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Unveiling the giant polarisation ratio of chiral
photoluminescence in MoS, nanorolligami
fabricated using a centre-to-edge rolling
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We introduced mechanical strain to systematically roll monolayer
(1-L) MoS; into nanostructures with diameters ranging from 100 to
200 nm. The rolled MoS; regions exhibit unique anisotropic optical
behaviour compared to the flat regions (thickness <1 nm), as
analysed through polarisation-resolved photoluminescence (PL)
and Raman spectroscopy. Raman spectroscopy revealed that the
E>g/A14 intensity ratio under circular polarisation was approximately
0.25 in the rolled regions, whereas it approached zero in the flat
region. These findings highlight pronounced optical anisotropy and
symmetry breaking in rolled MoS,, distinguishing it from the iso-
tropic flat regions. Additionally, angular-dependent PL measure-
ments demonstrated a strongly enhanced linear polarisation ratio
(LPR) of 28% and a circular polarisation ratio (CPR) of 37% in the
rolled regions, indicating strong optical anisotropy. In contrast, the
flat MoS, regions exhibited isotropic behaviour, with LPR and CPR
values typically around 8%. Our results demonstrate that rolling-
induced localised deformation profoundly modifies exciton polarisa-
tion behaviour in MoS,. Enabling precise light filtering and nanoscale
manipulation via nanoscrolling of the two-dimensional materials,
our work lays the foundation for next-generation optoelectronic
devices with tailored optical responses and enhanced functionality.

Introduction

Two-dimensional (2D) transition metal dichalcogenides

(TMDs) have demonstrated the potential to revolutionise the
field of nanotechnology due to their exceptional electronic,

“ Department of Condensed Matter Physics, Faculty of Mathematics and Physics,
Charles University, Ke Karlovu 5, 121 16 Prague 2, Czech Republic.

E-mail: jana.vejpravova@matfyz.cuni.cz

b Department of Low-Dimensional Systems, J. Heyrovsky Institute of Physical
Chemistry, Dolejskova 3, 182 23 Prague 8, Czech Republic

¢ Department of Analysis of Functional Materials, Institute of Physics of the Czech
Academic of Sciences, Na Slovance 2, 182 00 Prague 8, Czech Republic

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d5nh00291e

2972 | Nanoscale Horiz., 2025, 10, 2972-2985

New concepts

We introduce a novel mechanochemical strategy—nanorolligami—for
engineering optical anisotropy in monolayer MoS, by inducing controlled
rolling through surface hydrophobization. This center-initiated, slow
rolling process, moderated by flake tearing, enables scalable fabrication
of uniform nanostructures with diameters of 100-200 nm. Unlike pre-
vious approaches relying on external fields or complex patterning, our
method leverages surface chemistry to achieve precise control over
nanoscale curvature and chiral morphology. These rolled regions exhibit
markedly enhanced chiroptical properties. Polarization-resolved photo-
luminescence measurements reveal circular and linear polarization ratios
of up to 37% and 28%, respectively—substantially exceeding the ~ 8%
observed in unrolled regions. This enhancement is driven by local field
effects, interlayer scattering, and geometric confinement-induced optical
resonances, offering a new pathway for modulating light-matter interac-
tions in 2D systems. This work establishes a new platform for tuning
optical properties via structural reconfiguration and provides fundamen-
tal insight into symmetry breaking and chiral photophysics in van der
Waals materials. The nanorolligami approach holds promise for a broad
range of applications, including chiral light emitters, polarization-
sensitive detectors, and enantioselective sensors, advancing next-
generation nanophotonic and quantum technologies.

optical, and mechanical properties.™* Recent efforts to enhance
their performance - primarily through sophisticated exploita-
tion of unique light-matter interactions - have involved their
transformation from flatness to various layered®* and confined
structures.>®

Among these architectures, micro- to nanoscrolls of TMDs
have recently emerged as highly promising variants, benefiting
from the mesoscopic corrugation of the original TMD mono-
layer (1-L). This modification enhances the material’s aniso-
tropy and opens new possibilities for diverse applications.”*°
Notably, this transformation retains the high surface area
characteristic of 1-L counterparts while introducing distinct
optical, electronic, and mechanical characteristics.”™**

Generally, the rolling process induces mirror symmetry
breaking, similar to that observed in carbon nanotubes
(CNTs)."® However, its impact is expected to be less pronounced

This journal is © The Royal Society of Chemistry 2025
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due to the diameter differences between the typical TMD-based
scroll (ranging from micrometres to several tens of nano-
metres) and CNTs. Nevertheless, mesoscopic corrugation may
still enhance key physical properties, such as photolumines-
cence (PL) and charge transport.”*

The most striking effects of rolling can be observed in the
optical response. In multilayer TMDs, strong interlayer coupling and
defects typically reduce the intensity of PL."”> However, in the
artificially rolled architectures, the absence of such strong
interlayer coupling allows each layer to contribute independently to
the overall PL intensity,""'® making these rolled structures highly
suitable for advanced and optoelectronic photonic applications.>"” "

Thus, nanoscrolls have the potential to amplify the photon
absorption cross-section, thereby enhancing light absorption
efficiency. Furthermore, shape anisotropy can selectively
enhance the emission of certain polarised light components
compared to 1-L TMDs.'”'#?%?" In addition, recent work has
demonstrated that MoS, nanoparticles can exhibit enhanced
photothermal effects under visible laser excitation due to
efficient light trapping and anisotropic absorption, which could
be further amplified in rolled geometries illuminated by circu-
larly polarized light.*?

