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ABSTRACT

Strain engineering is a powerful tool for tuning physical properties of 2D materials, including monolayer transition metal dichalcogenides
(TMDs)—direct bandgap semiconductors with strong excitonic response. Deformation of TMD monolayers allows inducing modulation of
exciton potential and, ultimately, creating single-photon emitters at desired positions. The performance of such systems is critically dependent
on the exciton energy profile and maximum possible exciton energy shift that can be achieved under local impact until the monolayer rupture.
Here, we study the evolution of two-dimensional exciton energy profile induced in a MoSe, monolayer under incremental local indentation
until the rupture. We controllably stress the flake with an atomic force microscope tip and perform in situ spatiospectral mapping of the
excitonic photoluminescence in the vicinity of the indentation point. In order to accurately fit the experimental data, we combine numerical
simulations with a simple model of strain-induced modification of the local excitonic response and carefully account for the optical resolution
of the setup. This allows us to extract deformation, strain, and exciton energy profiles obtained at each indentation depth. The maximum
exciton energy shift induced by local deformation achieved at 300 nm indentation reaches the value of 36.5 meV and corresponds to 1.15%
strain of the monolayer. Our approach is a powerful tool for in situ characterization of local optomechanical properties of 2D direct bandgap
semiconductors with strong excitonic response.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5117259

In recent years, single-layer transition metal dichalcogenides
(TMDs), 2D direct bandgap semiconductors, have attracted focused
attention due to their unique electronic and optical properties.’
Mechanical strain is an important degree of freedom for wide-range
tuning of carrier mobility,l bandgap,3 exciton energy,1 and other
properties in TMDs.” This becomes possible since TMDs can sustain
homogeneous mechanical strain as large as 10% without rupturing.’
Strain-induced effects in TMD materials have been comprehensively
studied via macroscopic bending, stretching, or compressing the
hosting substrate.’

Furthermore, the planar geometry of TMDs provides a unique
opportunity to use local strain for creating controllable exciton

energy profiles and single-photon emitters through 3D quantum
confinement of carriers.”” Such “artificial atoms” can be precisely
positioned and arranged in lattices by, e.g., transferring TMDs
on nanopatterned substrates.'”'’ Another way to realize modula-
tion of exciton energy profile and single-photon sources is non-
reversible nanoindentation of a TMD monolayer deposited on a
deformable polymer substrate with an atomic force microscope
(AFM) probe."”

Although the physical position of single-photon emitters is
often correlated with areas of local strain,”'” the detailed origin of
quantum emission in the TMDs remains unclear. Apart from mod-
ulating the excitonic potential, local indentation can also lead to a
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rupture of the TMD monolayer producing edge and defect states
responsible for single-photon emission."”'* For future devices sup-
porting on-demand and reversible control of local exciton energy, it
is important to distinguish between these two cases as well as obtain
critical values of exciton energy shift induced by local deformation
before the rupture.

In this work, we use incremental AFM nanoindentation to
induce a local modulation of the excitonic properties in a MoSe;
monolayer on a deformable substrate. In situ spectral mapping
allows us to track the associated modification of the exciton pho-
toluminescence (PL) and, importantly, unambiguously detect the
moment of the flake rupture. We use numerical simulations and a
simple relation between local strain and emission spectrum to repro-
duce the whole set of experimental data and reconstruct the defor-
mation and exciton energy profiles realized experimentally under
different indentation depths until the rupture. We show that these
simulations as well as careful account for the spatial resolution
of the optical setup are critical in order to correctly estimate the
maximum achieved exciton energy shift, which may otherwise be
severely underestimated. Our approach and reconstruction routine
are instrumental for in situ characterization of local optomechanical
properties of TMD-based structures.

Thin-film MoSe; samples were fabricated by mechanical exfo-
liation with adhesive tape from a bulk crystal onto a polymer film
(Gel-Film® WF x4 6.0 mil) on top of the SiO; substrate [Fig. 1(a)].
Monolayer regions were identified using fluorescence microscopy
under 405 nm laser diode illumination through the characteristic
increase in the PL signal.'” The insets in Fig. 1(a) show bright field
(left) and PL (right) images of a selected monolayer sample used in
our experiment.

The experimental setup is sketched in Fig. 1. We employ inden-
tation by an AFM tip to investigate the fundamental optomechanical
properties of locally strained TMD flakes. The tip was intention-
ally blunted to ~400 nm apex size by focused ion beam milling to
avoid early rupturing of the flake and reduce sensitivity of the sys-
tem under study to the tip shape. After the milling procedure, the tip
had a plane facet orthogonal to the indentation direction (parallel to
the MoSe; surface).

