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ABSTRACT: The effects of uniaxial strain on the local band structure
modification in a single wrinkle in a trilayer (3L) molybdenum disulfide (MoS2)
flake have been enlightened by combining complementary atomic force
microscopy, Raman and photoluminescence microspectroscopies. Controlled
wrinkles were introduced in 3L MoS2 flakes by using buckling instability, inducing
local tensile strains of up to 0.07%. The ability to induce and fabricate stable
wrinkles in 3L MoS2, which is a nanoscale system whose thickness is smaller than 2
nm, arises from the material’s reduced thickness. Submicron-scale spatial mapping
of the isolated wrinkle revealed a reduction of the direct bandgap by 10 meV,
accompanied by a quenching of the radiative recombination of excitons in the
wrinkle compatible with an antifunneling effect, where excitons drift away from lower-bandgap areas before recombination. Finally,
angle-resolved photoemission microspectroscopy further demonstrated a shift of the valence band toward higher binding energies in
the isolated MoS2 wrinkle. Combining these results with the ones from optical spectroscopies results in a type-II band alignment
between the flat and the strained regions, with downward shifts in both the conduction and valence bands. These new insights into
the local electronic structure in locally strained 3L MoS2 nanosheets may help the design and performance of nanoscale
optoelectronic and photonic devices by enabling precise control over the excitonic properties and the energetic spatial landscape.
KEYWORDS: MoS2, local strain, Raman, photoluminescence, ARPES

1. INTRODUCTION
Tuning the electronic structure of two-dimensional (2D)
materials through mechanical deformations is a key method
for tailoring their optical and electronic properties, enhancing
the performance of electronic devices, and realizing novel
functionality.1−3 Among the various families of 2Dmaterials, the
remarkable mechanical flexibility of 2D transition-metal
dichalcogenides (TMDs) allows these materials to withstand
substantial structural curvature and to adapt to significant
deformations across both in-plane and out-of-plane axes.
Spatially localized strain fields, as opposed to uniform global
strain, enable spatial modulation of bandgap and exciton
potentials, providing a means to control the movement of
neutral exciton.4−10 This control has significant implications for
applications in quantum optics, solar energy-harvesting, and
light-emitting devices.11−13

Different strategies to induce local strain in 2D TMDs have
been demonstrated in the literature, such as indentation with
atomic force microscope (AFM) tips,14,15 use of prestrained
substrates,5,16 integration of prepatterned structures,4,17,18 and
generation of bubbles.19,20 Out-of-plane ripples at the micro-
scopic scale are ubiquitous in 2D materials and are related to
their structural stability and associated minimum-energy

landscape. Controlled rippling, due to mechanical buckling,
has been used previously to induce local uniaxial strain profiles in
2Dmaterials.4,9−11 Despite extensive research on the correlation
between the mechanical strain and optical/electronic properties
of TMDs, the precise mechanism underlying bandgap reduction
in locally tensile-strained regions remains debated. Specifically,
it is unclear whether the valence and conduction bands shift in
the same direction, either both increasing or both decreasing in
energy at different rates or in opposite directions, where the
valence band (VB) shifts to higher energies while the
conduction band shifts to lower energies. Furthermore, the
strain engineering of the bandgap of TMDs could be used to
efficiently manipulate excitons. In fact, if a strain gradient is
created, the exciton energy is expected to vary spatially in a way
similar to that of the gap itself. The first scenario, when the
valence and the conduction bands move in the same direction,
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would result in an exciton funneling effect, where excitons
migrate to the highest strain region before recombining.4,5,21 In
the second scenario, the valence band and the conduction band
shift in opposite directions, leading to an antifunneling effect,
causing excitons to drift away from the largest strain region.22

Resolving this debate is essential for advancing the under-
standing of strain-engineered excitonic behavior in 2Dmaterials.
In this study, an isolated wrinkle in an atomically thin trilayer

