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Localized strain has emerged as a key parameter in locally tuning the electronic properties of 2D
materials, including its role as a factor in the formation of single-photon emitters in 2D transition-metal
dichalcogenides. While multiple studies have demonstrated the importance of localized strain, a quanti-
tative understanding of how strain influences these optoelectronic phenomena and their properties
remains incomplete, largely due to the lack of experimental approaches capable of applying large, well
defined, localized strains. Here, we demonstrate that nanoindentation with spherical atomic force
microscopy tips on polymer-supported 2D WSe, enables controlled application of large, local strain
fields. Far-field photoluminescence spectroscopy reveals exciton energy red shifts of up to 0.29 eV,
corresponding to maximum strains of 2.7% in the indent center, assuming —0.109 eV shift per % strain. By
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varying the indent depth, we achieve control over the strain magnitude, and by changing the spherical tip
radius, we scale the spatial extent of the strained region. Combined with the deterministic positioning
capability of atomic force microscopy, this method provides a precise and versatile platform for studying
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Introduction

In recent years, two-dimensional (2D) Transition Metal
Dichalcogenides (TMDs) have been studied for their extraordi-
nary mechanical, electronic, and optoelectronic properties.
Owing to their ultrathin nature and high mechanical strength,
2D TMDs exhibit remarkable strain tolerance and the ability to
undergo significant out-of-plane deformations." This ultrathin
structure also enables extensive tunability of their opto-
electronic properties through strain,”™ opening possible appli-
cations as hosts for electronic and optoelectronic devices.®™®
Localized straining of 2D TMDs causes localized changes in
the bandgap, a phenomenon explored in previous studies
using methods such as naturally formed gas bubbles’ and
wrinkles,'® draping over nanostructures,'”” and nano-
indentation.”™** Though most of these methods lack precise
control of the placement, extent, and magnitude of strain,
nano-indentation stands out due to its high degree of control
and reproducibility afforded by the high precision of the
atomic force microscope (AFM).

Regardless, multiple studies have relied on uncontrolled or
unmeasured localized strains to create prototype devices such
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strain-dependent phenomena in 2D materials.

as single photon emitters (SPEs) in monolayer (ML) WSe,."*"?

Recent studies indicate that the reliable creation of SPEs in ML
WSe,, requires the combination of a valley symmetry breaking
defect'® and a localized strain field."® In a 2019 study,'* ML
WSe, on a thin PMMA substrate was controllably indented
with a sharp AFM probe, thus arbitrarily writing SPEs as a
result of the highly localized strain from the indent.

Though the indentation method allows for control of the
location and amount of sample deformation, through nano-
meter precise control of the x-y location and the depth of the
indents, its limitation is the difficulty in quantifying the
precise amount of strain applied and determining its spatial
distribution. Previous attempts to model indents in ML/
polymer samples have suggested that the highest magnitude
strain occurs outside the area of the indent,'? but due to the
sharp AFM tips used for indentation, visualizing the details
inside the indent remains challenging. Thus, it is still
unknown what amount of strain is necessary for the formation
of an SPE, how this strain affects the localized PL emission,
and how tuning the strain magnitude may affect SPE
properties.

Subsequent studies endeavored to understand further the
formation of potential wells from nanoscale strain fields in
randomly formed nano-bubbles’ or on wrinkles caused by
draping ML WSe, over nanostructures'®'® - methods often
used to induce localized strain. These studies measured photo-
luminescence shifts, which correspond to a localized bandgap
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minimum, using tip-enhanced spectroscopy”'®'” or far-field
optical measurements at cryogenic temperatures.'® This local
band gap minimum is thought to contribute to the formation
of SPEs. However, for better understanding and engineering of
SPEs in ML WSe,, there must be a reliable method for writing
known, localized strains with arbitrary control of the strain %,
placement, and spatial extent.

In this work, we create strained regions with spatial extent
on the order of 1 pm in a ML WSe,/polystyrene (PS) sample. By
indenting a spherical AFM probe into the sample with con-
trolled depth, we control the maximum strain and the size of
the strained region. This results in a highly strained and un-
broken region of ML WSe,, with a localized PL redshift of up
to 0.29 eV (corresponding to ~2.7% strain, assuming —0.109
eV shift per % strain®), which is clearly imaged by far-field PL
spectroscopy at room temperature (RT). We demonstrate that
the lowest energy peak position shifts linearly with respect to
indent depth at both RT and 78 K. We show that the energy of
the lowest energy peak is repeatable within approximately
0.01 meV when the peak energy is at 1.43 eV. Finally, we deter-
mine the maximum indent aspect ratio before material frac-
ture and hypothesize that the magnitude of maximum strain is
similar for indents with comparable aspect ratios, regardless
of indent radius. This work provides a reliable approach for
engineering strain profiles in 2D materials and decoupling the
maximum strain magnitude and strain field spatial extent,
paving the way for further studies into strain-tunable opto-
electronic properties and device applications.