Another interesting consequence of rolling is the local field
effect, which is particularly advantageous in optoelectronic
devices requiring strong and controllable light emission.>
Additionally, the nanorolling of TMDs influences the photo-
generated current by minimising internal scattering and
recombination losses - critical factors for applications in
photodetectors and solar cells.®*%*217:18

Recently discovered Janus-type narrow nanoscrolls have demon-
strated the potential to enhance the rolling effect by introducing
intrinsic out-of-plane built-in electric fields due to the different
chalcogens within the rolled layer. However, strong interlayer
interactions have been reported in these tubular structures.”**®

Marking the 10th anniversary of
Nanoscale Horizons is a special
occasion, and I am truly
delighted to be part of it. Over
the years, 1 have followed the
journal closely—as a regular
reader, a dedicated reviewer,
and a strong admirer of its
commitment to excellence across
disciplines. Being named an
Outstanding Reviewer in 2023
was a great honor, and it
deepened my connection with a
Journal that consistently
highlights some of the most exciting advances in nanoscale
science. I'm especially pleased to now contribute as an author
and share our latest work through this high-impact platform.
Congratulations to Nanoscale Horizons on a decade of
outstanding science—I look forward to seeing how it continues to
shape the field.

Jana Vejpravova

This journal is © The Royal Society of Chemistry 2025
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Although the rolled TMD-based architectures offer numer-
ous promising applications, in particular in optoelectronics
and photonics, the absence of a reliable method for the large-
scale fabrication of smoothly rolled flakes limits the broader
utilisation of nanoscrolls in these emerging concepts.

Furthermore, the valley-related physics inherent to TMDs
positions the interaction of chiral light with these materials as a
fundamental aspect in optically driven valleytronics and other
applications that harness chiral and non-trivial light. However,
despite its profound implications, this avenue remains largely
unexplored in the scrolled TMD-based architectures.”®>®

In this work, we introduce a robust fabrication method
yielding regular nanoscrolls of 1-L MoS, on a SiO,/Si substrate,
formed through symmetric centre-to-edge rolling. We success-
fully prepared rolled structures with varying thicknesses ran-
ging from 100 nm to 200 nm.

Following a thorough state-of-the-art characterisation, we
employed polarisation-resolved Raman and PL microspectro-
scopy to investigate the impact of the scroll-type topographic
variation in comparison to the response of the flat regions
(thickness <1 nm) of the same sample. Our experiments
revealed striking differences in PL and Raman mode intensities
between the flat and rolled regions, particularly under illumi-
nation with circularly polarised light.

While the PL experiments using linearly polarised light con-
firmed the expected behaviour, featuring anisotropy and an overall
enhancement of the PL compared to the flat regions, dichroic
experiments using right circularly polarised (RCP) and left circularly
polarised (LCP) light exhibited approximately a 50% difference in
the PL intensities between the two emission channels.

The pronounced chiral light-matter interaction observed in these
nanostructures underscores its growing importance for a wide range
of modern applications, from quantum information technologies to
next-generation photonic and optoelectronic devices.

Results and discussion

First, the 1-L TMD flakes were synthesised on an SiO,/Si
substrate (300 nm) via chemical vapour deposition (CVD) at
elevated temperatures (further details are provided in the
Methods section). Next, the rolling process was induced by
dropping a 2:1 mixture of water and ethanol on top of the
substrate containing the grown flakes, which were regularly
distributed over the substrate area. However, different resulting
architectures were observed depending on the post-treatment
of the substrate with the grown 1-L MoS, flakes.

Our observations contrast somewhat with previous studies,
where the rolling mechanism is expected to be strain-driven, and
the formation of the rolls occurs rapidly. It is worth noting that
during the cooling phase of the CVD process, strain is typically
induced within the TMD flakes due to the mismatch in the thermal
expansion coefficients between the TMD flakes and the substrate.
The accumulated strain facilitates roll formation when a polar
mixed ethanol-water solution is applied to the surface. The
solution is expected to penetrate beneath the MoS, layer from
the edge of the flake. Once the edge lifts, the roll forms quickly.”

Nanoscale Horiz., 2025, 10, 2972-2985 | 2973
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Fig. 1 Step-by-step description of the nanorolligami process. In the first step, the monolayer (1-L) MoS; is prepared via the CVD technique. The second

step is to roll the 1-L MoS; by dripping a solution of water and ethanolina 2:

1 ratio at room temperature (RT). The solution causes a strong mechanical

strain in the central part of the 1-L MoS,, resulting in a break from the center and self-rolling at each corner. The in situ video of self-rolling MoS; has been

recorded using a microscope.

In our case, rapid edge-initiated rolling and almost identical
final topography were achieved when using a freshly prepared
sample. However, we discovered that if the sample is aged, the
rolling mechanism is completely different due to the surface
hydrophobisation.

The formation of TMD nanorolligami was captured using a
charged-coupled device (CCD) camera attached to an optical
microscope (OM), as shown in Movie M1-M3 in the ESI,{ which
respectively show rolling behavior in aged, styrene-exposed
(24 h), and freshly prepared 1-L MoS, samples under a 2:1
water-ethanol solution. A schematic illustration of the observed
mechanism of the nanorolligami formation is shown in Fig. 1.

In contrast to the rolling behaviour of fresh samples, aged
samples exhibited uniform rolling, resulting in smooth, crack-
free nanoscrolls. We tentatively attribute this difference in
rolling to the presence of a small amount of non-polar hydro-
carbon molecules deposited onto the MoS, surface from the
environment. We assume that hydrocarbons preferentially
adhere to the edges of MoS, flakes rather than the central
regions, where a small amount of MoO, is typically present near
the nucleation centre of the grown flake.”® In such a case, the
polar solvent is repelled from the edges and instead penetrates
beneath the MoS, layer in the MoO,-rich central part of the flake.

