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I. EXPERIMENTAL SETUP

The experimental setup is depicted in Fig. 1(a) in the main text. A CW diode laser emitting at 532 nm (Thorlabs
CPS532) is used. The laser passes through a beam-splitter cube, then it is aligned through a periscope to the sample.
The periscope gives us the freedom to spatially scan the sample while maintaining the same focal spot and ensuring
that the optical path for the photoluminescence (PL) is directed to an Andor spectrometer and CCD. The laser is
focused onto the sample with a Mitutoyo PLAN APO HR 50X objective (NA = 0.75) and a notch filter is used to
filter out the laser at the spectrometer entrance. Photos of the experimental setup are shown in Fig. S1.

The sample consists of a 150 x 150 pm? Si/SiNx window (Norcada NX5015A) with a SiNx thickness of 50 nm.
Holes with different diameters are defined defined using a focused beam of Gallium ions (Crossbeam 340 FIB) at
30 kV acceleration voltage and a current of 50 pA. We mechanically exfoliate WS, flakes from HQ Graphene onto a
commercial PF X4 (6.5 mil) from Gel-Pak. The flake is verified as a monolayer using Raman and PL measurements
(not shown). The flake is then transferred on top of the holes using a dry-transfer method>!. An image of a complete
sample is seen in Fig. 1(c) in the main text.

The sample is mounted underneath the objective, and it is approached from below using an Attocube piezo stack.
The stack consists of steppers with 2.5 mm stepping range (ANPx51 for x,y stepping and ANPz51 for z stepping)
and scanners (ANSxy50 for 35 x 35 um? x,y scan and ANPz51 for 5 pm scan in the z direction). The piezo stack
features full stepping range across the whole chip and enough distance between the tip and the mounted sample to
avoid damage to the tip and the sample. To complete the AFM, we use piezo-resistive tips (SCL PRSA-L300-F50-Si-
PCB)5? mounted on a tunable angle ramp (10° —30°). The electrical readout of the cantilever and the electrical input
of the piezo scanners are connected to a Zurich Instrument MFLI lock-in amplifier with PLL and PID controllers.
The PLL gives us frequency-locked tapping-mode capabilities. The PID controller enables scanning with the same
AFM tip at amplitude-locked tapping mode and contact mode. The performance of the home-built AFM is shown in
Fig. 1(d) in the main text.

Il. NANOIDENTATION AND STRAIN CALCULATIONS

The theoretical derivation of the diffusion-drift model in the main text depends on the calculation of the strain
profile, which in turn, is crucial for correct evaluation of the spatially-dependent band-gap under strain. To determine

(a) The full optical setup showing the periscope. (b) The sample holder and the AFM tip inside the cryostat.

F1G. S1 Photos of the experimental setup.
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Fi1G. S2 (a) Force-distance curves of nanoidentation experiments on SiNx (blue curve) and WSy monolayers suspended on holes with
different diameters. The deflection J is defined as the difference between the SiNx deflection and the deflection of the investigated WSa.
(b) Fitting the force-distance curve for the data of the 3 um diameter hole from (a). The fit is done with the method given in Ref. S3
and the elastic properties of the monolayer are extracted. Using the extracted elastic properties, we can calculate the deflection of the
membrane for different AFM tip forces (c), the total strain distribution (d) and the band-gap (e). Note that the calculations are valid
only from the AFM tip radius and on, as discussed in the main text.

the strain profile, we took the approach from Ref. S3 which proved to be the most accurate way to extract the
experimental strain profile.

