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Abstract

Straintronics involves the manipulation and regulation of the electronic characteristics of 2D
materials through the use of macro- and nano-scale strain engineering. In this study, we utilized
an atomic force microscope (AFM) coupled with an optical system to perform indentation
measurements and tip-enhanced photoluminescence (TEPL), allowing us to extract the local
optical response of a suspended monolayer membrane of ternary WSSe at various levels of
deformation, up to strains of 10%. The photoluminescence signal is modelled considering the
deformation, stress distribution and strain dependence of the WSSe band structure. We observe
an additional TEPL signal that exhibits significant variation under strain, with 64 meV per
percent of elongation. This peak is linked to the highly strained 2D material lying right
underneath the tip. We discuss the amplification of the signal and its relation to the excitonic
funnelling effect in a more comprehensive model. We will also compare the diffusion caused
by Auger recombination against the radiative excitonic decay. We use TEPL to examine and
comprehend the local physics of 2D semi-conducting materials subjected to extreme
mechanical strain. Chemical vapour deposition-fabricated 2D ternaries possess high strain
resistance, comparable to the benchmark MoS;, and a high Young's modulus of 273 GPa.


mailto:julien.chaste@universite-paris-saclay.fr

The controlled application of significant strain to two-dimensional (2D) materials, ranging from
one to a few monolayers in thickness, has unveiled interesting physical phenomena and is
commonly referred to as 2D straintronics. =31 This technique has potential in tuning specific
absorbance or photoluminescence (PL) lines, 1 as well as producing quantum emission
sources at near-room temperature. [&12]

This fruitful combination arises from the unique physics of monolayer 2D transition metal
dichalcogenides (TMDs). The majority of TMDs (MoS2, WSez, WS, WSSe) are direct band
gap semiconductors that exhibit complex quasi-particle physics dominated by excitonic effects,
even at room temperature. [** Combined with the innate resilience of two-dimensional materials
to high strains (up to 6-11% in MoS; 4, 79% for WSe,** 3% for WS,*®1), monolayer TMDs
are an ideal testing ground for observing the impact of extreme strain on electronic band
structure. At room temperature, X1 excitonic peaks have demonstrated a remarkable tunability
of the emission wavelength for direct band gap semiconductors that operate within the visible
range, with lines shifting reversibly by several hundreds of meV. These findings convey
noteworthy results concerning the effect of extreme strain upon electronic properties.

In these 2D materials, the physics is uniquely influenced by the combination of strain and
excitonic quasi-particles. It creates a funnelling effect that leads to controlled spatial drift of
excitons over several microns.*®21 This phenomenon has facilitated recent experiments on
exciton scattering at low temperatures,?221 where strain replaces the electric field and
manipulates both charged and neutral excitons.[*6?°! Several studies have been conducted on
this topic. In particular, the dark excitons found in TMD materials are most sensitive to
straintronics effect, since they exhibit a much slower decay rate than bright excitons, leading to
longer diffusion times (and lengths) along the strain-induced energy gradient.[2627]

The impact of mechanical strain on 2D TMD materials has been thoroughly examined, covering
area such as crystalline anisotropy,?® van der Waals inter-layers coupling control,?® and even
crystalline phase transition triggering.®%31 As a result, the community has developed various
approaches to strongly deform 2D materials, such as support-induced mechanical
mismatch, 8132 sypport bending,[*?® substrate nanostructuring®3334 8:35361 gnd comb-drive
actuation.’"2%1  Alternatively, 2D materials can also be deformed trough lattice
displacement!4041, angular misorientation between separate layers, [ direct
nanostructuring,*3#4 thermal heating,*! or nano-indentation using atomic force microscopy
(AFM) tipl*622-271 For 2D materials studied in a suspended membrane configuration, nano
indentation using an AFM tip is possibly the most straightforward technique for the application
of a local strain in a controlled manner, from minute strains up to extreme deformations
exceeding ten percent.[!

Understanding how mechanically induced deformation affects the electronic properties of
atomically thin layers requires a deformation method with tunable strain coupled to a probe
with a nanometer-scale resolution. Both of these requirements can be met with an AFM-Raman-
TEPL system capable of tip-enhanced optical spectroscopy measurements, which selectively
excite the material located near the tip apex and collect the corresponding signal. The
movement of the sample, in combination with the amplification of the photoluminescence
signal at the tip’s apex in the near field, produces a tip-enhanced PL (TEPL) image. This offers
spatial resolution of up to 20 nm 2547481 previously, ¥/ this AFM-Raman-TEPL system



(HORIBA) was used to observe the room temperature behavior of excitons in monolayer WSe;
nanobubbles. This highlighted the localized exciton spatial zones that were tens of nanometers
wide. Small, localized deformations of up to 0.2% were observed when a tip was pressed onto
nano-wrinkles in a 2D material.[®1 Additionally, a 10 meV shift in the photoluminescence peak
was detected at nano-resolution using the TEPL technique, demonstrating the efficacy of this
approach for 2D materials submitted to strain. Bubble made of 2D materials are stable system
compatible with precise measurements of strain and nanophotoluminescence.[*®% |t stays a
simple and very interesting experimental approach but it lacks a deterministic localization and
reproductibility of shape or strain. Indentation technic induced a strongly tunable strain in the
2D material at the tip localization. However, if extended to larger deformations exceeding 10%,
further discussion is necessary for the existing model of deformation and band structure in a
domain where the band energy shift is of the order of the band gap itself.

In the current investigation, a schematic diagram of the AFM probe is presented in Figure 1a .
The probe has been utilized to apply a calibrated localized force on a suspended 2D TMD WSSe
monolayer membrane, which resulted in a circular strain distribution with a reverse “tent-
shaped” dip. Figure 1b depicts the expected change in the band structure of the WSSe mono-
layer, with a gradual decrease in the optical band gap of the WSSe monolayer due to the layer
deformation €. This deformation is peaked at the tip apex (r=0) and decreases as we approach
the tip center (r=c0—0). This produces a circular potential well, directing the excitons (electron-
hole pairs) towards the region with the lowest band gap energy (i.e. the tip apex).