To support our hypothesis and confirm the crucial role of
hydrocarbons in altering the rolling mechanism, the as-
deposited MoS, sample was exposed to styrene vapour under
atmospheric pressure for 24 hours, followed by the same rolling
procedure using an ethanol-water solution. The rolling behav-
iour of the styrene-exposed sample closely resembled that of
the aged samples, with rolling initiated uniformly from each
corner. Conversely, the as-deposited sample (of the same age)
exhibited high roughness and random crumpling after solution
exposure, as evident from the optical images (Fig. S1, ESI{) and
AFM analysis (Fig. S2) in the ESL{ Notably, the AFM height

2974 | Nanoscale Horiz., 2025, 10, 2972-2985

profiles (positions P1-P4) confirm that the styrene-exposed
MoS, maintains intact 1-L regions between the rolled edges,
while the as-deposited sample shows irregular folding and
increased surface deformation. Furthermore, unlike the edge-
rolling mechanism, the centre-to-edge process involves the
tearing of 1-L MoS,, which significantly slows down the rolling.
This deceleration is crucial, as we believe that it facilitates the
formation of rolls with greater uniformity and smoother rolling
behaviour, ultimately enhancing the overall process quality.

As a next step, the morphology and height (thickness) of the
nanorolligami structures that slowly rolled via the centre-to-
edge mechanism were inspected using AFM. Fig. 2a presents
the AFM image of a representative, fully scrolled 1-L MosS,.
Optical images captured at a larger scale (Fig. S3a in the ESIT)
demonstrate the consistent formation of this rolling pattern in
other parts of the sample. Since the rolled regions are located at
the edges of the original flat MoS, flake, it is evident that the
1-L MoS, breaks from the centre and rolls up at the edges.

Further investigation of the surface morphology focused on
evaluating height uniformity, plateau shapes, and rolling types.
For clarity, we defined three distinct regions on the sample -
R1, R2, and R3 - and measured the height profiles at arbitrary
points within each region to compare their thicknesses. Region
R1 represents the unrolled part, resembling a flat or 1-L MoS,,
while regions R2 and R3 correspond to the rolled parts of the
architecture.

Fig. 2b provides an enlarged view of the R1 region. We
determined the corresponding height profiles at selected posi-
tions (P1-P3). The average thickness across these positions is
approximately 1 nm, signifying the typical thickness of a 1-L
MoS,.

The magnified images of regions R2 and R3 are shown in
Fig. 2c and d, respectively, where we similarly selected three
positions and determined the height profiles. The measured

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Surface morphology of nanorollingami. The comparative thickness between the flat and rolling regions (represented by R) is analyzed through
AFM. (a) The nanorolligami film shows three marked regions: one flat and two rolling. The height profile from the line scans at specific points in these
regions is plotted on the right side for comparison. Enlarged scans of each region are provided for a clear understanding of their surface morphology.
(b) The first flat region corresponds to 1-L MoS,, as confirmed by the thickness measurements taken at three different positions within this region, shown
on the right, clearly indicating the monolayer structure. (c) The second region features rolling MoS,. Distinct rolling forms are observed at different
marked positions, each showing varying thicknesses. (d) The third region also consists of rolled MoS, but exhibits a nearly uniform rolling pattern, as
evidenced by consistent thickness measurements at all marked positions on the right side.
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thicknesses at these positions were approximately 200 nm and
180 nm for the R2 and R3, respectively. However, across the
entire arm of R2 and R3, the nanoscroll thickness varied within
a range of 110-220 nm and 100-200 nm, as shown in the ESL¥
Fig. S3b.

Assuming a perfect roll with a rolled area length of approxi-
mately 5 pm, a spiral turn thickness of 1 nm, and an outer
diameter of about 150 nm, the inner diameter of the roll was
estimated to be 126 nm, resulting in approximately 12 shells.
Based on these observations, we speculate that the plateau in
the rolling of R2 exhibits a ridge-like structure, while R3
presents a butte-like morphology. The lower-height regions
within the rolled portions of R2 and R3 display surfaces
resembling eroded ridges. This morphological variation may
stem from uneven or insufficient intercalation of the ethanol-
water solution, which likely led to incomplete strain relaxation.
Areas with lower intercalation may have experienced varying
degrees of rolling, with slower rolling in regions where the
strain was not fully minimised. Consequently, the surfaces in
these regions appear as ridge-like or eroded features.

Nevertheless, the vast majority of the flake is smoothly
rolled, with the same type of structure forming consistently
across the substrate. Thus, the availability of the regularly
rolled 1-L MoS, provides a unique opportunity to investigate
light-matter interactions in concentrically curved 1-L MoS,
surfaces, using both linearly and circularly polarised light.

For these experiments, we captured a PL spectral map at
300 K, as shown in the ESL{ Fig. S4, which reveal a higher PL
intensity in rolled regions compared to 1-L areas, along with a
marked dependence on the polarization state. For the single-
point optical spectra (in Fig. 3a-d), data were extracted from
specific positions on both the 1-L and rolled regions of the
mapped nanorolligami. The following notation was used: hor-
izontal and vertical linear polarisations are labelled as X and ¥,
respectively, while the right and left circular polarisations are
labelled as ¢ and ¢~. The full description of the polarisation
settings for the experiment specifies both the incident polarisa-
tion and the analyser setting (e.g., XX indicates that horizontal
polarisation was set for both the incident light and the analyser).

The in-plane polarisation orientation (X and Y) was not expli-
citly calibrated with respect to the roll axis. However, the polarisa-
tion states were determined based on the angular dependence
observed in the polar plots of the Raman/PL intensities, ensuring
consistent alighment during measurements. Fig. 3a and b present
the normalised PL spectra of the rolled and flat MoS, regions for
the linear and circular co-polarisations (where the incident and
detected light are in the same polarisation state), respectively.