Indentation experiments and AFM studies were realized using
an AIST SmartSPM ™ module with a stiff probe (NT-MDT VIT_P,
50 N/m). During the experiment, the sample topography was con-
trolled using the semicontact (tapping) mode before and after the
indentation. Importantly, in the semicontact mode, the impact of the
probe on the surface is virtually absent, which allows us to reliably
determine the zero indentation point. After this, the indentation was
performed in the contact mode (nonoscillating cantilever) by mov-
ing the sample piezoscanner along the vertical axis. The precision of
the capacitive sensors controlling the piezoscanner was better than
1 nm. The drift of the sample during the indentation was confirmed
to be negligible.

Taking into account the very high elasticity of Gel-Film (the
film is a polysiloxane-based polymer similar to poly-dimethyl silox-
ane'®), the vertical displacement of the sample relative to the sta-
tionary cantilever from the tip-sample contact position was directly
interpreted as the indentation depth. This assumption is valid only
when cantilever bending is negligible in comparison with sample
deformation. We further confirmed the absence of cantilever bend-
ing from force-distance curves. An indentation of 500 nm led only
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FIG. 1. (a) Schematic of the experimental setup for local strain engineering in
TMDs with an atomic force microscope tip. The inset shows bright-field (BF) and
photoluminescence (PL) images of the sample. The red square marks the region
selected for mapping. [(b)—(d)] Calculated profiles of (b) MoSe, monolayer vertical
displacement, (c) lateral and (d) normal components of strain for different AFM tip
indentation depths.

to a small (sub-10 nm) displacement of the cantilever. At the same
time, AFM scan after measuring this force-distance curve showed
a permanent indent of the surface indicating its plastic deforma-
tion. Additional AFM studies showed that the plastic deformation
occurs with indentation depths exceeding 400 nm and further exper-
iments, including PL measurements, were performed with smaller
indentation depths where only elastic processes occur. Using a stiff
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cantilever is advantageous because the indentation depth for fur-
ther numerical modeling is obtained directly from the piezoscanner
capacitive sensors. For softer cantilevers, a nonlinear dependence of
the probe-surface contact stiffness during the indentation should
be taken into account, which lowers the precision of the extracted
indentation value."’

We determined the strain of the MoSe, monolayer associated
with the local deformation by an AFM tip by modeling the system
in the structural mechanics module of COMSOL Multiphysics. For
simplicity, cylindrical symmetry was assumed. The MoSe; flake was
represented by a membrane with a radius of 75 ym and a thickness
of 0.7 nm perfectly bonded to a Gel-Film substrate with a radius
of 100 ym. Young’s moduli for MoSe; and Gel-Film were chosen
as 178 GPa and 0.5 MPa, respectively.mz} The simulation results
obtained for different AFM tip indentation depths are presented in
Figs. 1(b)-1(d), with displacement in (b), lateral strain in (c), and
normal strain in (d).

As seen in Fig. 1(b), the deformed region of the MoSe; flake is
much larger than the tip-flake contact region (~10 ym and ~1 ym in
diameter, respectively). This increase in the deformed area in com-
parison with the AFM tip diameter is due to the very large (10°)
difference in Young’s moduli of MoSe; and Gel-Film and agrees
well with the recent results by Niu et al.”’ Furthermore, the lateral
tensile strain of the membrane [1.15% beneath the tip for the inden-
tation depth of 300 nm, Fig. 1(c)] is ~4 times larger than the normal
compressive strain [0.3%, Fig. 1(d)].

For an in situ optical characterization of the induced strain pro-
file, we perform spatiospectral mapping of the PL signal for different
indentation depths. In the experiment, the sample is excited from
the substrate side with 632.8 nm HeNe cw laser light focused with
a x100/0.7 Mitutoyo objective lens. The PL signal is collected with
the same objective and analyzed with a Horiba LabRAM spectrom-
eter in a confocal arrangement. To map the spatial distribution of
the deformation-driven PL spectral shift, we raster scanned the focal
spot of the objective in the sample plane, while both the probe and
the sample remained stationary.