Experiment

The 2D material consists of large flakes of monocrystalline single layer WSSe alloy. We
transfer the 2D material onto a hole-patterned silicon surface to suspend and stretch significant
areas of the 2D crystal in a flat and circular “drum” configuration. The cavities are fabricated
using the standard lithography technique on silicon/SiO, wafers where 300 nm deep holes are
created via reactive ion etching.’l A thin, 200 nm-wide evacuation channel connects the
circular cavities to one another and to the external atmosphere. It ensures that no differential
pressure is induce upon the membrane.

The large triangular flakes of monolayer WSSe used in this study are made of monocristaline
materials. They have a width exceeding 100 um and were grown on a SiO> substrate using
vapor phase growth at high temperature (1100°C) in a furnace under an argon atmosphere.®?
WSSe is a ternary 2D TMD material whose optical gap varies based on the chalcogen
stoichiometry. The chemical structure of our membrane is WS13Seq 7, resulting in a main PL
emission near 1.85 eV in ambient conditions, when unstrained. 2% The WSSe monocrystals
are transferred one-by-one onto the patterned substrate trough the following procedure; (1) coat
the growth substrate with poly(methyl methacrylate) (PMMA); (2) immerse the sample in
liquid nitrogen to gently detach the 2D material from the SiO2 due to thermal compression
mismatch®4 and clean it in acetone and isopropanol; (3) pick up the 2D layer in a transfer
station using a polydimethylsiloxane (PDMS) half-sphere covered with PMMA; ! (4) A drop
of water should be inserted between the substrate and the PDMS bubble before contact to
overcome the remaining interaction forces between the 2D and the SiO; surface.®®! This is due
to the additional capillary force provided by the water which allows for the removal of complete
sheets without apparent damage; (5) The PDMS/PMMA/2D layer is then precisely aligned with
the patterned structure; (6) The PMMA/2D assembly is transferred by slowly heating the
PDMS to 180°C; (7) The PMMA is then completely annealed at 350°C under vacuum for
several hours.



This fabrication procedure gives a flat, homogeneous, and optically defect-free single layer of
monocrystalline WSSe fully covering the cavities. An optical image is shown in Figure 1c (top
view) with the circular cavities appearing dark over the purple silica surface. The figures 1d
and le show the corresponding AFM topography and AFM phase images of two adjacent
“drums”, respectively. The topography reveals a near flat surface while the phase image clearly
separates the (mechanically soft) suspended membrane area from the membrane lying on the
(relatively harder) silicon surface. In the absence of external strain, the room temperature
photoluminescence of the suspended WSSe membrane consists in two standard peaks,
separated by 40 meV, namely the A exciton peak at 1.872 eV and the trion peak A’ at 1.832
eV, as shown in Figure 1f. The Raman response (not shown) and the absence of other PL
contributions confirm the stoichiometric nature of our WSSe material and the absence of any
surface oxidation.!

First, a TEPL cartography was conducted on a WSSe flake for the first time, using a silver-
coated tip stimulated by a 532 nm laser with a power of P=30 pW. The results are presented in
Figure 1g. To acquire the genuine nanoPL response of the material, the PL signal in the "far-
field" (tip a few nanometers away from the surface) was subtracted from the "near-field+far-
field" PL signal (tip in contact with the surface). In our measurement, TEPL typically
corresponds to ~10-20% of the “far-field" signal. B7-611 We observe that the Au-coated tip,
which create a metal-semiconductor contact does not affect the band structure of the WSSe (See
part S10 of the supplementary information)

The determination of the spatial extension near the tip apex that is responsible for the TEPL
emission is a crucial parameter for accurate TEPL signal modelling. An experimental
evaluation of this region extension was performed and is presented in the Supplementary
Information. The area was approximate by a Gaussian profile with a FWHM of wrep =90 nm.
We carried out spatial calibration of the AFM tip and determined a tip diameter of 2r, =

40 nm from AFM topography, as well as an associated cantilever stiffness constant k;, =

3.11 N/m (refer to Supplementary Information). The tip diameter and stiffness align with the
supplier's provided specifications.
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Figure 1: Optical measurement of a suspended WSSe monolayer in an AFM tip
indentation experiment. a) The experiment is shown schematically, in which an AFM tip
applies a mechanical force to the center (r = 0) of a suspended 2D monolayer membrane. b)
Indentation alters the deformation at the center of the membrane and the local band gap. Due
to scattering and drift, the excitons quickly move towards the centre and are subsequently re-
emitted at the lowest energy level of the band gap. Additionally, there is an optical image of the
sample provided, along with corresponding topography (d) and phase (e) images of the 2D
drum. Notably, the suspended part is completely level. It is observable that there is a thin trench
between the two drums. f) The photoluminescence spectrum of WSSe with no strain is
displayed, with a two-peak fit. g) The TEPL signal of a 2D flake is measured along its edge,

and the corresponding topography is measured using atomic force microscopy.

After calibrating the HORIBA AFM-Raman-TEPL, we can proceed with the indentation
measurements using the same optical excitation (532 nm, 30 uW). Figure 2a displays the "near-
field+far-field" PL, where the metal tip and laser spot are aligned. A noticeable broadening and
shifting of the PL signal is observed as the indentation depth (8) increases, followed by the
emergence of numerous additional peaks. We conducted the same indentation experiment
again, but with a 300 nm laser spot offset, to obtain the "far-field" PL (Figure 2b). This distance
ensures that the signal is free from tip enhancement and collects only the pPL or far-field signal.
At first glance, the "far-field" PL exhibits similar behaviour to the "near-field+far-field" PL,
broadening and red-shifting with increased indentation depth. However, they differ due to the
"TEPL/nanoPL" signal.



The TEPL signal (Figure 2c), which is calculated by subtracting the "far-field" PL signal from
the combined "near-field+far-field" PL signal, displays the most red-shifted contribution of the
PL signal at each indentation depth. It is accompanied by a clear monotonic peak shift (from
1.87 eV to 1.74 eV) but is dominated by a single component, unlike the "near-field" and "far-
field" data. Considering that TEPL mainly measures the PL response from the area directly
beneath the tip apex, its variation reflects the significant modification of the optical response of
the suspended WSSe monolayer under extreme tensile strain. In the following section, we
present a model to simulate these optomechanical effects and confirm the nature of the TEPL
signal.