Results and discussion
AFM indentation with spherical probe

Despite the challenges of measuring and precisely varying the
strain, nano-indentation is a highly controllable and repeata-
ble method for creating localized strains.'"'> Thus, we can
build on the existing process to develop a system for writing
large localized strains with the ability to control the strain
magnitude, and clearly image the strained PL emission, to
further study its effects in the formation of SPEs. The issues of
an ambiguous strain profile and difficulty with controllably
varying the strain in previous nano-indentation work are
mainly due to the sharp probe, as after only a small displace-
ment, the ML at the contact area fractures.'” Thus, the highest
strain is located near the polymer displaced around the indent
rather than within the indent. However, if the AFM tip is large
and smooth, it not only offers a clearer view of the defor-
mation mechanics within the indent but also permits strain to
be applied over a much larger area without causing material
failure. Building on previous nano-indentation work, we used
spherical AFM tips to develop an approach for writing arbitrary
strains into a ML WSe,/PS sample. Using this method, the
highest strains are located at the bottom of the indent, and the
PL shift due to the strain can be measured using conventional
far-field PL spectroscopy.
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Fig. 1 illustrates the mechanical process of introducing
localized strains by AFM tip indentation. To create the sample,
an exfoliated monolayer WSe, crystal is transferred onto a thin
film of PS spun onto a Si wafer, using a gold-assisted exfolia-
tion method.® detailed in the methods section. Then, an AFM
probe with a large sphere on the tip is brought in contact with
the sample surface, as shown in the experimental setup,
Fig. 1a. The AFM probe is displaced by a certain displacement
(), thus deforming the PS into the shape of the sphere. When
the probe is retracted, the PS retains the shape of the probe
tip, and due to the adhesion between the monolayer WSe, and
the PS surface, the ML holds the shape of the indent, creating
a localized strain field.

The shape of an indent can be controlled by varying the
size of the sphere tip and the amount of displacement, z, as
shown in Fig. 1b. The plot shows the indent depth as a func-
tion of tip displacement for three different tip radii, R. All
three data sets exhibit an approximately linear dependence on
z until they reach a certain depth. After reaching this depth the
slope of each data set changes and becomes steeper (indicated
by the dashed ovals in Fig. 1b). This discontinuity in the data
indicates the breaking of the ML WSe, as shown in the SI
(Fig. S1 and S2) and further discussed in Fig. 3.

Fig. 1c-e show the AFM topography of three different
indents made with a 1000 nm radius tip (R = 1000 nm) and
increasing z from left to right. The line scan under each topo-
graphy image shows the shape of the indent at its deepest
point. The deformation around the edges of the indents is due
to displaced PS. As shown in the line scans, the ML material
inside the indent nominally conforms to the spherical tip
shape without wrinkling, resulting in a smooth strain profile.

Spectroscopy of strained indents

Fig. 2 demonstrates that indentation can lead to large PL
shifts which correspond to large localized strain.> Fig. 2a
shows the AFM topography of a 101 nm deep, R = 1000 nm,
indent into the WSe,/PS sample. Fig. 2b shows individual
spectra from the indent shown in Fig. 2a. The spectra are
taken from different locations relative to the center of the
indent, as labeled with triangles in Fig. 2a. The colors of the
spectra in Fig. 2b correspond to the spatial location of the
colored triangles in Fig. 2a.

Far from the indent (light blue spectrum), the PL spectrum
is typical of unstrained WSe,. In the middle of the indent (red
spectrum), additional peaks appear with energy as low as 1.40
eV and the intensity of emission at the unstrained exciton
energy (1.64 eV) is significantly decreased. Also, the energy of
maximum emission occurs at around 1.60 eV. At points in
between these two extremes, the spectra smoothly transition,
as shown by the dark blue and purple spectra.