(3L) MoS2 subjected to local uniaxial strains of 0.07% has been
investigated through a combination of optical and electronic
spectroscopies with sub micrometer scale spatial resolution to
isolate the optical/electronic response of a single homogeneous
wrinkle. Local uniaxial strain is achieved by the deterministic
transfer of buckled MoS2 and controlled delamination from the
substrate.5,23 The ability to induce and fabricate stable wrinkles
in 3L MoS2, whose thickness is less than 2 nm, making it a
nanoscale system, arises from the material’s reduced thickness in
the few-layer to monolayer regime. AFM and micro-Raman
mapping allow the characterization of the single wrinkle
geometry and the quantitative estimation of the strain. Spatially
resolved photoluminescence (PL) mapping reveals a direct
bandgap reduction of about 10 meV in the isolated wrinkle.
Despite this energy shift, the overall PL emission intensity map
suggests an antifunneling effect in the single wrinkle, wherein
excitons drift away from the lower-bandgap strained areas before
recombining, thus reducing locally the PL emission intensity.
Angle-resolved photoemission spectroscopy (ARPES) micro-
mapping unveils a rigid shift toward higher binding energies of
the valence band in the uniaxial strained region as compared to
the flat areas. It is worth noting that this micro-ARPES-
measured valence band shift can univocally discriminate the
origin of the exciton recombination in the isolated homoge-
neous wrinkle, finally settling the controversial open question. In
fact, combining the VB energy shift with the bandgap reduction
observed in PL, an antifunneling effect is clearly established,
arising from a type-II band alignment in the flat-strained
interface of 3L MoS2. In this scenario, the conduction band
experiences a larger shift than the valence band, leading to an
exciton migration away from the strained regions. The
understanding of the effects of local strain in an isolated
homogeneous wrinkle in a 2D material, thanks to micro-
spectroscopical analysis, can pave the way for a finer control of
excitonic motion with potential applications in photovoltaics,
quantum optics, and 2D optoelectronic devices. Overall, new
insights into strain-induced effects in few-layer MoS2 can
significantly advance applied nanoscience by enabling precise
spatial control of electronic and excitonic properties at the
nanoscale.24 The strain control over exciton dynamics and band
structure modulation can open new pathways for designing
high-performance nanoscale optoelectronic and quantum
devices, flexible sensors, and energy-harvesting systems. Our
findings, which extend our understanding of local strain from
monolayers to few-layers, where interlayer coupling and stacking
can have important effects in device performance under strain,

contribute to nanoscale optoelectronic and photonic devices
based on thin van der Waals materials, promoting the
development of layered strained structures with spatially tunable
functionalities for advanced nanotechnologies and flexible
electronics applications.

2. EXPERIMENTAL SECTION
2.1. Sample Fabrication. Starting from a bulk MoS2 crystal (Moly

Hill mine, Quebec, Canada), atomically thin flakes are deposited onto
an elastomeric substrate (Gel-Film WF X4 6.0, GelPak), which is
prestretched by ≈20% of tensile uniaxial strain (step 1, Figure 1). The
prestretching is achieved by mounting the elastomeric substrate in a
three-point bending setup. Subsequently, after the deposition of flakes,
releasing the tension in the elastomeric substrate produces well-aligned
wrinkles in the MoS2 layers perpendicular to the initial uniaxial strain
axis in the substrate (step 2, Figure 1); see also Figure S1. Thanks to a
deterministic transfer method (steps 3 and 4, Figure 1), we have
deposited the buckled MoS2 flake onto a SiO2/Si substrate (sample 1
used in μ-Raman and μ-PL measurements; see Figure 1 for AFM
characterization of this sample), partially covering a predeposited Au
pad directly connected to the conductive highly doped Si substrate, or
onto a graphene/SiC substrate (sample 2 used in μ-ARPES
measurements; see Figure S10 for an AFM characterization of this
sample). The transfer method allows one to reliably produce wrinkled
MoS2 samples on a target substrate (step 5, Figure 1).

2.2. AFM Measurements. Topographic measurements were
performed in air with a Park Systems NX10 AFM (Suwon, Republic
of Korea) in tapping mode by using a Nanosensors PPP-NCHR AFM
tip (Neuchatel, Switzerland) by collecting micrographs of 1024 × 1024
pixels at a cantilever scanning rate of 0.1 Hz (speed ≈ 5 μm/s).