Figure 2c illustrates the as-measured TEPL signals as a function of strain at the tip apex. The
TEPL peak has intensified from 690 counts to 2350 counts for different strain. This indicates
that the PL intensity has increased by at least 265 % in TEPL, when probed area is reduced by
a factor of 36, and that we can isolate the TEPL signal. In our computations, we incorporate a
far-field residual signal (540 counts) to fit the experimental data, as we do not entirely remove
the tip in our experiment. In the SI, we examine the signal response at the indentation point and
300 nm away from it, as depicted in Figure 2. However, this correction alone is inadequate in
explaining our data.
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Figure 2: Operando photoluminescence measurements were obtained under mechanical
pressure. Tip-enhanced photoluminescence spectra were collected with the laser directed
towards the tip apex (TEPL "hot spot™) for varying deformation depths. Far-field PL spectra
were also collected with the laser spot positioned 300 nm away from the tip apex for different
deformation depths. Pure near-field PL (true TEPL) spectra were generated by subtracting the
far-field spectra "b" from spectra "a".

Discussion

To determine the optical response of the material at the membrane's contact point, we must
consider the band gap and strain distribution.

The following three steps will be followed: 1) an estimation of the strain profile along the
membrane, (r € [0, R]), using radial coordinates, where R represents the radius (cavity radius)
of the membrane, which is 1.25 pum. This step is necessary due to the collecting optics' spatial
distribution and the tip's non-zero radius. We calculate parameters, including Young's modulus,
by matching the force-deflection curve, F(3), and obtaining the maximum strain €p,, =
e(r = 0) at any depth of indentation. 2) Subsequently, using density functional theory (DFT),
we establish the correlation between a particular local strain at any r and the local bandgap Eg.
3) Next, we convolve this spatial distribution of strain and bandgap with the local population
of excitons to derive the standard photoluminescence (PL) signal from the sample.



To describe the strain r € [0,R], we must consider two areas: the central region of tip-
membrane contact, with high strain, and the suspended region of the membrane, with lower
strain. Two models will be used to describe the strain along the sample.

The first is a flat tip model, which employs a simple model of a flat tip. The Schwerin solution
fixes the strain at r = 0. A point loading model, like the widely recognized Schwerin solution,
gives a reliable estimation of the maximum strain induced by indentation. To expand this model
to any radius, we presume a steady stress along the tip contact and apply an empirical model
that fluctuates as 1/r in regions outside the tip. This approximation has been demonstrated as
reasonable for indented 2D materials. /%%

The second model utilizes the Foppl-von-Karman equations and Foppl-Hecky small finite-
deflection theory. This model provides specific treatment of the contact region, resulting in an
accurate representation of indentation. The Bathia and Nachbar indentation model, as we refer
to it, or rounded tip model, is a more formal model featuring a rounded tip. (62651

In Figure 3a, we apply a force F to the center of the circular membrane that deforms elastically
the 2D with a central deflection 6. Our experimental data (blue points) reaches =250 nm for
F=2200 N (Figure 3a, log scale data). Such an indentation experiment was repeated several
times, with identical results, demonstrating the elastic character of the deformation. We first
consider a standard Schwerin indentation model, 66146715881 which relates F to & while
approximating the tip by a point. Knowing F and 8, the Schwerin model F = o,p.m6 +
E,p.q;3/R?. 8% is used to evaluate the initial 2D stress o, and stretching modulus E,p = E.t
of the WSSe membrane. Here, E is the bulk Young modulus, t=0.7 nm is the membrane
thickness and the parameter q,is defined as q; = 1/(1.05 — 0.15.v — 0.16v?) with v = 0.19
the Poisson ratio of the bulk material for WS, and WSe2.%%" From the fitting to the
experimental results (the red line in Figure 3a) we obtain o,p = 0.158 N/m and E =
272.7 GPa for our system. Young’s modulus of the ternary WS;13Seo7 is in accordance with
previous measurements in WS, (E ~ 250 GPa) and in WSe; (E ~ 300 GPa). ["Y We describe
the strain at the apex emax = /F/4m.1y;,. Et and we plot it as a function of the deflection in
Figure 3b. In Figure 3b, the maximum strain, > 10 %, is obtained with a 250 nm deep

indentation. This confirms that indentation is an appropriate technique to deform 2D material
to their limit and a solution to explore the physics of 2D materials under very high strain.

In the rounded tip model, the tip has a radius of curvature ry;,, and is in contact with the 2D
material below a radius r.,ntact, @nd this contact radius increases with the indentation deflection
8. It gives a 1/+/r dependence for the strain distribution far from the tip (see Figure 3c and S|
for details). After calibration of the required parameters (see Supplementary Information), if
we consider only the strain at r = 0, the Bathia and Nachbar model correctly describes our
experimental F(6) data and leads to a comparable Young’s modulus and g,,,, (Figure 3b). To
account for the experimental shape of the tip measured during the AFM measurement, which
corresponds to very small indentations (e < 0.5%), we must have reontact=rtip=20 NM, which
fixes ryp, = 60 nm.

To know exactly the effect of the indentation on the optical response of the material, it is crucial
to determine both the strain profile along the membrane and the effect of the strain on the band
structure of the 2D material. In Figure 3d, calculations have been performed to evaluate the
variation of the band structure of WSSe subjected to a biaxial strain of the order of a few
percent. We considered the WS1.3Seq.7 using density functional theory (DFT). We have adopted



the hybrid Heyd-Scuseria-Ernzerhof (HSE) function approximation as well as the virtual crystal
approximation. The coupling of spin orbitals is included in our model. The cell and atomic
positions of the undeformed WSSe were evaluated after full relaxation with cell parameters
a0=3.24 A and c=28 A. A bi-axial in-plane strain was imposed on the unit cell and then the
atoms were allowed to relax their positions. As seen in Figure 3e, the resulting gap at K point
decreases (increases) under a biaxial tensile (compressive) stress. For large compressive strain
(ex < —1% ), the conduction band minimum moves from the K point to the Q point and the
associated optical transition becomes indirect. For tensile strains, as in our indentation
experiment, the material keeps its direct band gap character with increasingly smaller value.
To first order, we model this variation as Eg = Egg — dEg/des. &4, With dEg/de, =
125meV/%. To link the DFT calculation using biaxial deformation (e = &, = ¢,) to our radial

strain model, we define &2 =¢,%+¢,> and we obtain dEg/de, = 1/V2.dEg/de =
88meV/%. In this way we can now model the local band gap value at the radial elongation r
from the tip as Eg = Ego — dEg/de, . (1),