The resulting maps of the PL peak position and intensity from a
MoSe; flake for different indentation depths are shown in Figs. 2(a)-
2(e) and 2(g)-2(k), respectively. The peak position maps reveal a
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FIG. 2. Maps of the MoSe, monolayer PL peak energies [(a)
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minor inherent heterogeneity, which can be attributed to the ini-
tial tension accumulated during flake transfer onto the Gel-Film.
This is confirmed by the corresponding differential maps for the
indentation-induced PL peak position shift [Fig. 2(f)] and intensity
decrease [Fig. 2(1)]. With increasing indentation depth, the effect
of local deformation in the PL intensity maps gradually becomes
more apparent [Figs. 2(g)-2(k)]. At the point of tip impact, the
observed PL peak exhibits a red-shift and weakens, as quantified in
Figs. 3(b) and 3(c) (gray symbols), which is consistent with previ-
ous works.”>”’ In the experiment, the maximum measured energy
shift and intensity decrease in the PL peak are ~13 meV and 22.3%,
respectively, at the 300 nm indentation depth [Figs. 2(f) and 2(])].
Further increase in the indentation to 350 nm leads to a dras-
tic change in the measured PL map [Figs. 2(e) and 2(k)], where
the modulation of the PL intensity and peak position completely
disappears as a direct consequence of strain relaxation after the
flake rupture. This allows us to unambiguously identify the rupture
threshold.

To compare our measured results with theoretically predicted
local strain-induced modification of the optical properties of TMDs,
we perform density functional theory (DFT)** calculations. Within
DFT, we self- conmstently solve the system of one-electron Kohn-
Sham equations” and determine the ground state of the system. To
take into account the exchange-correlation effects, we use the gener-
alized gradient approximation”®”’ of DFT with Perdew, Burke, and
Ernzerhof functional.”**’ Tt is local but considers the gradient of
electron density as a correction. To describe the exciton excitations
in the absorption spectrum, we should solve for the macroscopic
dielectric function the Bethe-Salpeter equation (BSE)’’’' which
takes into consideration two particle excitations. This is especially
important for a monolayer system due to the weak Coulomb screen-
ing and, as a result, strong excitonic effect. The BSE is solved with
occupied valence and unoccupied conduction band states obtained
by two different ways: one from pure DFT and another from DFT
corrected by Go W, approximation, which is single shot GW calcu-
lation. GW approach provides the possibility to take into account
the self-energy part that is determined by the sum of the Hartree-
like term and Fock-like term, in a single-electron equation (see, for
example, Refs. 32 and 33).

Z=350 nm Z=300 nm
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(k)] for different indentation depths (0, 100, 200, 300, and 350 nm). (f) and (I) show

the respective differential maps for the 300 nm indentation. (m) PL intensity profile across the MoSe; edge as indicated by the dashed line in panel (g). The experimental data
are shown with dots. The dashed and solid curves represent the edge spread function (ESF) and line spread function (LSF) fits, respectively. The waist of the error function

is equal to 1.69 um as determined by the ESF fit.
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FIG. 3. (a) Measured PL spectra at the tip impact point for different indentation
depths (gray curves), together with model fits (blue curves). (b) Exciton peak posi-
tion and (c) PL intensity as functions of strain. The values obtained directly from PL
mapping are shown in gray, while the extracted parameters accounting for the opti-
cal resolution are shown in black. (d) PL spectra measured across the deformation
region as illustrated by the dashed line in Fig. 2(d). Spectra at the tip impact point
are labeled with orange symbols. (e) Strain profile dependence of the modeled
spectra for the 300 nm indentation depth.

Our first-principles DFT calculations are performed using the
Quantum Espresso package.”*”” The Gy W, correction and the BSE
are calculated via the Yambo project package.”” To solve the BSE
and obtain macroscopic dielectric function, the Yambo package
applies the Tamm-Dancoff approximation,””* which allows work-
ing with Hermitian matrices by neglecting the interaction between
quasiparticle pairs. The BSE equation is solved numerically by using
the Lanczos-Haydock algorithm™ with a continued fraction as a
result.

As aresult of these ab initio calculations, we obtain deformation
potentials for the exciton energy of —43.5 meV/% and 10 meV/%
for lateral stretching and normal compression, respectively. The dif-
ference between DFT + BSE and GW + BSE results is found to
be negligible. The simulated deformation potential for the normal
strain is ~4 times smaller than that for the lateral strain. Further-
more, the normal strain in our experimental geometry is ~4 times
weaker than lateral strain. Therefore, the normal strain contribution
will be neglected in further considerations.