In the PL spectra measured under linear polarisation
(Fig. 3a), the flat 1-L MoS, region exhibits strong A-excitons at
1.821 eV and weak B-excitons at 1.961 eV, with no observed shift
in peak positions between the XX and YY polarisation states. In
contrast, the rolled MoS, region shows A-excitons at 1.847 eV
and 1.862 eV for XX and YY co-polarisations, respectively, with no
B-exciton resolved. The shift in the A-exciton peak positions
between the flat and rolled MoS, is 26 meV for XX and 41 meV
for YY, respectively. The 15 meV difference between the XX and

2976 | Nanoscale Horiz., 2025, 10, 2972-2985
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YY polarisation states in the rolled region could be attributed to
the curvature-induced symmetry reduction, which modifies the
electronic band structure and excitonic transitions.****

Similarly, in the PL spectra of the flat MoS, measured with
circularly polarised light (Fig. 3b), the A-excitons appear at nearly
identical positions: 1.806 eV and 1.809 eV for the ¢'¢" and ¢ ¢~
states, respectively, with a weak B-exciton observed at 1.953 eV
(no difference between ¢'¢’ and ¢ ¢~ co-polarisations). In
contrast, the rolled MoS, region shows A-exciton peaks at
1.837 eV and 1.856 eV for the ¢'¢" and ¢ ¢~ co-polarisations,
respectively, with no B-exciton resolved. The observed shift
between the flat and rolled regions is 31 meV for ¢'¢" and
47 meV for ¢ ¢, while the 19 meV difference between the ¢'¢"
and ¢~ ¢ states in the rolled region is similarly attributed to the
curvature-induced symmetry reduction.®***

The shift due to the quantisation effect can be estimated
using the formula:**

n2h?

AE, = WL} 1)
where AE, is the change in the band gap energy, 7 is Planck’s
constant, u is the effective exciton mass in the direction parallel
to the c-axis (u = (me x my)/(me + my), where m. and my
represent the effective masses of electrons and holes,
respectively.*®), and L, is the thickness along the c-axis (number
of shells ~ 12 x interlayer distance in MoS, ~ 0.615 nm =
7.38 nm). The expected shift is approximately 16 meV, which is
in very good agreement with the experimental results.

Fig. 3e presents the ratios of PL intensities (total area under
the curve) for experiments using the circular (¢'c'/67¢7) and
linear (XX/YY) co-polarisations for the rolled and flat MoS,,
respectively. For the rolled MoS, region, the PL intensity ratio
(XX/YY) is significantly higher (~2.4) compared to that of the
flat region (~1.3). A similar trend was observed at different
positions for the circular co-polarisation, with consistently
higher PL intensity ratios in the rolled regions compared to
the flat MoS,, indicating enhanced polarization sensitivity (for
more details, see ESI,T Fig. S5).

The false-colour map in Fig. 3g illustrates the polarisation
contrast for the MoS, sample, which includes both rolled
and flat regions. The difference between the PL intensities
measured under the right circular polarisation (¢'¢") and left
circular polarisation (6 ¢ ) was plotted. As observed, the
difference is significantly greater in the rolled regions com-
pared to that in the flat MoS, region. This indicates that the
polarisation effect is much more pronounced in the rolled
regions when switching the incident light polarisation from
o' to 6. The observed difference can be attributed to curvature-
induced symmetry reduction in the rolled regions, as explained
earlier, arising from momentum quantisation around the cir-
cumference and changes in the orbital composition of the
Bloch band.*'*?

The PL mapping of rolled MoS, under both circular and
linear cross-polarised light, along with the PL intensity ratios
estimated at four different positions, reveal a consistently
higher PL intensity in the rolled regions compared to that

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Optical characterization of nanorollingami. The PL and Raman characterization of the nanorolligami at RT under the excitation (in) and detection
(out) of four polarized light measurement combinations: horizontally in and horizontally out (called XX), vertically in and vertically out (called YY), right
circular-in and right circular-out (called ¢*¢™), and left circular-in and left circular-out (called ¢~ 7). (a) and (b) Show the normalized PL intensity, (c) and (d)
depict the normalized Raman intensity of rolled and flat regions for the set of linear (XX and YY) and circularly (6*6* and ¢~ ¢™) polarized light, respectively.
(e) compares the PL integral intensity ratio of “o*¢*” and "o~ ¢ " light and “XX” and “YY” polarized light at both rolled and flat regions. (f) compares the

integral intensity ratio of Eaq (~384 cm™) and Ag (~404 cm™) Raman modes at all

sets of polarized lights for both rolled and flat regions. (g) and (h)

illustrate the difference in the normalized intensities of PL (¢*¢* and ¢~ ¢~ polarized states) and the Ajg-mode of Raman spectroscopy, respectively.
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in the flat MoS,. Although the contrast in intensity ratios is
slightly reduced compared to that in co-polarised cases, the
results still confirm anisotropic optical responses induced by
the rolling process (see the ESI,t Fig. S6 and S7 for details).

The observed increase in the PL intensity of the nanoscroll
can be attributed to the following mechanisms:

1. Cumulative scattering of photo-generated photons within
each layer of MoS,. Since the rolled region consists of multiple
uncoupled layers (as confirmed by the absence of interlayer
coupling peaks in PL and the lack of low-frequency modes in
Raman spectra - see in the ESI, T Fig. S8), each layer contributes
to an overall increase in the PL intensity.**~>®

2. Strong photon field interactions. The photon field (local
field) generated by the bottom layers interacts with the top
rolling layer, which remains independent of the bottom layers.
This interaction enhances the PL intensity of the top rolling
layer, similar to how a near-field intensity increases in the
presence of local fields generated by nanoparticles. As a result,
the overall PL intensity of the rolled MoS, is significantly higher
than that of the flat 1-L MoS, region.>*"*°

3. Formation of whispering gallery modes. In the MoS,
nanoscroll, two waves propagating in the opposite directions
form standing waves, known as whispering gallery modes,
enabling the tubes to function as effective optical resonators.*’

To further validate the scenario behind the strong PL
enhancement and the giant degree of polarisation of circularly
polarised light, PL measurements were conducted using unpo-
larised incident light, detecting ¢" and ¢~ components (which
can be interpreted as two perpendicular, linearly polarised
components) and vice versa (Fig. S9 in the ESIT). An identical
PL intensity was observed for both flat and rolled regions under
these conditions, confirming that the PL intensity difference
observed in Fig. 3a and b (for ¢'¢" and ¢ ¢~ configurations,
respectively) is neither due to valley polarisation enhancement
nor to the simple superposition of signals from individual layers.
Instead, these complementary experiments support the scenario
of anisotropic light confinement within the MoS, nanoscroll.*!