To confirm the theory, we also performed photoluminescence and optomechanical
measurements of the static strain on the 2D membrane with different gate voltages Vg. The gate
voltage is used to pull-in the entire membrane and to scan different deformations. The
suspended membrane vibration is measured by electrically activating the out-of-plane vibration
and measuring it by optical reflectometry.[2>53 The mechanical frequency versus gate voltage
dependence can be used to extract the strain along the membrane (see SI). We extract the optical
response as a function of the strain applied to the membrane and observe a 5 meV shift in the
peak position for 0.04% of elongation, i.e. 125 meV/% along x which corresponds quite well
with the theory. Also, these measurements confirm the good mechanical quality of the
membrane with high quality factor measurement Q=1000).
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Figure 3: Indentation induced local strain, band gap tuning and exciton/charge funnelling.
a) A force indentation experiment with the force applied to the membrane as a function of the
membrane deflection. Two regimes are distinguished at low and high deformations. b) The
strain at the r=0 as a function of the deflection for the Schwerin model [681467.1586] and the
Bathia and Nachbar model.[626% ¢) The strain as a function of the radius for different force



values with the analytical model of a round tip. 10% strain corresponds to F~2200 nN. d) Band
structure of the WSSe calculated for different biaxial elongation applied to both x and y
directions. The electronic structure varies strongly at the K point. ) Based on the calculations
shown in d), we plot the band gap, Eg, as a function of the strain applied along x and y (e =
gx = g). €), T) A global deformation of the membrane is applied by a capacitive force, which
induces a small PL peak shift. The corresponding strain is extracted from optomechanical
measurements.

The pphotoluminescence response is the convolution of the local PL spectra at the position
excited by the laser spot and the local density of excitons, n(r). In a first approximation, without
excitonic drift or funnelling, n(r) is thus directly proportional to the Gaussian intensity profile
of the laser beam, wy 5o = 600 nm. For the TEPL measurements, the width of the Gaussian
distribution is reduced to wrgpy,. Under these assumptions we define the simulated (PL) signal
as (PL) = fPL(EG(r))n(r)rdr. The simulated and experimental PL response are plotted as a
function of the strain applied to the membrane center, up to 10%, for the far-field signal in
Figures 4a, b, ¢, and for the TEPL signal in Figure 4e, d, f. We compare the experimental results
with the simulations for the two types of strain distributions detailed earlier, the one with a flat
tip and a 1/r dependence of the radial strain, and the second with a rounded tip and a 1/+v/r
dependence of the radial strain. For small strains (¢ < 3%) the experimentally measured PL
peak does not shift much, as is the case for both tip models. This is probably related to the fact
that the contact remains point-like at this stage, with the area of contact between the tip and the
2D stay closed to the value measured by AFM, and that the stress area is much smaller than the
spatial extension of the laser. In this region, the flat tip with constant radius is a good
approximation of the system. In the limit of strong deformations (>5%), the signal shifts more
in the case of a rounded tip (25 meV/%) than for a flat tip (2.5 meV/%). The exciton peak shift
(black curve) for the measurement is 22 meV per % of elongation for a strain >5% in the Figure
4b. In this high strain region, it seems appropriate to describe the AFM probe as a rounded tip
with a 1/+/r dependance, where the contact radius changes with strain and the 2D material
surrounds the tip.

In Figure 4b, the evolution of the puPL is depicted as a function of the strain applied to the
sample. The peaks were analyzed using Gaussian or Lorentzian fits ranging from 2 to 5. It is
noteworthy that the peaks are consistently separated by 55 meV. We observe a correlation
between this energy and the trion binding energy, but it is not directly related to quantization
of the excitonic levels in a low-dimensional system,[’?l which are expected at much lower
energy (~a few meV) for systems of a size equivalent to the area with a high strain gradient
(~50 nm).
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Figure 4 Model and experiment a) and c) The far-field PL response is compared as a function

of the strain, simulated for the rounded tip and the flat tip respectively, with the measured PL
response in b). b) The positions of the peaks obtained for a two-, three- or four-peak fit for each
strain value. We distinguish in black the peak that seems to be linked to the A exciton and in
red the peaks that seem to be associated to the A’ trion. d) and f) The TEPL responses as a
function of the strain, simulated for the rounded tip and the flat tip respectively, are compared

with the measured TEPL response in e).

Finally, now that we have properly calibrated the indentation and globally understood the PL
response of the system, we focus our attention on the TEPL signal in Figure 5a and 5b. In
particular, we address the existence of additional shoulders at lower energy, between 1.68 eV
and 1.8 eV and at "lower" strain, from 3 to 5%, which continuously appeared. The amplitude
of this peak remains very weak compared to the main PL peak signal intensity, about a factor
of 8 lower in intensity, but nevertheless detectable over several indentation measurements (the
different symbols in Figure 5-c). This peak moves in the corresponding strain and energy
windows with a slope of 64 meV/%. It is quantitively accurate to relate this peak to the PL
response at the maximum strain position (88 meV/%), just below the tip for a strain between 3
and 5%. It is therefore possible to measure the photoluminescence signal coming from a nano-
area of a 2D material, located around an AFM tip, and strongly stressed, from 3 to 5%, during
an indentation experiment at room temperature.