The first step was to perform a nanoidentation experiment using a commercial AFM (Bruker JPK
NanoWizard4)545%, This is shown in Fig. S2(a) for sample A. Similar data was also acquired for samples B and C. In
this experiment we show the force-distance curve for the SiNx membrane and suspended WS, flakes on top of holes
with different diameters. The deflection ¢ of the middle point of the suspended WSy measured with respect to SiNx is
extracted and fitted using the procedure developed in Ref. S3 (Fig. S2(b)). The fitted force-distance curve is crucial
for extracting the correct elastic properties (pre-tension oo and Young’s modulus Y') of the individual suspended
monolayer as they can vary between samples. The Young’s modulus obtained from the analysis of Ref. S3 deviates
from the value of 208 GPa obtained for the same data using the more standard cubic fit analysis. However, either
value results in almost equivalent strain distribution and derived quantities. Using the extracted elastic properties,
we calculate the deflection of the membrane (Fig. S2(c)), the total strain e(r) (Fig. S2(d)), and the band-gap u(r)
(Fig. S2(e)) for different experimental forces of the AFM tip. The band-gap is calculated as:

u(r) =E; —0.05-¢(r) (S1)

where E, is the band-gap value at zero strain. The decrease of the band-gap for WS, is 50 meV/ %5657 and
g(r) = err(r) + €go(r) are the radial and angular strain tensor components that are calculated directly using the
method described above. As the calculation is valid only in the region r;p < 7 < Tmemprane (Where 7 (Fmembrane) 1S
the AFM tip radius (membrane radius), respectively), we assume that the bandgap does not change for r > rpemprane
and is constant with the value of €naz at 7 < ryip:

E;—0.05-e(ryp) 7 < Thp
u(r) =4 E4—0.05-(r) Ttip < T < Fmembrane (S2)
Eg T > T'membrane

We note that the samples broke at different strain magnitudes - sample A at €4, =~ 2.4%, sample B at €42 ~ 2.6%,
and sample C at €4, ~ 3.5%.
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Fic. S3 Calculation of the model with only funneling of carriers and without any exciton to trion conversion for different diffusion
coefficients. (a) Sample A, highest experimental strain value. (b) Sample C, highest experimental strain value. (c)-(d) Sample B for low
(c) and high (d) laser excitation intensities.

I1l. DRIFT DIFFUSION WITHOUT TRION CONTRIBUTION

The diffusion-drift equation presented in the main text was solved numerically using the PDE module in Com-
sol Multiphysics™. The convergence of the solution was verified and compared to simple cases such as no Auger
recombination (R4 = 0) and no diffusion (D = 0). The PL spectrum of WSy under strain is calculated as:

(PL) = /000 [PL(u(r))n(r)] rdr (S3)

where n(r) is the solution of the diffusion-drift equation and PL(u(r)) is the PL spectrum at zero strain, shifted by
the energy shift induced by the local strain. In Fig. S3 we present the calculations of Eq. S3 for different diffusion
coeflicients for all samples. It is easy to observe that the results do not change drastically although the diffusion
coefficient spans over 5 (!) order of magnitude. This justifies the use of a single diffusion coefficient in the full model
that includes trions and excitons as even though they most probably possess different diffusion coefficients, their
spatial distributions will not be altered much.

The funneling efficiency is rather low as described in the main text. Figure S4 presents the different normalized
densities as shown also in Fig. 4(c) in the main text. We see that although the density n(r) peaks at the funnel area
(r < ryp) it still does not contribute much in the area dominated by the integrand (red shaded area).

We calculate the funneling efficiency as:

for”p n(r)rdr

eff = frmcmbmm

0

(S4)

n(r)rdr

Figure S5 shows the funneling efficiency for the various samples for various strain magnitude, various intensities, and
different diffusion coefficients. We observe that the funneling efficiency peaks for a certain diffusion coefficient. The
ideal diffusion coefficient can be found in sample B by looking at the low intensity curve which means negligible Auger
recombination (blue curve in Fig. S5(b)) It peaks at a diffusion coefficient slightly lower than the reported value of
D = 0.3 em?/s, measured in Ref. S8. We also observe that the funneling efficiency increases as a function of strain
but unfortunately, all samples rupture for strain higher than 2.5% which limits the funneling efficiency.
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Fic. S4 Carrier density profiles calculated from the model for D = 0.3 em?/s with the band-gap profile (black dashed curve). The shaded
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FiG. S5 The funneling efficiency calculated using Eq. S4. Black dashed lines represent the calculation for D = 0.3 em?/s. (a) The
efficiency of sample A (colorbar scale for the efficiency) as a function of maximal strain €maq. and diffusion coefficient. (b) Sample B for
low (blue curve) and high (red curve) intensity. The efficiency peaks at a diffusion coefficient close to the reported value. (c¢) Sample C.
Shows similar behaviour to sample A.