Similar enhancements in the Raman intensity were observed
under both co- and cross-polarisation conditions, with the A,
and E,, modes exhibiting distinct activation patterns in the
rolled and flat regions. The full Raman maps and polarization-
dependent trends are presented in the ESI,f Fig. S10 and S11.

Fig. 3c presents the normalised Raman spectra for both
rolled and flat MoS, regions obtained using the linear co-
polarisation setup (XX and YY). From the analysis of the
spectra, we found that both E,; and A;; modes are activated
both in the rolled and flat MoS, regions. Additionally, a
~1 cm™ ! shift in the circular co-polarisation spectra between
the rolled and flat regions can be attributed to residual strain
induced by the rolling process.

Fig. 3d illustrates the normalised Raman spectra for the
rolled and flat MoS, regions under circular co-polarisation
6’6" and ¢ 07). In the case of the flat MoS,, only the A,
mode is active, which aligns with the literature.*” However, in
the rolled MoS,, both E,; and A, modes are activated. This
observation can be explained by the continuous change in the
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mutual orientation between the MoS, plane and the direction
of incident/measured light, which will be discussed later in this
section.

Now, let us consider the full width at half maximum
(FWHM) and intensities of both E,, and A;, modes. These
parameters are found to be higher for the flat MoS, region
compared to the rolled MoS, region in both linear and circular
co-polarisations. This difference can be attributed to variations
in the interaction between the laser beam and the sample
surface. Specifically, the area of the sample irradiated by the
incident light significantly influences the resulting spectra.
Assuming a circular beam with a diameter of ~1 pm, the
irradiated area of flat MoS, would be approximately 0.75 pm?.
In contrast, for the rolled MoS,, only 0.15 um? of the rolled area
(assuming a diameter of ~0.15 pm) would be irradiated. This
estimation suggests that the intensity of the spectra from the
flat region should be about five times stronger than that of the
rolled region.

However, in the case of the rolled MoS,, additional layers
within the scroll likely contribute to scattered light. In experi-
ments using linearly polarised light, the intensity of the rolled
region was observed to be roughly twice that of the flat region,
suggesting that, effectively, 2.5 layers of the MoS, nanoscroll
contribute to the Raman spectrum. Given that a single MoS,
layer absorbs approximately 10% of the light intensity, one
would expect that around 10 layers would contribute to the
emission. Ideally, this would enhance the spectra by a factor
of 10. Additionally, for the flat MoS, sample on a SiO,/Si
substrate, Raman spectra are enhanced due to interference
effects, a phenomenon not expected in the case of rolled MoS,.
Accounting for all these factors, it appears that interference
effects increase the signal from the flat sample by a factor of 4.

Moreover, we estimated the E,,/A;, intensity ratio for both
circular and linear co-polarisation states in rolled and flat
MoS,, as shown in Fig. 3f. The intensity ratio analysis revealed
that under linear co-polarisation, the ratio remains similar for
both rolled and flat MoS, (approximately 0.45), indicating
comparable contributions from the in-plane (E,z) and out-of-
plane (A;,) vibrational modes.

However, under circular co-polarisation, the behaviour
diverges significantly. In the flat MoS, region, the ratio
approaches zero, meaning that only the out-of-plane mode is
active, with the in-plane mode being almost entirely sup-
pressed. This suppression is expected for 1-L MoS,, due to
symmetry selection rules under circular polarisation. In con-
trast, for the nanoscroll, the ratio remains around 0.25, indicat-
ing that both the in-plane and out-of-plane modes are active
under circular polarisation. This phenomenon occurs because
the rolling process alters the orientation of the MoS, plane,
allowing the in-plane mode to become active under circular
polarisation, which is typically not observed in flat 1-L struc-
tures. These orientational changes induced by the rolling relax
the polarisation selection rules, thereby activating both vibra-
tional modes.*>**

Fig. 3h presents a false-colour map showing the difference
in the intensity in the A;, mode intensity under ¢'¢" and ¢ ¢~

This journal is © The Royal Society of Chemistry 2025
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polarisation states for both rolled and flat 1-L MoS,. As
expected, the difference is significantly larger in the rolled
MoS, region compared to that in the 1-L MoS, region, where
the difference is minimal. The rolling process induces curva-
ture and associated strain, which can locally distort the lattice
structure and modify the electronic band structure. These
changes lead to symmetry reduction, altering Raman selection
rules in localised regions. While these distortions do not
globally affect the selection rules at the I'-point, curvature
and strain at specific regions (e.g., edges or crumpled areas)
may still contribute to the observed polarisation sensitivity of
the A;; Raman mode. This observation is consistent with tight-
binding model theoretical insights.**

Finally, the angular dependence of the PL and Raman
spectra under the linear and circular co-polarisations was
explored to examine optical and vibrational anisotropy.
Angular-dependent measurements for rolled and flat regions
were performed in locations close to those used for PL and
Raman data (as shown in Fig. 3), ensuring consistency across
all measurements. Additional PL polar plots for two distinct
positions are provided in the ESIT (Fig. S12). These measure-
ments further support the presence of optical anisotropy intro-
duced by the rolling process.