We will now discuss the importance of the funnelling effect in the appearance of this shoulder
peak. As predicted earlier,[”®l the scattering and the mobility of carriers tend to move the
electron-hole pairs to the area of lowest band gap, i.e. greater elongation area, before the



radiative emission of excitons or the Auger recombination. It must enhance the peak amplitude
of the TEPL signal. It is necessary in this case to redefine the density of excitons n(r) and the
TEPL signal by considering the funnelling, as in Figure 5d. In our simulations, in Figure 5e, it
is possible to recover a signal with a slope of 82 meV/% which corresponds to the band gap
variation of the 2D material under the tip, at maximum strain. At this stage, in order to obtain
the real hyperspectral photoluminescence image of our sample, we still have to determine the
efficiency of the funnelling effect, the exciton drift and diffusion along the sample, submitted
to the band gap E¢(r). The density of excitons n(r) must follow the drift-diffusion equation.
V(DVn(r)) + V(u n(r)VEG(r)) —n(r)/Tt—n?()Ry +S(r) =0

S(r) is the exciton generation function with the gaussian distribution of the laser beam, S(r) =
1,/2mo2e™""/20° With w the half width laser size (600 nm), o = w/2./2In(2) and I, the laser

intensity. 1/t = 0.91 ns~! and R, = 1,4.10"°m?.s™! are respectively the exciton decay rate
and the Auger recombination rate. D is the diffusion coefficient and p the exciton mobility p =
D/kgT with the Boltzmann constant kg and the temperature T. This equation is solved with the
Pdepe solver of Matlab. In Figure 3d, in the case without any funnelling (D = 0) the exciton
density remains a Gaussian distribution and is strongly perturbed at low r when the funnelling
is applied (D = 3.107°m?.s71).

To investigate this further, we used a detailed model that takes into account material doping
and electrostatic effects. Our solution for the system relied on the coupled Van Roosbroeck
differential equations set, as found in the Supplementary Information. The drift-diffusion
equation used previously to explain the Seebeck effect in exciton scattering was an
approximation of this model. "4 Thanks to this model, we can accurately discuss the
significance of scattering caused by Auger recombination in contrast to excitonic radiative
decay. When Ra equals 0.1cm?/s, the Auger recombination term significantly alters the exciton
concentration and funneling effect throughout the sample, ultimately reducing them. It appears
crucial to take into account the Auger recombination of electrons when examining the diffusion
of 2D excitons at ambient temperature. In our study, we focus on modelling photocreated
species and solely account for neutral excitons. The presence of free charges is not accounted
for, and we assume their uniform distribution in space. However, we observe that employing
similar equations and parameters make it feasible to investigate the transport of free charges
and their recombination under ambient conditions. It has previously been observed that the free
charge funnelling is prevalent in the system at ambient conditions. It is important to note that
the diffusion and significance of the funnel effect in this type of indentation experiment are
dependent on multiple parameters, and specific development is necessary to address each effect
individually.
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Figure 5: TEPL signals show resurgences and PL signal under the tip. a) and b) Examples
of TEPL signals where a small satellite peak emerges at low energy, indicated by the red arrows.
c) A compilation of all shoulder peaks at corresponding energy position and strain for different
indentation measurements. Two groups of points are observed, which have been fitted with a
linear curve. The black curve exhibits a slope of 64 meV/% elongation, which is comparable to
the result obtained from simulations in e) d) The density of excitons along the sample with and
without the funnelling effect and b) The PL response in the TEPL region, considering their
dependence on energy and maximum strain (defined at the central position) with or without
funnelling effect. A direct consequence of funnelling is to enhance and highlight a peak with a
shift of 82 meV/% of maximum strain.

It should be noted that the experiment has verified the theoretical bandgap variation of 88meV
per % elongation via elongation measurements of a 2D material subjected to a capacitive force.
In addition, if the maximum elongation at the apex of the tip was eased by folds, wrinkles or
other techniques, and decreased by a factor of two, for example, the shoulder TEPL signal,
which moves quickly with elongation, could no longer be accommodated by a model. This
reinforces the indentation model employed in this experiment. In other words, the measurement
of the shoulder peak signal confirms the high strain of 10% applied to the ternary 2D and our
model.

Conclusion

In the pursuit of comprehending novel phenomena and devising innovative apparatus pertaining
to excitonic scattering, suitable methods are required for extracting the local optical response
of a 2D material experiencing very high strain. Employing a TEPL approach, the optical
response of single-layered WS13Seo7 suspended membranes has been measured whilst
undergoing local strain around 10%, which is one of the highest value reports so far in
semiconducting 2D materials. This high strain is facilitated by the mechanical pressure
imparted by the TEPL probe's tip. The nano-resolved photoluminescence signal at the tip end,
which is also the location of highest deformation and strongest strain gradient, shifts
significantly in energy. The presence of a shoulder peak has been measured which have a very
high response, in peak position, to the membrane deflection. The experimental results are



compared with models of 2D membrane deformation, simulation of the electronic band
structure under strong deformation and exciton scattering/drifting in 2D materials, allowing a
better understanding of the physics underlying the optical response in these devices. To our
knowledge, optical measurements under tuneable and elevated strain in ambient conditions on
2D materials have not been reported before. The AFM-Raman/PL system is an ideal tool for
studying vertical heterostructures to fabricate quantum source emitters. In the previous section,
it was observed that tip-enhanced photoluminescence and the funnel have a positive impact on
the enhancement of the optical signal of the tip-stressed 2D material in the experimental setup.
This discussion suggests several diverse effects that must be considered in future experiments
to accurately establish the contribution of the funnel effect and the various methods for
enhancing this signal. Ternary 2D material are also interesting for in- and out-of-plane electrical
polarization and exhibit Rashba effect and maybe strong piezoelectricity. " In the future, the
control of mechanical deformation and emitted light of ternary 2D material is a way to study
deeply the piezoelectric in ternary 2D materials.

Supplementary material: It includes additional TEPL measurements, tip width measurements
and NanoPL distribution calibration. We also describe our model for the tip indentation and the
DFT calculations for the band gap-strain relation.
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S1) Suspended membranes of monolayer WSSe made by CVD.

b)

Figure Sla: Optical image and topography of the WSSe flake. a) A large triangular flake of
WSSe was deposited on a pre-patterned structure with an interdigitated gold contact and a
multiple array of designed holes in the SiO». All holes are connected by a small 200nm wide
trench to evacuate air in the cavity during indentation. Atomic force microscopy; topography
(b) and phase (c) of the suspended membrane tested for measurements before the indentation
measurement. The membrane is completely flat with no ripples or defects.

L."b'/;‘ .' ,A..l“ -. ; ., ' -Ll m L

Figure S1b: AFM signal and tip-enhanced signal of the WSSe flake. Superposition of the
atomic force microscopy image (phase) and the tip-enhanced photoluminescence (TEPL)
amplitude (blue image in the center). The TEPL signal is higher in the suspended parts of the
WSSe membrane. We obtain a lateral resolution well below hundreds of nm. It is possible to

observe the narrow trench between the two drums.