2.3. μ-Raman Measurements. The μ-Raman experiments were
performed in UHV in a backscattering configuration by using as
excitation a Nd:YVO4 laser at 532.2 nm. The laser and the signal were
sent through a UHV-compatible NA = 0.82, 60× objective (IT-
APO532-RAMAN082, Attocube) focused on the sample in a 0.5 μm
spot size with a total power of 100 μW to avoid sample damage. A
spectrograph and scanning monochromator (SpectraPro HRS-500,
Princeton Instruments) equipped with a 1200 grooves/mm grating was
employed to analyze the signal, which was detected by a back-
illuminated liquid N2-cooled Si CCD camera. The UHV-compatible
Raman sample holder was mounted onto a hexapode piezoelectric stage
that can be moved with steps as small as 50 nm. The data were then
analyzed using custom routines written in MATLAB (Mathworks).

2.4. μ-Photoluminescence Measurements. The μ-PL measure-
ments were performed in the same way as the μ-Raman experiments,
with the only difference being the monochromator equipped with a 300
grooves/mm grating to record a larger portion of the spectrum in one
shot.

2.5. μ-ARPES Measurements. The μ-ARPES experiment was
conducted at the ANTARES beamline of the SOLEIL Synchrotron
(Saint-Aubin, France). The excitation was given by linearly horizontally
polarized photons of 95 eV (flux on the sample ≈ 1010 photons/s), and
the emitted photoelectrons were analyzed in energy and angle by a
hemispherical electron analyzer with a vertically confining entrance slit,
which enabled accurate mapping of electronic states by restricting the
angular acceptance in one direction, improving momentum resolution
for band structure studies. Beam focusing was achieved using Fresnel
zone plates, ensuring spatial selectivity better than 0.5 μm (see also
Figure S9). This is essential for probing inhomogeneous materials and

Figure 1. Fabrication scheme of wrinkled 3L MoS2. From left to right, schematic depicting the sequential steps needed to fabricate a wrinkled MoS2
sample on a target substrate, starting from mechanically exfoliated buckled MoS2 on PDMS.
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nanoscale regions within 2D samples. During the measurements, the
sample was kept at a low temperature (70 K) to reduce beam damage
during ARPES measurements (typically lasting ≈30−60 min).

3. RESULTS AND DISCUSSION
3.1. Quantitative Strain Analysis via AFM and μ-

Raman Mapping. The fabrication of a localized uniaxial strain
profile in 3L MoS2 exploits the buckling instability in
mechanically exfoliated flakes that leads to the formation of
wrinkles by buckling-induced delamination (see Methods in
Section 2.2 and Figure 1).25,26 As reported in previous works,27

this fabrication method generates periodic wrinkles whose
periodicity is dependent on the thickness of the MoS2 flakes.
Figure 2a shows an optical microscopy image of the as-fabricated
sample, where regions with different numbers of layers (1L, 3L,
and 6L) can be identified in the MoS2 flake. It is worth noting
that the MoS2 flake is flat, while the buckled regions collapsed
into a few wrinkles, which are visible in the optical image.
To confirm that the local features observed in the optical

image are indeed due to wrinkles, we performed topographic
measurements. The topography of the flake from AFMmapping
is reported in Figure 2b. In the 3L MoS2 flake, the delaminated
wrinkle is visible, and a line profile for determining its geometry
is shown in the inset of the figure. The maximum in-plane
uniaxial tensile strain ε (along the axis perpendicular to the
wrinkle) accumulated on top of the wrinkle can be estimated
according to the relation:

h
(1 )

2

2 2=

where σ is the MoS2 Poisson’s ratio (σ = 0.27),14,28 h is the
thickness of the flake, and δ and λ are the height and width of the
wrinkle, respectively.5,29 The values for δ and λ are extracted

from the AFM topography of the isolated wrinkle (δ = (18 ± 2)
nm and λ = (800 ± 100) nm). For the thickness h, we use the
value of h = 1.95 nm for a 3L MoS2, as deduced by quantitative
optical transmission microscopy, Raman spectroscopy, and
photoluminescence. Thus, the estimated uniaxial strain is (0.06
± 0.02)%. for the isolated wrinkle in the 3L MoS2 flake.
After the topographic characterization of the wrinkle isolated