Fig. 4a-d present normalised angular-dependent polar plots
of the PL emission from the rolled MoS, sample under
polarised light (X, Y, ¢*, and ¢7). The black circles represent
the experimental data, while the red solid lines depict the fits
using the equation:

r=Ax (1+p x cos(2[0 — ¢)])) (2)

where A is a normalisation constant, p is the polarisation ratio,
0 is the angle of detection, and ¢ is the polarisation angle.*’
These angles refer to in-plane angles in the optical measure-
ment setup, used for fitting angular-dependent intensity plots.
This fitting approach allows us to estimate the linear polarisa-
tion ratio (LPR) and circular polarisation ratio (CPR), along with
quantifying the PL anisotropy.

The estimated LPR values for X and Y polarised light are
27.3% and 28.5%, respectively, while the CPR values for ¢ and
o polarised light are 37.6% and 35.1%, respectively. These
results highlight that the rolling region exhibits a significantly
higher degree of polarisation and anisotropy for circularly
polarised light compared to linear polarised light — a phenom-
enon that will be discussed in detail later.

Interestingly, in the rolled region, the angular orientation of
the PL intensity maxima, represented by the polarisation angle
(¢), is nearly identical for both X and ¢ polarised incident
light, with values of ¢ = 0.3° for X and ¢ = 0.35° for ¢"
polarisation. A similar correlation is observed between Y and
o~ polarised light, with ¢ = 1.85° for Y and ¢ =1.9° for ¢~
polarisation. This difference suggests that the observed PL
intensity is modulated by the polarisation of the incident light,
with contributions from the lower layers of the rolled structure
adding to the top layer’s emission. The rolling-induced
anisotropy likely influences the emitted PL, leading to consis-
tent angular orientations in the polarisation-dependent PL
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intensity. This interplay could explain the higher p and direc-
tional polarisation observed in the rolled region.

Similarly, Fig. 4e-h present the angular-dependent polar
plots for the flat MoS, region under the same polarisation
states. The fitting process yields an LPR of 8.2% and 8.4% for X
and Y polarised light, and a CPR of 7.8% and 9% for ¢* and ¢~
polarised light, respectively. In contrast to the rolled region, the
flat MoS, region displays almost isotropic behaviour, as evi-
denced by the much lower p across all polarisation states.

The rolling process introduces the overall structural and
optical anisotropy, as evidenced by the angular dependencies of
PL and Raman spectra. These distortions modify exciton
dynamics by altering the electronic environment and orbital
composition of Bloch bands, as suggested by tight-binding
models.’" Unlike pristine 1-L. MoS,, where exciton coherence
exceeds the recombination time, the rolled region exhibits a
pronounced dependence on the incident polarisation, resulting
in enhanced polarisation anisotropy.

The rolling-induced modifications, including curvature and
local deformation, create regions with varying symmetry and
selection rules, influencing the polarisation response.*>™*’
Tight-binding theory suggests that curvature and momentum
quantisation can alter the excitonic behaviour by modifying the
symmetry locally. However, the observed spectra represent an
average response over the laser spot size (~1 pm), incorporat-
ing contributions from both locally deformed and relatively
undistorted regions. While these local distortions may not
reduce symmetry globally, they can alter the selection rules in
specific regions, contributing to the unique polarisation
response observed in the rolled region. This interplay of factors
distinguishes the polarisation properties of the rolled region
distinct from those of flat MoS,.

Fig. 5a-d present the polar plots of the A;; and E,; modes in
the rolled region under different incident light polarisations:
X,Y,0,and ¢ .

In Fig. 5a, the polar plot for X-polarised light displays
elliptical intensity variations with respect to the analyser angle
for both the A, and E,; modes. These phonon modes exhibit
similar polarisability strengths along their respective direc-
tions. The physical interpretation of this behaviour can be
linked to differences in how light interacts with the rolled 1-L
MoS,, potentially influenced by phonon anisotropy and local-
ised strain effects, as discussed in prior studies.'®3'73343~

Similarly, Fig. 5b presents the polar plot for the Y-polarised
light. The elliptical shape of both A, and E,; modes under Y
polarisation closely mirrors the behaviour observed under X
polarisation, indicating consistent anisotropic phonon behav-
iour in the rolling region under linear co-polarisation.

Fig. 5¢ and d display the polar plots for ¢" and ¢~ polarised
light, revealing open dumbbell-shaped intensity distribution for
both A, and E,, modes. These shapes highlight the sensitivity of
the rolled region to the handedness of circularly polarised light,
likely stemming from localised curved strain, defects, or direc-
tional anisotropies induced by the rolling process.'®*~*>

The angular offset observed between the A, and E,; modes
may simply reflect the differences in their respective phonon
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Fig. 4 PL angular characterization of nanorollingami. Angular characterization is performed by varying the analyzer angles from 0° to 360° at 15°
intervals to fix the plane of the incident polarized light at RT. The circles correspond to the measured data, while the solid red line represents the fitting
(equation shown below in the text). (a)—(d) Show the angular normalized PL intensity for the rolled region, and (e)—(h) show the angular normalized PL
intensity for the flat region, each excited by horizontal (X), vertical (Y), right circular (¢%), and left circular (¢7) polarized light, respectively.

symmetries, as A;, corresponds to the out-of-plane vibrations,
while E,, corresponds to the in-plane vibrations, meaning they
interact differently with the polarised light. However, changes
in intensity alone do not necessarily indicate symmetry low-
ering but may instead result from a combination of localised

2980 | Nanoscale Horiz., 2025, 10, 2972-2985

effects and directional superposition of polarisation states.
Further investigations are required to precisely determine the
origins of the observed angular dependencies.