S2) Measure of the tip radius and TEPL distribution width.
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Figure S2: Photoluminescence image enhanced by the tip of a WSSe flake on SiO:. A large
triangular flake of WSSe was deposited on top of SiO». In (a), we measured the TEPL signal at
the corner of a 2D flake shown in the AFM image (b). The TEPL signal is obtained here by
measuring the difference in photoluminescence with and without the metal tip. In (c), we
compared the TEPL signal along the edge (white line in (a)) with our model. The approximate
model is a convoluted Heaviside step with a 2D Gaussian distribution. The full width at half
maximum (FWHM) of the TEPL signal is 90nm. (d) The same treatment was performed for the
AFM topography to extract the tip radius, we obtain 30nm for the FWHM. In (e), we consider
a more accurate rectangular function of width=10nm in addition to the Heaviside step to
improve the fit. The width is 50nm. As a result, we determine that the AFM tip used for
indentation and TEPL measurements has a radius at the apex of 40nm.

S3) Indentation and deflection measurement.
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Figure S3a: Calibration of the indentation for the AFM tip (tip spring constant
kip=3.11N/m) a) The force, F, applied to the 2D membrane as function of the piezo
displacement(zpiezo) measured on the 2D material with substrate (red) and on the suspended part
(red). In inset, a zoom for the small deflection values. For the suspended part, we recover a
spring constant of kep=3.11N/m with F=Kiip.Zpiezo Which was calibrated independently. b)
membrane deflection & in function of the piezo displacement. The membrane deflection is
measured by the shift in piezo displacement at each force between red and black curve in (a).
In ¢) and d), the force in function of the membrane deflection 6 in linear and log scale. With the
theoretical fit curve in red.

We use an empirical model to describe the relation between the piezostage movement zpiezo and
the membrane deflection (Figure S3a,b).

_(Zpl'620+47'58) —(Zpiezot47.58)
0 =422.78 —148.36 X e~ 15179  —321.60 X e~ 164909
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r-rtip

Figure S3b: The different tip shape. a) To a first approximation, the radius of the tip can be
considered very small compared to the radius of the membrane. (r;;,~0 < R), it corresponds
to the standard model of Schwerin type. b) the tip has a finite flat apex of radius r;;, = 20nm.
The contact surface is fixed. ¢) The tip as a round surface with some radius curvature. In this
model, the radius of the contact surface, .ontqct, 1S dependant of the strain.

In order to obtain a contact surface reoneact = T1ip = 20mm for very small indentation (e <

0.5%), as measured experimentally, we have to fixed the radius curvature at 60nm. At
maximum strain, the contact surface increase t0 7.y,¢qc: ~40nm

Model indentation Schwerin-type standard™ [>-]
This model defined the indentation of a membrane with a small tip of zero radius
.’

R%"

F = O-ZD.T[6 + EZD'

o,p 1S the pretension term, R is the membrane radius. The stretching modulus is E,p = E.t
with  E the Young modulus and t=0.7nm the sample thickness, ¢q; =
1/(1.05 — 0.15.v — 0.16v2). v = 0.19 is the Poisson ratio of the material.

F=indenter load
t=membrane thickness
E=Young modulus
Eop=stretching modulus
go=Di axial prestrain
Itip= radius indenter

Model indentation from Féppl-von-Karman equations !




This model describe the indentation of a membrane with a tip which is round at the end and has
a small radius of curvature [ ( limits for 0 < r « R, large indentation (§ > 1), 0 < v < 0.5)
g, = 0.867 + 0.2773.v + 0.8052.v?

We use dimensionless parameters § = Ns.§ and F = Ni.. F with N5 = E,%°/(R. 0,,°%°) and
Np = E;p”°/(R.02p™®)

1
3

_ 6 4 Ttip
3T dt (27‘[(1 T v)) a7 R )

2
3

O"‘| gl

S4) Strain at the center and along the membrane.

Model strain at the center for Schwerin type model
The Schwerin type model is defined with a point load probe

The maximum stress and strain are:

F.Et
AT, Ty

€ — Jmax — F
max-o Et 471y Et
Model strainin 1/r

If we consider the tip to be flat, model b in Figure S3b, simple approximation have consider a
model with a 1/r dependence "]
{ &(r) = gpax whenr < 1y,

Omax

Emax-Tti
e(r) = =" whenr > Ttip

Model strain along the membrane above 40nm from the tip center !
This model describes the strain along the membrane and far away from the tip. (small strain,
u(r > 1) ~0).
In this model, the tip is rounded at the apex with a radius curvature. (model ¢ in figure S3b)
u the radial displacement and w the transversal displacement w(r = 0)~§
Radial displacement is dominated by prestress u = g,r
_du 1 (dW)Z 1 (dw>2
=2 \ar) T2 \ar

If we define the parameter AA as;



3
F F
4 (2 6 o3 2 )
\/971 '<Et7”tipz> + 64m°.gy° + 31 “Etrip, 4. g

AA = 2
T3

3
F \° F
orrt. (—) + 641°%. g3 + 3m2.
\/ Etrtipz 0 Etrtl'pz

For zero pre-strain, AA simplify to
1

a (e _F Y
~ \97 Etry,
We are able to describe w as;

3 3
R \% r \4

= AA. 1 | (— | —
v "ty <rtip2) <rtip2)

From w, we deduce the strain & along the membrane. A good approximation of the function is

a function e(r) o 1/+/7.This description seems accurate and describe well the strain in the
membrane for distance above 40nm from the center.

On contrary, at the center it diverges from realistic values.
For small strain, in the ref [l the authors explicitly gives a formula for the strain at the center;

—0 1 (3) F + bre.? 1
sr=0~% \22)\Eary, T 6m0" ) ~ 3%

For a negligible €,, we obtain;

_ 0 1 F
er=0= V6 |ATEtT1ip,

This value has a factor V6~2.5 with the maximum strain obtain in the case of the Schwerin
type model and of the strain model describe below for small r.

