enable accounting for the different
dielectric functions for the in-plane?® and out-
of-plane directions.?® The bulk dielectric ten-
sor is then modified to account for the roll-up
of the MoS, layer to obtain the NT. The im-
pact of different available optical constants ta-
bles for MoS, on the calculated 77, values are
reported in Figure S6a.

Simulation results are reported in Figure 3.
They capture the order of magnitude of o¥T
and qualitatively reproduce the spectral re-
sponse of the experimental data. For the case
of perpendicular polarization, discrepancies are
observed, particularly for the case of suspended
D = 120 nm NT and sapphire-supported D =
232 nm NT. The agreement is less consistent at
longer wavelengths. Nevertheless, the general
agreement is noteworthy. Indeed, simulations
suffer from uncertainties in the input parame-
ters. Namely, the thickness of the measured NT
walls remains uncertain. TEM images in Fig-
ure 1 show that the NT morphology deviates
from that of an ideal tube. Furthermore, NTs
are characterized by the exfoliation of the in-
ternal walls which bundle up and partially fill
the empty space at the core. These findings in-
dicate that the geometry of the adopted model
and the dielectric function may require further
refinement. To test for the former, we run simu-
lations varying either the external (Figure S6c),
internal diameter only (Figure S6d), or both
but keeping the wall thickness unaltered (Fig-
ure S6b). The differences are sizable at long
wavelengths, except for the case in which the
wall thickness is kept constant. This suggests



that the uncertainty on the NT internal mor-
phology, evidenced in Figure 1c, does play a
role. Moreover, the accuracy of the dielectric
function used in these calculations has some de-
gree of uncertainty. The actual dielectric func-
tion is likely influenced by the specific NT mor-
phology and actual MoS, planes orientation,
which could be another reason for the differ-
ences in the numerical results.

FEM simulations allow to gain insight into
the respective contributions of absorption,

NT. and scattering, oM  cross sections per

UL,abs’ L,sca’
unit length to the overall UZL\{ T .. Notably, the
diameters of the NTs are only slightly inferior
to the laser wavelengths, which precludes the
assumption that the extinction cross section is
equivalent to the absorption one. We pin-point
that the present situation is at variance with
the paradigmatic case of individual single wall
CNTs,?" 2 where D < X and the extinction
cross section is solely due to absorption. Based
on Mie theory, we intuitively expect the D=225
nm case to be most affected by scattering. We
therefore focus on the case of the suspended D=
225 nm NT. Figure 4 reports the contribution
of the simulated absorption cross section per
unit length o}'7,, (shaded area) to o} [, (full
line). The measured extinction cross section per
unit length is also reported on the same graph.
The scattering cross section per unit length,
O tea = Op ext — 01 aps» CONtributes similarly to
07 ops for A values in the 400-450 nm range,
becoming the leading term as \ increases, par-
ticularly beyond 700 nm. A similar behaviour
is observed also for the case of D = 120 nm,
although with a less pronounced predominance
of o1 over olT for wavelengths short of 700
nm. Comparison of panels (a) and (b) shows
that parallel polarization enhances scattering
up to ~ 900 nm, whereas it drops off beyond ~
760 nm in perpendicular polarization.

At first, it may seem surprising that absorp-
tion occurs at wavelengths above 700 nm, but
a closer look reveals that it’s actually expected.
Indeed, the imaginary part of the dielectric
function k drops significantly at 700 nm (at 700
nm it falls to one tenth of its value at 600 nm),
consistent with the fact that, in the case of bulk

MoS,, the gap is expected to occur around 700

10

nm wavelengths (1.77 eV). Nevertheless, k is
not strictly null for A > 700 nm?>?% and, when
combined with geometric effects, it still leads
to noticeable absorption. In essence, for wave-
lengths below 700 nm, the dielectric constant is
the main driver of absorption, while above 700
nm, geometric effects take over resulting in Mie
resonances, similarly to localized surface plas-
mon resonance.

Conclusions

In conclusion, we reported the absolute experi-
mental values of the optical extinction cross sec-
tion per unit length of single MoSy multi-wall
NTs in the wavelength range spanning from 440
to 940 nm. Measuring individual NTs enabled
us to correlate results with their specific dimen-
sions, composition, and, to a certain extent,
morphology, a crucial consideration given the
wide dispersion of these properties.

Our measurements reveal a strong depen-
dence on the diameter of the NT and its en-
vironment, with significant variations observed
between suspended, sapphire-supported, and
PMMA-supported configurations. The values
are highly sensitive to the polarization of light,
with distinct differences observed between par-
allel and perpendicular polarizations. Finite el-
ement simulations, informed by morphological
input parameters from electron microscopies,
indicated that both absorption and scattering
contribute significantly to the extinction cross
section per unit length, with the relative contri-
butions varying depending on the NT diameter,
surroundings and light polarization.

The present work is of relevance to a wide
community. On the fundamental side, it pro-
vides benchmark values for theoretical investi-
gations on the nanooptical response of a single
MoS,; NT. Under an applicative stand point, it
will contribute to the rational design of MoS,-
based devices with tailored optical characteris-
tics of potential interest in optoelectronics ap-
plications.

The present work identifies areas for future
research to build upon the current understand-
ing. Notably, the agreement between experi-



ment and simulation was only qualitatively sat-
isfactory in some cases, highlighting the need
for a more accurate dielectric function for real-
istic MoSs multiwall NTs. Along the same line,
further improving NT's morphology would also
enhance the agreement between experiment and
simulations.
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1. Experimental setup.
2. Simulated output signal.

3. Effects of polarization, environment and
diameters.

4. FEM simulations details.

5. FEM: effects of dielectric constants and
morphology.
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