in the flat region of a 3L MoS2 flake, μ-Raman mapping using a
532 nm laser (see Section 2.3) can unravel the different optical
response of the flat and buckled regions. The Raman spectra
taken on the flat and wrinkled 3L MoS2, reported in Figure 2c,
show the typical E2g and A1g bands at about 383 and 407 cm−1,
respectively, and the broader 2LA(M) and A1u structures at
about 450 cm−1.30−32 The peak at 520 cm−1 is due to the Si
substrate, and its intensity variation between the flat and strained
MoS2 regions is consistent with the change in the optical
contrast of strained MoS2, visible in the optical photograph of
Figure 2a. To assess the homogeneity of the flat and strained
MoS2 sample, a spatial micro-Ramanmapping was conducted by
performing a raster-scanning of the sample in steps of 500 nm
over an area of 50 × 50 μm2 and acquiring a Raman spectrum at
each position. Figure 2d shows the difference between the A1g
and E2g peak positions, which is a parameter known to depend
on the MoS2 thickness and on the changes in strain or
doping.31,33,34 All of the different regions already discussed in
the optical photograph of Figure 2a can be clearly identified,
with the spatial features of the map showing that the terraces are
homogeneously flat and that the wrinkle is also homogeneous
along its length. See also Figure S2 for histograms of the A1g and
E2g Raman shifts. It is worth noting that the A1g−E2g
wavenumber difference increases when going from 1L MoS2
to 6L MoS2, as expected from the literature.33 Thus, the
observed increase in the A1g−E2g Raman shift difference in the
3L isolated wrinkle as compared to the 3L flat region cannot be

Figure 2. Local uniaxial strain profile characterization in wrinkled 3LMoS2. (a) Optical microscope photograph of MoS2 transferred onto SiO2/Si and
Au/Si. (b) Atomic force microscopy of the 3L and 6L region of the sample. Inset: Line profile taken along the wrinkle. (c) Representative Raman
spectra of 3L MoS2 recorded on the flat region (orange) and on the wrinkle (red). (d) Map of the difference between the A1g and E2g peak positions
extracted from Lorentzian peak fitting. (e) High-resolution Raman spectra in the region of the E2g (left) and A1g (right) peaks recorded in the flat
(orange) and in the strained (red) 3L MoS2.
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caused by a delamination of the layers, which would reduce the
MoS2 interlayer coupling, thus reducing this A1g−E2g peak
difference.35

An accurate analysis of the μ-Raman peaks of MoS2 can unveil
the effects of the isolated wrinkle on the vibrational spectrum.
Figure 2e reports high-resolution μ-Raman spectra of the E2g
and A1g bands in flat (yellow curve) and wrinkled MoS2 (red
curve) regions. The E2g vibrational band shows a red-shift of
ΔωEd2g = − 0.24 cm−1 in the wrinkled MoS2, as compared to the
flat one. On the other hand, the out-of-plane mode A1g
vibrational bands in flat and wrinkled regions are almost
indistinguishable, with a very tiny Raman shift (ΔωAd1g = 0.01
cm−1). The MoS2 Raman band energy positions can be affected
by strain ε and by charging n according to the equation:

n
n= +

where and
n
are the Raman peak gauge factors for strain and

charging. Local charging effects in the isolated wrinkle are
negligible, considering the values of

n
for the A1g and E2g 1L

MoS2 bands reported in the literature.36,37 Furthermore, it is
well-known that the E2g peak position is mainly influenced by in-

plane strain. Using of aMoS2 trilayer from the literature,38 the
strain on the wrinkle results in εRaman = (0.08± 0.01)%, perfectly
in agreement with the strain estimated from the AFM image
εAFM = (0.06 ± 0.02)%. In the rest of the article, we will use the
average value between εRaman and εAFM for the uniaxial strain,
that is, (0.07 ± 0.01)%.
A statistical analysis of the Raman peak positions is shown in

Figure 3. The histograms of the E2g and A1g peak positions built
from the 3L flat and wrinkle Raman spectra are reported in
Figure 3a. The division of the spectra in flat and wrinkle regions
is done automatically using the A1g−E2g Raman shift difference
to discriminate between the two regions, as shown in Figure S3.
The histograms have a Gaussian shape with small dispersions,
and in the case of the E2g histogram, the separation between flat
and wrinkle regions is evident. The shift observed for the E2g
peak, which is negligible for the A1g peak, is consistent with the
previous analysis made on single high-resolution spectra. The
E2g and A1g Raman shifts are correlated by strain and charging
effects, as discussed previously; such a correlation can be
visualized by a scatter plot of these two variables as commonly
done in the literature.36,37,39

In Figure 3b, the position of the E2g versus the A1g peak,
extracted from all of the Raman spectra of the trilayer and color-

Figure 3. Local strain and charging effects from Raman analysis. (a) Histograms of the Raman shift of the E2g (left) and A1g (right) peak positions for
3LMoS2 taken in the flat (red) and wrinkled (blue) regions. (b) Scatter plot of the A1g peak position as a function of E2g peak position in the 3LMoS2.
The red and blue points correspond to flat and wrinkle regions. Each of the two clouds of data has been fitted to a two-dimensional Gaussian peak
shown by the black dot and the dashed lines, respectively, for the distribution center and the one- and two-standard-deviation boundaries.