Model strain along the membrane in the contact region

Model % and[*¥ are used in the contact region, where the membrane is in contact to the tip at
any position r < reontact

3 F
Tcontact = Ttip- \/Zﬂ.EtT + 677:502 — 3¢
tip2

The stress at the contact is
F. rtipZ

c 2
2T Teontact

The deflection u, w and strain & along the membrane are defined by;

N 1-v) 2 (3—-y) 72
u=r. (1_v)_c+( ).Contact _( )
Et 16 Ttip2?2 16 Tops?
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rtipz Tcontact r
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Figure S4a: Strain at the tip center for different model in function of the indentation. We
plot the two model of indentation: the Bathia and Nachbar model (finite-sized and rounded
probe) (111 and the standard model of Schwerin type. [ 251 (point probe). We deduce from
this a maximum strain 10.3% at the center of our membrane in our experiment.

strain (%)

S N B~ O 00 O




Figure S4b: Strain along the membrane. Model of strain along the radial direction of the
circular membrane for different indentations. The curve has two limits, one closed to the contact
region (r<20nm) and the other one for the suspended part (r>40nm). The dependence of the

strain in this suspended part is closed to a & « 1/+/r function.
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c |
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Figure S4c: Strain along the membrane. Model of strain along the radial direction of the
circular membrane for different indentations. The model is a £ « 1/r function which was
smoothed in order to avoid some divergence in the calculation of the funneling effect.

S5) Tip enhanced photoluminescence measurements
a) b)

"
2 ® laser 300 nm away from Hot spot @2z=-200 nm
o jaser on Hot spot @z=-200 nm

Far-field + near-field

Meas. 2:

Intensity (counts)

Far-field

200 1.95 1.90 185 180 175
Energy (eV)

Figure S5a: Tip-enhanced photoluminescence signal as a function of laser and tip spatial
alignment. a) PL signal at the hot spot (blue curve), when the laser and AFM tip are aligned to
enhance the TEPL signal and PL signal when the laser and tip are misaligned by 300nm (red
curve). In green, the signal obtained by simple subtraction of the two previous signals which
contains mainly the TEPL signal (14% of the mains signal amplitude) b) Mapping of the TEPL
signal as a function of the laser position relative to the tip position in the x and y directions. We
can see the appearance of a hot spot around the tip.
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Figure S5b: Optical image and topography of the WSSe flake. A large triangular flake of
WSSe has been deposited.
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Figure S5c: Photoluminescence of WSSe flake with and without stress. a) PL measurement
of a suspended membrane without applied stress. The fit is made with two peaks; a Lorentzian
peak and a Gaussian peak. These peaks correspond to the A exciton and A’ trion of the WSSe.
b) and c) PL measurement for different peaks, it seems reasonable to fit the curves with an
increasing number of peaks as the strain increases. Depending on the strain, we fit with two,

three or four peaks.

The two main peak without strain are a Lorentzian peak center around 1.833eV
(width=81.5meV, Amplitude=2289 counts) and a Gaussian peak at 1.873eV (width=47.7meV,

Amplitude=5252 counts).
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Figure S5d: Photoluminescence of a WSSe flake - residual. of the far field signal. Usually
TEPL measurements are performed by subtracting the signal in presence and without the AFM
tip, the far field signal being strictly the same between the two positions. Here, by experimental
necessity, we measure the difference of the signal at two positions of the laser with respect to
the tip. The distance of 300nm separating these two positions strongly reduces the TEPL signal
when the alignment with the tip is not perfect. But we have to consider the small far-field signal
difference between these two positions. In a) the experimentally measured difference and in b)
the simulated difference of the far field signal between the two positions. We observe that a
part of the signal is related to the far field residual and our measurement technigque and can be
extracted from our data. On the other hand, we can see the main contribution of the TEPL signal
which appears in the measurement by subtracting the calculated signal from the experimental
signal.

S6) DFT calculation of WSSe, WSe; and WS, band structure vs strain
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Figure S6: Band structure evolution of different 2D materials monolayer under biaxial
strain. The band structure of WSSe have been obtained with density Functional theory (DFT)
for different strain of elongation in a) and compression in b). The applied strain is an in-plane
strain and applied in both direction, x and y. Evolution of the band gap in function of the strain
c) for WSe;, d) for WSSe, e) WS>. Under compression, the material transit from a direct band
gap semiconductor to an indirect band gap semiconductor for strain around -1%.

The slope of the band gap in function of the positive strain for WSSe is 125meV/% of
elongation. The strain ¢ is applied in both direction x,y as € = &, = &,, . We consider the radial

strainto be g, = \/g,%2 +&,2 = \2¢ . It means the dependence of the band gap with the radial
strain is 88meV per % of elongation.

Our model does not consider the excitonic energy, i.e. the additional energy necessary to link
an electron-hole pair.

S7) Optomechanical measurement and capacitive pull-in

It is possible to apply a uniform non-local strain on a suspended membrane with an electrostatic
force. It implies to contact our 2D material with source-drain electrodes and a back-gate voltage.
We measure the vibration and the strain in this suspended 2D materials with optomechanical
measurements during a gate voltage sweep. We proceed to such measurements at low pressure.
The photoluminescence response of the same membrane has also been measured at low pressure
in function of the gate voltage. We observe a small shift of the peak position in function of the
gate voltage which is attributed to the capacitive force applied to the membrane.

It is possible to confirm in Figure S7a that the electrostatic force F=C’V? and the strain related
to this effect is symmetric with Vg, with Vg the gate voltage and C’ the derivative of the
capacitance with the distance gate, membrane C’=dC/dz. In order to only consider and extract
the effect of the capacitive pull in on the membrane from the photoluminescence measurements,
we extract the symmetrical PL response with respect to V¢ from our data. The asymmetrical
component is non null and is certainly related to a doping effect due to the gate voltage
variation. The shifts are the same for the two components and around 5meV.