In contrast, the polar plots for the flat MoS, region, pre-
sented in Fig. 5e-h, demonstrate distinctly different behaviour

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Raman angular characterization of nanorollingami. Angular measurements are performed similarly to the PL characterization. Square and circles
correspond to the measured data of A;g and E>g modes, respectively, while the solid red and blue lines represent the fitting (equation shown in the ESI¥).
(a)—(d) Show the angular normalized Raman intensity for the rolling region, and (e)—(h) depict the angular normalized Raman intensity for the flat region,
each excited by horizontal (X), vertical (Y), right circular (¢%), and left circular (¢7) polarized light, respectively.

compared to the rolled region. Under linear polarised light
(X and Y), the E,, mode exhibits an almost circular (isotropic)
polar plot in Fig. 5e¢ and f, while the A;; mode forms a
dumbbell-shaped polar plot. This difference indicates that
the 1-L MoS, retains its in-plane symmetry, with no significant

This journal is © The Royal Society of Chemistry 2025

strain-induced anisotropy affecting the E,, mode. However, the
dumbbell shape of the A;, mode may indicate sensitivity to out-
of-plane forces or interactions with the substrate.*® The con-
sistency of these shapes under X and Y light confirms the
preserved hexagonal symmetry of the 1-L MoS,.
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For ¢" and ¢, Fig. 5¢ and h show closed, perpendicular
dumbbell shapes for both the A;; and E,, modes in the 1-L
region. This behaviour contrasts with the rolled region and
suggests that ¢" and ¢~ light in 1-L MoS, interacts uniformly
with the crystal’s inherent phonon modes. The angular depen-
dence in these plots aligns with the expected behaviour of 1-L
MoS,, as supported by the existing literature.***® Additional
Raman polar plots for two distinct positions are included in the
ESI+ (Fig. S13). These results further demonstrate the aniso-
tropic vibrational response induced by the rolling process.

Now, let us examine the origin of the striking differences
between the angular dependencies of the flat and rolled
regions. Generally, for 1-L. MoS, under circular polarised light
(¢" and ¢7), only the in-plane A;, mode remains active, as seen
in Fig. 3. However, under linear polarised light, both E,; and
A, modes appear. This behaviour changes in the rolled MoS,
region, where both E,, and A;; modes can be observed, even
with ¢" and ¢~ light.

To explain these observations, we calculated the Raman
intensity for both the Dg}, (6/mmm) point groups, representing
bulk 2H-MoS,, and the C3, (3m) point group, representing bulk
3R-MoS,. These calculations were performed for different inci-
dent light polarisations (6", ¢, X, and Y) by varying the
detection (or analyser) angle. The full calculations and com-
piled Raman tensor values for both point groups are provided
in the ESIt (see Note S1).

In the manuscript, we specifically present the Dy, (6/mmim)
point group at various ¥/’ orientations, as shown in Fig. 6. This
figure illustrates the interaction between laser light and the rolling
surface. The laser beam, approximately 1 pm in diameter, interacts
with the rolled surface (0.3 um in diameter or less) at different
positions and angles, resulting in variations in Euler angle values.
As such, the recorded Raman signal may partially include con-
tributions from both rolled and adjacent flat regions (could be the
substrate or MoS,), leading to an averaged response. This spatial
averaging can slightly reduce the modulation contrast in the

Incident Laser light

Substrate

Front view of rolling MoS,

Fig. 6

ﬂ Incident
H Detected

Illustration of the laser interaction with a rolled surface. Schematic representation of the interaction between a horizontally polarized laser beam
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angular-dependent Raman plots. Nevertheless, the observed ani-
sotropic patterns are robust and consistent, indicating dominant
contributions from the rolled structures. As the Euler angle
varies, the Raman tensor values of MoS, also change, as referenced
in the Bilbao Crystallography database.’’® We focus on Euler
angle ¢/ in this figure, as the rolling occurs in the XZ plane,
causing only ¥’ to change. It is noted that ¥’ is an out-of-plane
lattice orientation angle used in theoretical symmetry-based mod-
eling. For other orientations (6’ and ¢'), we also calculated the
Raman tensor for both Dg, and Cs;, point groups, which is
included in the ESIf (Note S1).

Table 1 presents the variation of the Euler angle ¥’ for the out-
of-plane Raman mode E,; of the 2H phase of MoS, (Ds, point
group) under different polarisations of light. The equations in the
table describe the angular-dependent behaviour of the Raman
mode for both circularly and linearly polarised light. Further
discussions and derivations are provided in the ESIt (Note S1).

When the angular angle i’ = 0, corresponding to the flat part
(1-L) of the rolling surface, the E,, Raman mode is zero for co-
circular polarisation states (¢'o'and ¢~ ¢ ™). However, for linear
co-polarisation (XX and YY), a non-zero E,, mode is observed.
Interestingly, when the light interacts with the rolled surface at
a non-zero Y’ (curved part of the surface), the E,, mode
becomes non-zero for both circular and linear polarisation
states. This effect is demonstrated for the ' angles of 0, 30,
60, and 90° as shown in Table 1.

The experimental Raman measurements (Fig. 3) align with
these predictions, showing non-zero E,, modes in the o'¢" and
o ¢ polarised state. This confirms that symmetry reduction
occurs due to the rolling surface. Such symmetry reduction alters
the Raman selection rules in localised regions, in agreement
with theoretical insights from tight-binding models, where
changes in the Hamiltonian and orbital angular momentum
components induced by the curvature play a significant role.*"*>

A similar approach was applied to estimate the behaviour of
the A;, mode, which displayed non-zero values for every Euler

7 74
R
\
\ Euler’s angle
By P ;
RN T B rotation
//\\S() ‘_,7 D

Curved surface

and a rolling surface of MoS,, illustrating how changes in the Euler angle (') occur as the beam interacts with different curved regions of the rolling
surface. This setup demonstrates the variation in light incidence across the rolling surface.
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0 angular rotation for the Raman tensor{{a,b,c},{d,e,f},{if,j,k}}

Equations at different polarization states in the
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angle orientation (details in the ESI,¥ Note S1). This finding is
consistent with the experimental Raman data shown in Fig. 3.
Similar behaviour was also observed for the C;, point group,
representing the 3R phase of MoS, (details in the ESI,i Note S1).