Figure 4. Photoluminescence mapping and bandgapmodulation by strain. (a) Representative photoluminescence spectra of 3LMoS2 recorded on the
flat region (yellow) and on the wrinkle (red). Inset: Sketch of the band structure around the K point. (b, c) Map of the peak position of the A exciton
(b) and B exciton (c). (d) Photoluminescence map of the total PL area.
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coded for the flat and wrinkled regions, is shown. Here, the data
for flat and wrinkled regions are distributed in two data clouds,
which can be clearly distinguished. Each of these data clouds has
been fitted to a two-dimensional Gaussian distribution whose
center and one- and two-standard-deviation contours are shown
in the figure. The flat region distribution has a center located at
(E2g, A1g) = (383.22, 406.62) cm−1, while the wrinkled region is
located at (E2g, A1g) = (383.03, 406.67) cm−1, confirming the
previous analysis performed on single high-resolution spectra.
As discussed previously, strain and charge doping can be
expressed linearly in terms of the Raman shifts (E2g, A1g) since, at
low levels of these two quantities, their effects are decoupled
from each other. In Figure S3, we plot the isostrain and isocharge
concentration axes. From the scatter plot, it is evident that the
wrinkle affects primarily the strain of 3L MoS2, resulting in a
tensile uniaxial strain of approximately 0.075%, and has a small
effect also on the charge concentration. Using

n
values from

literature for 1L MoS2 (normalized to take into account the 3L
thickness),40 we find, as an upper estimate, the wrinkle-induced
electron doping of −0.1 × 1012/cm2, a negligible change in
doping that reflects strain and substrate interaction effects.

3.2. Photoluminescence Response to Local Tensile
Strain. The effects of local strain in the wrinkled region can
significantly influence the photoluminescence signal. To
investigate how localized tensile strain in the isolated wrinkle
affects the optical response, spatially resolved μ-PL mappings of
the 3L MoS2 sample in both the flat and wrinkled regions are
shown in Figure 4a. While 3L MoS2 is an indirect bandgap
semiconductor, its PL spectrum is primarily dominated by
direct-gap transitions at the K point of the Brillouin zone,
occurring between the conduction and valence bands, the latter
of which is split due to interlayer interactions and spin−orbit
coupling.41,42 The direct-gap transitions appear as two
resonances in the PL spectra, associated with two excitons: the
A exciton at lower energy and a higher-energy shoulder
corresponding to the B exciton (see the inset of Figure 4a).
Comparing the spectra, in the one acquired on top of the
wrinkle, both the A and B excitons are shifted to lower energies
with respect to the spectrummeasured on the flat region, with an
overall shift of the excitonic resonances ΔEPL = −10 meV. The
observed energy shift aligns with previous reports on local strain
effects in wrinkled few-layer MoS2.

5,21,43

In Figure 4b,c the positions of the peaks corresponding to A
and B excitons are shown, respectively, as obtained by raster-
scanning the sample in 500 nm steps over a 50× 50 μm2 area and
fitting the individual PL spectra with Lorentzian peaks (see
Figure S4 for some examples of multipeak fit of the 3L MoS2 PL
spectra). The shifts of both A and B excitons are homogeneous
along the wrinkle length, and they are both downshifted in
energy, clearly indicating a bandgap reduction. These energy
shifts can also be seen in the histogram representations reported
in Figure S5. Interestingly, apart from the energy shift of the
exciton PL emission (and the total PL intensity as discussed in
the following paragraph), we do not observe additional line
shape changes between the flat and the strained regions,
indicating that the strain effects on the trion population is
negligible in our case, possibly because the strain levels probed
are very small (see also Figure S6).44,45 The spectral weight of
trions in our mechanically exfoliated 3L MoS2 is also low
compared to thinner regions, e.g., the 1L region (Figure S7), or
compared to chemically vapor deposition (CVD)-grown
MoS2.