To interpret the spectra, we must consider the finite size of
the laser beam used for the measurements because it is
similar in size to the indent. The triangle locations are the
nominal locations of the center of the laser spot during the
spectroscopy measurements. The green dashed circle around
one of the triangles indicates the extent of the laser spot,

This journal is © The Royal Society of Chemistry 2026
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(a) Schematic of the sample and indentation process. (b) Plot of indent depth vs. the tip displacement for tips with radii of 300 nm, 500 nm,

and 1000 nm. (c—e) AFM topography of indents in WSe,/PS sample created by a 1000 nm radius tip using 1600, 2100, and 2600 nm displacements,
respectively. The dashed lines indicate the location of line scans directly below the topography images. All scalebars are 1 pm.

which was estimated from a line measurement across a Si/
Gold edge (see SI Fig. S3). Each spectrum shown in Fig. 2b
samples the area within the green dotted line around the pixel
location shown in Fig. 2a. Thus, each PL spectrum is a super-
position of emission from regions with different local emis-
sion characteristics, which are significantly modified by strain
(later analysis provides evidence that strain is a dominant
factor in the spectra).

The increasing intensity of emission below 1.45 eV near the
bottom of the indent occurs because a larger portion of the
laser spot is sampling a highly strained area. Notice that
though the intensity of the unstrained neutral exciton
decreases towards the indent center, it is still present in all
spectra. We suspect this is because the laser is always
sampling an area larger than the indent.

The increasing redshift happens because a higher strain
results in a larger shift. Therefore, as the laser moves towards
the center of the indent it is sampling higher strains until it
reaches the center. The highest PL shift in Fig. 2b is about
0.25 eV relative to the position of the unstrained neutral

This journal is © The Royal Society of Chemistry 2026

exciton. The exact origin of the mid to low-energy emission
possibly involves multiple excitonic contributions, and a more
detailed discussion of these effects is presented in later
sections.

Fig. 2c is a map of the integrated PL emission from
1.35-1.40 eV (the red shaded region in Fig. 2b) of the indent in
Fig. 2a, showing the spatial distribution of the integrated PL
intensity and the pixel locations of the spectra shown in
Fig. 2b. The spatial distribution is approximately axisymmetric,
consistent with the nominally axisymmetric shape of the
indents.

Modulating maximum strain

Fig. 3 illustrates that the indent depth causes significant
changes in the PL characteristics of the indents. In particular,
the deeper indent depths result in a larger maximum PL
energy shift and higher intensity emission below the
unstrained neutral exciton energy.

Fig. 3a shows a typical spectrum from the center of a
strained indent. The four shaded regions are centered around
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Fig. 2 (a) AFM topography of 101 nm deep indent. The green dashed line and green shading indicate the approximate size of the laser spot. (b) Plot

of spectra approaching the indent center. Colors correspond to spatial markers in (a) and (c). (c) PL integrated intensity in the range 1.35-1.40 eV of
the indent in (a). The shaded region indicates the range integrated in (c). All scalebars are 1 um.

the locations of four noticeable peaks that are present to some
degree in all the strained spectra. The blue range is centered
around the location of the neutral exciton in the unstrained
material. The green range is centered on the highest peak that
emerges as the material is strained, from 1.55 to 1.63 eV. The
yellow shoulder, which comes off the low end of the green
region, and in some deep indents splits into two separate
peaks, is typically centered anywhere between 1.45 and 1.55
eV. Finally, the deepest indents have a broad PL emission peak
between 1.35 to 1.45 eV, in the red region.

Fig. 3b shows the spectra from three different indents with
varying depths and one unstrained spectrum (from a flat
region of the sample) for comparison. The three strained
spectra were taken from nominally the same spatial location
on the three different indents. An inset in Fig. 3b shows the
location of the chosen spectrum on a map of the integrated PL
intensity of an indent. The second inset in Fig. 3b is a close-up
of the lower energy portion of the plot to better show the
differences in low-energy emission. The indents used for

Nanoscale

Fig. 3b are shown in the AFM topography image in Fig. 3c,
with their depths labeled.