1 0.12 0.060
0.11 0.055
- . 0.10 0.050
N 3 —
= 5 E 0.09 ‘;0.045
= . Z0.08 S 0.040
5 E - 0.07 * 0.035
3 < ’ '
0.06 0.030
0.05 0.025
o 0.04 0.020
-40 =20 0 20 40 -40 =20 0 20 40
Vg (V) Vg (V) Vg (V)

Figure S7a: Optomechanic and static strain measurements in a 2D drum. Measurement of
the 2D drums vibration in function of the DC gate voltage following methods details in previous
work 231 The motion is actuated by an electrostatic force with a simple AC gate voltage
applied to the substrate and measure with the confocal reflected laser (10uW at 633nm). The




vibration vary with the DC gate voltage since the static force is in V2. A softening at low Vg
appeared due to the capacitive softening effect. We plot the corresponding tension and strain
applied along the sample, determined by our mechanical model which shift between 0.023 and

0.055%.
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Figure S7b: Photoluminescence measurements in function of the gate voltage. We
measured the PL spectrum at different gate voltage from -40V to 40V. Since the strain due to
the electrostatic force is fully symmetric with the gate voltage (in V?), we differentiate the PL
signal response which is symmetric in Vg and the PL signal which is asymmetric. The
symmetric response shift by 5meV for 40V of gate voltage. Considering the strain difference
of 0.04%, it gives a variation of 125meV/% of elongation along X, which corresponds to the
simulated value.

S8) Damaged membrane after measurements
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Figure S8: Topography of the WSSe flake. AFM image topography of the suspended flake
before and after the last indentation applied to the sample. In this last measurement, only the
far field measurement was recorded and we observe a small tent structure at the indentation
point.

All the measurements in the publications are done before the breakdown of the membrane and
we have confirmed by AFM topography that the membrane did not have any inelastic
deformation after the maximum deflection of 250nm and 10% of strain.

S9) Exciton Drift/Diffusion model in 2D- Auger rate and excitonic

decay rate
The standard approach to steady-state bipolar transport in semiconductors is described by the
Van Roosbroeck set of coupled differential equations.[*4*% It considers the Poisson’s equation
—V.eVe = q(C + p — n), the continuity equation for electrons V.j, = gR — qG and the
continuity equation for holes V.j, = —qR + qG. q is the charge 0=1.6.10"°C. p and n are the
density of holes and electrons. € is the dielectric permittivity. ¢ is the electrostatic potential. C
is the doping density. r and G are recombination rate and generation rate respectively. The
electron and hole currents appearing in the continuity equations are j, = —qu,nV¢, and j, =
—qu,pV¢,. The independent variables in the problem are the potential ¢, and the quasi-
electrochemical potentials for electrons ¢, and holes ¢,. The recombination terms R include
a spontaneous radiative term, a Shockley-Read-Hall term ¢! and an Auger term
Rspont = rspont(np - nLZ)

B np — n?

(n+n)ty + (@ +p)Ts
RAuger = (np - niz)(cnn + Cpp)

RSRH

n; is the initial density. C,, and p are coefficient for holes and electrons. The Van Roosbroeck
equations are discretized using the Scharfetter-Gummel approach 1 which ensures current
conservation. The strain dependence of the band structure is introduce trough the two
electrochemical potentials, as is the case for the Seebeck effect. 81 Using non-degenerate
electron statistics, this was implemented in Matlab to describe the exciton and trion diffusion
in 2D material under strain. (629

If we consider that the band gap is the only parameter modifying ¢, and ¢,,, we can simply
reduce them to the band gap energy, E;. In order to solve the drift-diffusion equation
V(DVn(r)) + V(u n(r)VE;(r)) — n(r) /T —n*(r)Ry + S(r) = 0, we have also used the
pdepe solver of matlab.
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Figure S9: Density of excitons in function of position, radial recombination, and auger
recombination and strain applied to the membrane center. We plot the concentration of
exciton n, the radiative rate, the auger rate in function of the radius for different strain values
from O to 10% and for two different values of Ra, the Auger coefficient. We note t =
n/radiative rate .

S10) Comparison of the photoluminescence in contact mode or non-
contact mode and for different 2D material (WSe,, WS, and WSSe)

We did few tests to certify that the metallic tip does not affect the PL signal of the as-grown 2D
material on substrate and of the suspended 2D membrane (noted transferred WSSe in the figure
S10). We compare the PL signal when the tip is up and does not touch the 2D material and the
PL signal when the tip is down (in contact with the 2D material with a very small force and
deflection applied to the 2D). We did it for the as-grown material with two different laser and
for the transferred WSSe. We can observe an increase of 22% of PL intensity for the as grown
2D with the 532 nm excitation, an increase of 46% for the as grown material with the 638 nm
excitation and an increase of 12% for the suspended membrane under 532nm excitation. These
increases of PL signal correspond to the TEPL signal. We do not observe any shift or difference
in shape for any of the measured signal, between the up and down situation, which means that
the metallic nature of the tip does not affect strongly the photoluminescence signal and as far
as we know, it does not affect the band structure of the material.
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Figure S10a: Difference of photoluminescence in contact or non-contact mode. We plot
and compare the PL spectrum when the tip is in contact with the 2D material (DOWN) and
when the tip is not in contact with the 2D material (UP). We do it for three situations. The first
situation is directly measured on the suspended 2D material. We only see an increase of
intensity corresponding to the TEPL signal. The second and third test are references. They are
done on as grown WSSe on the growth SOI substrate for two different lasers (532 nm and 638
nm).

To testify TEPL's accuracy, we have done measurements of pure WS, and WSe,. Measurements
were done in a lateral heterostructure made of WSe,, WSSe and WS . The fabrication of such
heterostructures has been already report by the authors.[2°2% A tip enhanced photoluminescence
cartography has been used to selectively distinguished the three materials and to plot the
different optical responses. We observe that the PL signal of the ternary is in between the PL
signal position of the two binary and the amplitude is also very similar. This suggest that the
ternary does not affect the TEPI measurement.
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Figure S10b: Tip enhanced Photoluminescence in a lateral heterostructure of WSz, WSSe,
WSe2. A) We measure the AFM image of a monolayer lateral heterostructure made of WSey,
WSSe and WS,. The WSSe is few hundreds of nm of width in this case. b) The TEPL spectrum
with a 532nm illumination, for WSex(green), WSSe (blue) and WS> (red) In inset a cartography
of the TEPL signal along the heterostructure with in red the intensity around 630nm, in blue the
intensity around 670nm and in green the intensity around 750nm. The area is reported in the
AFM image for clarity
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