46−48 The small trion population suggests a low intrinsic

doping level in our sample, which is typically related to a low
defect density.
Besides the energy shift, the PL intensity in the wrinkled

region is notably lower than that in flat 3L MoS2. This intensity
reduction is evident in the μ-PL total emission intensity
mapping shown in Figure 4d and from the histogram shown
in Figure S8. The reduction of PL emission from uniaxially
strained regions has been previously reported by Conley et al.,49

where a strong PL reduction in monolayer (1L) MoS2 on SU8
photoresist deposited on polycarbonate has been observed,
whereas bilayer (2L) MoS2 remained largely unaffected.
Similarly, Li et al. reported a decrease in PL intensity with
increasing uniaxial strain in 1L MoS2 on poly(vinyl alcohol).50

Both studies attributed this effect to a strain-induced direct-to-
indirect bandgap transition in monolayer MoS2. Other articles
that report a PL intensity reduction inMoS2 due to tensile strain,
but do not comment on the physical origin, are from
Christopher et al. and Çakıroğlu and coauthors.51,52 Castella-
nos-Gomez et al. in ref 5 studied the PL of wrinkle MoS2 on an
elastomeric substrate (Gel-Fim WF × 4 6.0 mil). The authors
did not explicitly comment on the strain effects for the PL
intensity, but focused on the discussion on the shift of the
exciton peak. Nevertheless, a PL spectrum of a 3L MoS2 in the
Supporting Information of that article shows a moderate
intensity quenching on a wrinkle without a clear change in
line shape, more similar to our case. In general, strain-related
quenching of the PL is much less prominent in few-layer cases
than in the monolayer case.46,53 On the other hand, multilayer
flakes can have larger PL quenching, which typically do not
depend only on the strain but on the geometry of the wrinkle, as
shown for example in ref43 by Deng and coauthors. Overall, our
moderate PL intensity quenching is compatible with the results
from the literature. Finally we notice that also the fabrication
method (e.g., CVD versus mechanical exfoliation) or the
biaxial/uniaxial nature of strain can influence the strain-induced
PL quenching.53−56

Photoluminescence and Raman measurements carried out
here on a single isolated one-dimensional wrinkle of a 3L MoS2
flake confirm the spectral dependence observed in strained
TMDs with respect to flat crystals. However, in order to get the
complete energetic landscape in this locally uniaxially strained
MoS2, angle-resolved photoemission spectroscopy micromap-
ping can discriminate the effect of local tensile strain on the band
structure and enlighten the very origin of the PL intensity
reduction observed in locally strained regions. ARPES measure-
ments spatially resolved at the micron scale are still
experimentally unavailable on an isolated wrinkle, and whether
the valence and conduction bands shift in the same or in
opposite directions is still an open question.

3.3. Band Structure Modification Revealed by μ-ARPES
Micromapping. μ-ARPES measurements have been per-
formed at the ANTARES beamline at SOLEIL, comparing the
band structure of flat and strained 3L MoS2.

57 To perform this
experiment, we used a second sample, still consisting of wrinkled
3L MoS2, but deposited on a different substrate, namely, Gr/
SiC. The sample fabrication was identical to the one used for the
optical spectroscopies measurements, and the wrinkle geometry
and strain level were also comparable (see Figure S10), This
change of the substrate in μ-ARPES measurements was dictated
by the requirements of a conductive and ultraflat substrate to
measure bands by ARPES. In this case, the Gr/SiC substrate is
an excellent one as it provides high electrical conductivity and
ultraflat topography. Unfortunately, the high electrical con-
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ductivity has consequences on the PL emission, which is highly
quenched, and on the degradation of optical contrast of 3L
MoS2, preventing high-resolution optical spectroscopy measure-
ments.
The angular resolved photoemission intensity maps, taken

along the Γ-K direction, acquired at 95 eV photon energy for the

3L MoS2/Gr/SiC substrate are reported in Figure 5a, measured
in the flat region and in the isolated wrinkle (respectively, left
and right panels), and the corresponding energy distribution
curves integrated about 0.4 Å−1 around the Γ point are reported
in Figure 5c. Figure 5b reports the 2D curvature calculated from
the ARPES spectra. As expected for 3L MoS2, the valence band

Figure 5.Valence band shift in locally uniaxially strained 3LMoS2. (a) μ-ARPES images acquired on flat (left) and wrinkled (right) 3LMoS2 along the
Γ−K direction and taken at a photon energy of 95 eV. (b) Curvature spectra of the (a) panel. (c) Energy dispersive curve (EDC) at Γ taken from the
measurements in the (a) panel.