Fig. 3d shows the PL integrated intensity maps of the
indents in Fig. 3c for each shaded energy range in Fig. 3a. The
four energy ranges exhibit different spatial distributions. The
emission in the lowest energy range (red) is nominally in the
middle of the indents and increases in intensity and spatial
extent as the indents become deeper. The emission in the low
intermediate energy range (yellow) is nominally in the middle
of the indent for the shallowest indent and spreads away from
the center of the indent in a three fold symmetry, consistent
with the pattern of polymer displacement, as the indents
become deeper. This evolution of emission pattern is consist-
ent with a changing strain field as the indents become deeper.
In particular, the region with strain that corresponds to the
yellow spectral range increases in size and moves away from
the center of the indents as the indent depth increases. The
emission in the high intermediate energy range (green) exhi-
bits an approximately donut shape that grows as indent depth

This journal is © The Royal Society of Chemistry 2026
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(a) A typical PL spectrum in the center of an indent showing the four most common regions of PL emission peaks. Colors of shaded regions

correspond to PL-integrated intensity maps in (d). (b) PL spectra from the same location of indents increasing in depth, as shown in (c). The inset
shows the approximate location of the spectra on a typical indent PL map. Scalebar is 1 pm (c) AFM topography of sphere indents of increasing
depth. Depths are labeled in nm. (d) PL-integrated intensity maps of indents in (c). The energy ranges integrated correspond to the colors of energy

ranges shown in (a). Scale bars of (c) and (d) are 2 pm.

increases, also consistent with changing strain fields. Finally,
emission in the unstrained neutral exciton energy range (blue)
exhibits decreased intensity compared to the background, with
the size of the reduced intensity region increasing with indent
depth.

The maximum low-energy emission is expected to occur at
the location of maximum strain, which would be centered in
an ideal spherical indent. However, Fig. 3d shows that the PL
intensity is instead localized along the right edge, indicating a
non-ideal indent shape. For large-radius tips, a substantial
force is required to initiate displacement of the PS substrate,
causing the tip to initially slide forward as the indentation
depth z increases and producing only a shallow indentation.
As z increases further, the accumulation of displaced PS inhi-
bits continued sliding, and the indent begins to deepen more
rapidly. We were not able to mitigate this behavior by simply
adjusting the indentation angle.

As a result, although indents produced using a R = 1000 nm
tip exhibit smooth, approximately spherical profiles along the
x-direction (Fig. 1c), the deepest region of the indent is shifted

This journal is © The Royal Society of Chemistry 2026

toward the front edge rather than being centered along the
y-direction (see SI Fig. S4). As the tip radius is reduced, the
indent profile along the y-direction becomes increasingly
spherical as shown in SI Fig. S4.

It is important to note that the right most indent (134 nm)
does not follow the previously discussed trends in Fig. 3d. It
exhibits no emission in the red and yellow maps. In contrast,
the green map shows the expected emission, while the blue
map reveals a slight increase in neutral exciton intensity rela-
tive to the next deepest indent. This is because the ML WSe,
inside the indent has broken, as discussed in Fig. 1b. As a
result, emission in the red and yellow regions is absent
because the bottom of the indent is relaxed. The increase in
neutral exciton emission in the blue map is consistent with
relaxation of the material at the indent center and the green
map shows that the ML WSe, material outside the indent has
not broken and is still strained.

All of the spectra shown in the figures in this work were
taken the same day as the indents were made. We observe that
emission in the red energy range decreases over time within
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the first three or four days after indentation. This is attributed
to the relaxation of the PS at the bottom of the indents where
the tensile strain is at a maximum. Increasing the stability of
the maximum strained region will be the focus of future work.

Quantitative analysis of spectral shifts

Even though Fig. 3 qualitatively demonstrates that both the PL
integrated intensity and the special distribution of various
regions of emission vary with indent depth, a quantitative
comparison of the maximum strain requires quantitative ana-
lysis of the low-energy emission. To achieve this, we fitted
every spectrum in a R = 1000 nm tip dataset using a combi-
nation of Voigt peaks, allowing us to systematically identify the
position of the lowest-energy feature. As shown in Fig. 4a, each
spectrum is decomposed into five Voigt peaks. This number of
Voigt peaks was chosen because it produces the most accurate
fit of the highest strain spectra for a wide range of indent
depths. However, the focus of this work is the lowest energy
peak, identified as p1 in Fig. 4a.