IV. SPATIALLY DEPENDENT FREE CARRIER DENSITY

In this section we introduce a model for the calculation of the spatial dependence of the free carriers density
np(r) both for electrons and holes (depending on intrinsic doping level of the sample). The main assumptions of
the model are that the contribution to the doping comes from defects with energy levels inside the band-gap, and
these energy levels do not change (or at least change very slowly compared to the band-structure®) due to strain.
In this approximation, we start by looking at the diffusion-drift equation presented in the main text. In the case of
free carriers, there is no generation of free carriers (S(r) = 0), no lifetime term, and no Auger recombination. This
reduced the diffusion-drift equation to:

DVn3’ (r) + pn%" (r)Vue o (r) =0
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F1G. S6 (a)-(d) Different strain magnitudes for sample A with the normalized spectra at zero strain (blue curve), at the center of the
membrane (red solid curve), and the full model with the trion conversion (black dashed line). Note that Ny increases as a function of
strain but a remains constant, thus fulfilling the requirement for constant defect density.

where u.(u,) is the change in the conduction (valence) band for electrons (holes), respectively. The exact solution of
Eq. S5 is:

Noe_ﬁuc,v(r)

n%(r) = TeFatrar (S6)

where 3 = 1/kpT comes from the Einstein relations %5 = 3, and is an integration constant. We relate

Je —Euc v(7‘) rdr
the integration constant to the global defect density a:

Ny

4= [ e=Bucwrdr

(S7)
We emphasize that a is constant due to our assumption of small change of the defect states compared to the WSo
band-structure. Figure S6 shows different spectra of sample A that are fitted using the same «, thus preserving the
same defect density. Going back to the definition of u,., we can seeS'? that u.(r) = u® — 0.8 - Au(r) = ul — Au.(r)
and uy(r) = u) +0.2- Au(r) = u) + Au, (r) where Au(r) = 0.05¢(r) and uf, is the zero strain value of the conduction
(valence) band. Note the different signs for the electrons and the holesS!! - electrons concentrated at the center of the
funnel while holes are depleted from the funnel region. As our sample is n-doped, the expression for the free carriers

BAuc(r) L .
reduces to ng(r) = % as given in the main text.

Once we have derived an analytical expression to the spatial distribution of n(r), we can calculate the 2 relevant
densities n¢y (1), g, (1) using the law of mass actionS12:513;

n(r) + np(r) + na(r) — /(n(r) + np(r) + na(r))? — dn(r)np(r)
2

(S8)

ng- (1) =

E
where n(r) is the diffusion-drift equation solution (Eq. 1 in the main text) , and na(r) = i”;gfm" kpTe ™57 . For
WSsa, My = Mpo + 2Mey, Mex = Mpo + Mey, Mmep = 0.31 me, and my, = 0.42 m, with m,. as the electron rest
mass. Once we solve Eq. S8, the exciton density is evaluated by ne;(r) = n(r) — ng(r). Figure S4 shows the spatial

dependence at ez, N, np, and n(r).

V. DERIVATION OF EQUATION 2 IN THE MAIN TEXT

In the main text we give an argument about the efficiency of funneling using Eq. 2. The argument begins by
looking at the drift and diffusion currents:
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F1G. S7 The trion binding energy as a function of the maximal strain €maez. The red circles (blue squares) correspond to sample A (C),
respectively.

Jp = DVn(r) (S9)

-

Ju = pn(r)Vu(r) (S10)

Which one of the currents is more dominant? The ratio of Jp / JL leads to the following inequality:

n(r)Vu(r)
Vn(r)
where we used the Einstein relations % = kgT. To evaluate Eq. S11 we use the following assumption - the laser

is turned on at time t=0 and shuts down immediately, thus the distribution is n(r) = S(r) as at time t=0. This
distribution gives us Eq. 2 in the main text.