Figure 6. Energetic landscape in locally uniaxially strained 3LMoS2. (a) Schematic profile of strain (top) and band structure (bottom curves represent
the maximum of the valence band VB and the minimum of the conduction band CB) of 3L MoS2 versus distance under nonuniform strain in our
experiment. The values for the strain, bandgap, and VB are extracted, respectively, from spatially resolved Raman/AFM, PL, and μ-ARPES
experiments. (b) Nonuniform strain profile generated by the wrinkle in 3LMoS2 favors the drift of holes away from the wrinkle, reducing the radiative
recombination of excitons.
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maximum (VBM) is located at the Γ point of the Brillouin zone,
with a secondary local maximum at K, which is the location of
the initial state for the PL emission discussed earlier. A
comparison between the band structures of the flat and wrinkled
regions reveals no significant topological modifications,
indicating that the wrinkle does not disrupt the interlayer
coupling, consistent with the Raman measurements reported in
Figure 1. The primary effect of the strain is a downshift (≈100
meV) of the VBM in the wrinkled region and a slight increase in
the density of states at about 1.4 eV binding energy (∼1 eV
below the VBM). These observations, albeit obtained on a 3L
system, are in agreement with density functional theory (DFT)
calculations on a single-layer MoS2, which predict an energy gap
reduction58 and an increase of the Mo-derived partial density of
states at about 1 eV below the VBM59 under tensile strain. While
both 1L and 3L MoS2 experience a reduction of the bandgap
under tensile strain, the magnitude and details of the response
depend on the number of layers.
The spatially resolved ARPES measurements complemented

by the PL results allow us to univocally determine the energetic
band diagram in this isolated wrinkle with respect to the flat
region, as sketched in Figure 6a. The 0.07% tensile strain in the
single wrinkle causes the reduction of the bandgap, with a
downward differential energy shift of the VBM (−0.10 eV) and
CBM (−0.11 eV). This modification of the electronic structure
(type-II alignment between the valence and conduction bands)
can then lead to the antifunneling of excitons or to a
destabilization of excitons since the energy minimum for
electrons and holes is located at different positions in space
(when the electron−hole pair is generated in close proximity to
the wrinkle) as sketched in Figure 6b where exciton diffusion in
flat MoS2 versus type-II-induced drift in the wrinkle is shown.
This process can explain the local quenching of the PL emission
observed in the wrinkle. The antifunneling effect observed here,
where excitons drift away from the maximally strained regions,
different from the behavior commonly observed in 1L MoS2,
shows that layer-dependent response to strain is not a simple
extension of the monolayer physics. Focusing on 3L MoS2
extends strain engineering beyond the 1L case and provides new
insights into the interplay between strain and optoelectronic
properties in thicker than 1L cases.

4. CONCLUSIONS
A uniaxial and homogeneous wrinkle produced exploiting the
buckling instability in a 3LMoS2 flake constitutes a paradigmatic
playground to correlate optical and electronic responses in
strained 2D materials. 3L MoS2, whose thickness is less than 2
nm, and its wrinkles, whose out-of-plane size is typically in the
tens of nanometers range, are both nanoscale objects. The lattice
expansion in the isolated wrinkle of 0.07% as determined by
atomic force microscopy and μ-Ramanmapping induces a direct
bandgap reduction of 10 meV, as detected by PL. The energetic
landscape, as deduced by PL and angular resolved photo-
emission, univocally enlightens an antifunneling effect, where
the excitons move away from the strained wire before
undergoing radiative recombination. Furthermore, a slightly
different shift toward higher binding energies of both valence
and conduction bands in the isolated wrinkle univocally
discriminates the origin of the exciton recombination. The
combination of complementary electron and optical micro-
spectroscopies unravels the effects of local strain in this
exemplary isolated wrinkle in a 2D material, constituting a
reference in the control of the excitonic motion in 2D materials.

Such a control can have important implications for optoelec-
tronic and photonic devices based on locally strained semi-
conducting nanosheets, such as few-layer MoS2.
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