The exciton peak shift obtained directly from PL mapping at
the 300 nm indentation depth [Fig. 2(f)] is ~4 times smaller than
that predicted theoretically by ab initio calculations combined with
simulations of strain distribution [see Fig. 1(c)]. This significant dis-
crepancy is primarily due to the limited spatial resolution of the
optical setup, as discussed below. In the experiment, the diameter
of the effective collection area (diameter w) can be estimated from

ARTICLE scitation.org/journal/apm

the PL intensity profile along the direction perpendicular to the flake
edge [see Fig. 2(g)]. The measured profile is best fitted by a func-
tion 1 — erf(\/2x/w), with w = 1.69 um. This resolution is of the
order of the spatial scale of the deformation, resulting in significant
underestimation of the maximum local peak shift.

In order to account for the optical resolution and extract the
optomechanical properties of the TMD monolayer, we first intro-
duce a simple model, which relates the local Lorentzian-shaped PL
spectrum with strain in each spatial location. In the linear approxi-
mation, we assume that the induced strain results in a linear exciton
energy shift and linear PL intensity change with respective coeffi-
cients £ and # [Figs. 3(b) and 3(c)]. We also assume that the spectral
width of the exciton PL remains unchanged, which is adequate in the
first-order approximation.” We reconstruct spectral maps expected
in the experiment by spatial convolution of the local spectra calcu-
lated for given & and # with the Gaussian point spread function [PSF;
see Fig. 2(m)].

Figures 3(a) and 3(d) show measured (gray lines) and simu-
lated (blue lines) spectra obtained with the optimized parameters
& = -31.8 meV/% and 5 = 23.9. Their direct comparison shows a
very good agreement between theory and experiment, confirming
our successful reconstruction of the deformation and exciton energy
profiles for a dynamically controlled local indentation. Moreover,
the obtained value of the deformation potential £ = —31.8 meV/%
is well-correlated with our ab initio simulations (—43.5 meV/%) and
previously reported results for MoSe; of £ = —38 meV/%" and &
= —27 meV/%.”" The discrepancy in the extracted and simulated
deformation potentials most likely originates from the fact that we
do not account for a possible small strain-induced change in the
linewidth of the exciton PL." Another possible contribution to this
discrepancy can be related to the asymmetric shape of the TMD
flake used in the measurement, as compared to the symmetric shape
assumed in our COMSOL simulations.

Figure 3(b) clearly shows that the deformation potential &
extracted with account for the optical resolution in our experimen-
tal geometry is ~3 times larger than that obtained directly from the
measured PL spectrum at the indentation point. This difference is
due to the spatial averaging of the inhomogeneously shifted exciton
PL spectrum within the collection spot in the experiment. Mean-
while, the factor # responsible for the strain-induced change of PL
intensity appears less sensitive to the resolution [see Fig. 3(c)].

Finally, we plot the radial dependence of the local exciton
PL spectra corresponding to the maximum indentation depth of
Z =300 nm [Fig. 3(e)], achieved before the rupture. As seen from
the figure, the maximum exciton energy shift of 36.5 meV is of the
order of the PL half-width (38 meV) and greater than the thermal
energy of 25.7 meV under ambient conditions. This suggests pos-
sibilities to create strain-induced TMD-based quantum emitters for
room temperature operation.

To conclude, we develop and demonstrate an approach for
an in situ characterization of the local optomechanical properties
of atomically thin 2D materials. In the experiment, we perform a
local indentation of a monolayer MoSe; flake by an AFM tip with
incremental depth until the rupture and carry out in situ PL map-
ping of the indented region. For each indentation depth, we extract
the resulting exciton energy profile using a complex approach that
combines modeling the spatial distribution of local deformation and
careful account of the optical resolution. The rates for the exciton
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spectral shift and PL intensity change determined in our experiment
are —31.8 meV and 23.9% per 1% of strain, respectively. This is in
good agreement with the previous measurements based on macro-
scopic strain and the results of our ab initio simulations. The max-
imum exciton energy shift induced by local deformation achieved
at a 300 nm indentation depth below the rupture threshold reaches
the value of 36.5 meV and corresponds to 1.15% strain of the mono-
layer, suggesting possibilities of creating strain-related TMD exciton
potential modulation and quantum emitters for room temperature
operation. The proposed complex approach opens new ways for
the studies of local optomechanical properties of 2D direct-bandgap
semiconductors.
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