DVn(r) + pn(r)Vu(r) < 0= kgT < — (S11)

VI. TRION BINDING ENERGY

Trion binding energy was used as a fit parameter to take into account the increase of the trion density. Indeed, it
has been observed that the trion binding energy increases as a function of trion density>'*5®. As we have seen in the
main text that the contribution to the spectrum comes from a rather small area outside the funnel, we can take Er
to be spatially independent. In Fig. S7 we show the trion binding energy, which was obtained by fitting the spectra
of samples A and C (Fig. 1(a),(c) in the main text), as a function of increasing strain. Sample A (red circles) shows a
saturation behaviour, most probably due to low defect density. Sample C (red squares) shows higher binding energies
due to higher defect density compared to sample A, but it also saturates at large strain values.

To evaluate if the increase in the trion binding energy fits our model, we calculate the effective free carrier density
from averaging ny(r) over the laser excitation spot. Another method to calculate the free carrier density is by using
the energy difference of the trions and excitons. Using the method presented in Ref. S14 we can calculate the free
carrier density as:

2meEF
- Th?
where Er = Ex — E1 — Eping is the Fermi energy and FEjy;,g as the trion binding energy in undoped WS,. We
show both calculations in Fig. S8. For sample A we see that our model (black triangles) shows that the free carriers
density increases as we apply more strain as explained in the main text. The calculation based on Ref. S14 also shows
increase in the free carrier density. We see the same behaviour in sample C (our model - blue downward triangles;
trion and exciton energy difference - blue pentagons).

np (S12)

VIl. POWER DEPENDENCE

The PL power dependence was measured at zero strain as presented in Fig. S9. Firstly, we cannot observe any
trion emission. Secondly, it is clear that there is increase in the red tail of the PL emission line. This has been
studiedSS16 and has been identified as phonon-assisted broadening which in the case of WS, shows an enhanced red
tail as a function excitation power. We note that under strain it has been shown that the red tail does not change in
WS,57.
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Fic. S9 The normalized PL emission from an unstrained suspended WS2 monolayer as a function of laser excitation power. The only
difference between the spectra is monotonic increase of the red tail as explained in the text.

VIIl. AREA SCANS

In order to find the point of maximum strain, we performed area scans using our optical periscope setup (see section
I). Figure S10(a),(c) shows such area scans for samples A and C, respectively. Using these area scans, we find the
point of maximum strain (the point of indentation) by finding the spectrum which is most red-shifted (numbered
as #1 in Fig. S10). In addition, we present the optical spectra taken for excitation of the sample at increasing
distance from the point of maximum strain. Our model predicts that as we excite further away from the center of the
indentation, the conversion from exciton to trions should decrease as the reduction in the conduction band decreases.
This is shown in Fig. S10(b),(d) for sample A and C, respectively.

As explained in the main text, we recorded the spectra during spatial scans across the sample (100 nm spatial
resolution). The spectra were fitted to two emission lines - a Gaussian line for the exciton and a modified Gaussian
for the trion to account for the electron recoil effectS!7. This analysis was done also for sample B for the high intensity
excitation and is presented in Fig. S11. We can see that indeed the trion emission is enhanced at the center of the
membrane as shown for sample A in the main text.

A representative fit for the spectrum under strain is shown in Fig. S12. The fit quality is surprisingly high, as one
would expect to see asymmetric broadening of the emission lines, resulting from averaging the PL over a non-uniform
strained profile. This is avoided due to the fact that most of the emission comes from ~ 250 nm from the center of
the membrane as explained in the main text. In this region, the strain is rather constant which means that in fact
we barely average over different strain values. This allows a very good fit to the spatially dependent spectra.

a)Electronic mail: bolotin@fu-berlin.de
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Fic. S12 A representative fit of a spectrum taken from the highest strain in sample A area scan. The blue curve corresponds to the
experimental spectrum and the red curve is the fit to the trion and exciton emission lines. The dashed yellow (purple) curves show the
individual emission lines for the trion (exciton), respectively.