Finally, we used the estimated equations for different polar-
isation states during the 0-angular rotation to fit the angular
Raman data (Fig. 5). The fitting results confirmed that the
angular-dependent Raman tensor equation accurately pre-
dicted the experimental observations.

In summary, we have developed a robust rolling process for
MoS, by employing surface hydrophobisation. The rolling
initiates at the centre of the flake and gradually slows due to
tearing, as confirmed through direct in situ observations. This
process yields regular, topologically smooth rolls that are
symmetrically positioned along the edges of the original
triangular flake.

The optical properties of the resulting nanostructures were
investigated using polarisation-resolved Raman and PL spectro-
scopy. The rolling process induces a pronounced anisotropy in
MoS,, significantly modifying both excitonic emission and
Raman responses. In the rolled regions, we observe a strong
enhancement in the PL intensity and an increased degree of
circular polarisation. This enhancement arises from cumulative
scattering across multiple uncoupled layers, local field effects,
and optical resonances, all of which contribute to stronger PL
emission compared to flat monolayer regions.

By comparing the theoretical predictions of Raman inten-
sities for bulk 2H-MoS, (D¢, symmetry) and 3R-MoS, (Csy
symmetry) with experimental data, we demonstrate how the
rolling process alters the Raman response due to variations in
the incidence angle of the laser beam on the curved MoS,
surface. The close agreement between the angular-dependent
Raman tensor calculations and the measured Raman intensi-
ties further supports our interpretation.

Our findings underscore the pivotal role of rolling-induced
structural and optical anisotropy in tuning the properties of
MoS,. This anisotropic behaviour not only reshapes light-
matter interactions but also opens new avenues for engineering
polarisation-sensitive nanophotonic devices. By harnessing
these effects, our work lays the groundwork for novel optical
components with tunable polarisation characteristics, with
promising applications in next-generation photonic and optoe-
lectronic technologies.

Methods
Synthesis of 1-L MoS,

MoS, monolayers were synthesised on a SiO,/Si substrate via a
one-step chemical vapour deposition (CVD) method in a hor-
izontal single-zone at atmospheric pressure. An SiO, (300 nm)/
Si wafer was used as the substrate, which was ultrasonicated in
acetone and isopropyl alcohol in water baths for 10 min
each and dried using ultra-pure argon gas. The substrate was
placed face-down onto a quartz crucible containing 36 mg
of MoO, (Sigma Aldrich: LOT: STBH3472, purity 99%) and
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approximately 1 mg of NaCl (Sigma Aldrich: LOT: SLCC4856,
purity >99%) evenly distributed. This setup was then loaded
into the small quartz tube and positioned in the appropriate
first heating zone.

Simultaneously, 82 mg of sulfur (Thermo Scientific: LOT:
T29G013, purity 99.9995%) was placed at the edge of the small
quartz tube, approximately 20 cm away from the crucible
(second heating zone). While maintaining a constant argon
flow rate of 120 cm® min~", the temperature in the tube was
subsequently increased at a steady rate of 40 °C min~'. When
the temperature reached ~ 650 °C in the first heating zone, the
heating in the second zone was initiated. The temperatures
were held constant at ~ 820 °C in the first zone and ~200 °C in
the second zone for 10 min, after which the furnace was
opened, and the system was allowed to cool ambiently.

Rolling of 1-L MoS,

A mixture of deionised water and ethanol (Penta Chemical:
Batch no. 2309030920, purity 96% p.a.) in a 2:1 ratio was
dropped onto the SiO,/Si substrate containing the CVD-grown
flakes. Three sample types were tested: as-prepared (fresh),
naturally aged under ambient conditions, and treated with
styrene (Sigma Aldrich: LOT: S054677 9345, saturation concen-
tration in air: 25.6 g m~* (20 °C), and purity >99%). The rolling
process was captured using a CCD camera attached to an
optical microscope (Olympus).

Atomic force microscopy

Atomic force microscopy (AFM) images and height (thickness)
profiles were obtained using a Bruker Dimension ICON atomic
force microscope system in peak force quantitative nanome-
chanical mapping mode with a Bruker silicon tip. The AFM
data were processed and analysed by open-access Gwyddion
software.

Raman and PL microspectroscopy

Preliminary unpolarised spectra and testing maps were col-
lected in the backscattering geometry with a WITec alpha300R
confocal Raman microscope using an excitation wavelength of
532 nm (2.33 eV) at 300 pW power. Both types of polarised
spectra and their angular dependencies were measured using
an in-house spectroscopic setup. The schematic ray diagram of
the spectroscopic setup is shown in the ESIT (see Fig. S14). The
spectra and spectral maps were collected in the backscattering
geometry using a confocal Raman microscope insert (attoRA-
MAN, attocube).

A 100x objective lens (numerical aperture of 0.82 and a
lateral resolution of 500 nm) was used to focus the 532 nm (2.33 eV)
laser excitation of linearly and circularly polarised light at 300 pW
power. The outgoing signal was captured by the WITec alpha300R
spectrometer, connected to the optical setup. The spectral resolu-
tion of the spectrometer under the measurement conditions using
600/1800 lines per cm grating, was 0.5 cm™ .

The incident laser beam was circularly polarised using a set
of standard 532 nm half- and quarter-wave plates. Similarly, a
series of broadband quarter- and half-wave plates were used to
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obtain polarisation-resolved emitted signals. The degree of
polarisation was pre-calibrated for each incident and scattered
beam using a ThorLabs TXP polarimeter. The intensity response
of the charge-couple device (CCD) detector was pre-calibrated
using a tungsten halogen light source (HL-2000-CAL, Ocean
Optics). Data were analysed using custom routines in MATLAB,
where individual peaks were fitted using the pseudo-Voigt func-
tion (with the Gaussian component primarily accounting for
peak parameter distribution within the laser spot).
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