Fig. 4b shows the p1 peak energies for the R = 1000 nm
dataset from Fig. 1b (excluding broken indents and indent
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Fig. 4 (a) A strained spectrum from an R = 1000 nm indent, showing
best Voigt Fit and individual components (pl-p5). The dashed vertical
line marks the fitted pl peak energy. (b) Extracted pl energy as a func-
tion of indent depth for the R = 1000 nm indents shown in Fig. 1b,
excluding indents with depths <30 nm and broken indents. The dashed
blue line shows a linear fit of the data (with a 95% confidence interval of
the linear regression). Extrapolation to depth = 0 gives the unstrained p1
energy (blue star). The experimental unstrained neutral exciton energy is
plotted for comparison (green star).
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depths <30 nm, see SI Fig. S5 and Table S1) as a function of
indent depth. Data corresponding to indent depths <30 nm
(shaded region) are omitted because such shallow indents
do not exhibit a clearly identifiable p1. The data reveals a
clear linear relationship between p1l energy and indent
depth. This trend demonstrates that the location of the
minimum energy peak (p1) is reliably controlled through
indent depth.

The linear regression of p1 energy versus indent depth is
shown by the blue dashed line in Fig. 4b, with the shaded
region indicating the 95% confidence interval. Using this
linear fit, we extrapolate to zero indent depth, which intuitively
corresponds to the unstrained energy of the p1 feature. As indi-
cated in the legend of Fig. 4b, the extrapolated unstrained p1
energy is 1.637 eV (blue star), while the experimentally
measured unstrained neutral exciton energy of the sample is
1.64 eV (green star; see SI Fig. S6) and assuming a linear
relationship between p1 energy and depth, it follows that the
pl feature originates at the same energy as the unstrained
neutral exciton. We therefore conclude that the origin of the
lowest-energy emission presented in this work originates from
strained neutral excitons, although it may include additional
complexities arising from the high localized strain gradients,
the underlying mechanics of which have not yet been
explored.

While not the focus of this work, the other peaks beside p1
warrant some consideration. First we note that emission below
the unstrained neutral exciton can arise from a variety of exci-
tonic species and excitonic complexes, most notably trions,*®
defect states®®>', biexcitons,?"’** phonon sidebands,**** and
dark excitons.>® A common feature of these states is that they
typically emerge most clearly at low temperatures and appear
at energies relative to the neutral exciton that are determined
by their respective binding energies.>®>” Although trions and
dark excitons have been observed at RT under the influence of
localized  strain  gradients®®  or  other  doping
mechanisms.>*>**°

Given the complexity of our measured spectra, it is likely
that one or more of these excitonic species contribute to the
broad emission observed between the neutral exciton and the
lowest-energy feature. However, due to the complex strain
field, the relatively large strain gradients, the laser spot size,
broad linewidths at RT, and the strain-induced shift of the
neutral exciton itself, a complete deconvolution of all contri-
buting excitonic species is beyond the scope of this work and
is left for future study.

Nevertheless, it is useful to highlight several probable
origins of the most prominent spectral components. From
right to left (high to low energy), p5 corresponds to the
unstrained neutral exciton. We believe it is reasonable to
assign the p4 peak to the trion, given the efficient conversion
of excitons to trions induced by a localized strain gradient,”®
which explains the shift of the dominant emission peak from
the neutral exciton energy to approximately 1.60 eV. The p3
and p2 peaks are attributed to localized exciton complexes."’
Finally, the p1 peak, represents the lowest-energy emission

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6nr00112b

Open Access Article. Published on 09 February 2026. Downloaded on 2/25/2026 4:57:54 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

and is mainly attributed to the strained neutral exciton as
described above.

The lowest pl energy shown in Fig. 4b corresponds to an
energy shift of 0.29 eV relative to the unstrained neutral
exciton, which translates to a strain of 2.66% based on the
strain - PL energy relationship reported in the literature.” This
p1 energy is the lowest RT p1 emission energy reported in this
work.

Repeatability of response

When applying large strains to investigate how strain magni-
tude influences PL phenomena, it is essential that both the
indentation profiles and the resulting PL emission be repeata-
ble. Fig. 5a shows the cross-sections of 11 indents made with a
displacement z = 3000 nm on the same sample. The light red
curves represent the raw indentation profiles, and the dashed
blue line indicates their average. As illustrated, the indent
shapes are consistent, with depths of 65 + 3.1 nm and aspect
ratios (depth/width) of 0.080 + 0.003.

Although the indent geometries are highly repeatable, the
more critical test of reproducibility is the comparison of the
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Fig. 5 Faded red lines represent raw data, and dashed blue lines show
the average of all raw data for both (a) and (b). (a) A plot of 11 individual
line scans of R = 1000 nm indents made with identical indentation para-
meters (z = 3000 nm). Inset shows the approximate location of the line
scans on an example AFM topography image of an indent. (b) The plot
of the maximum low energy spectra of the 11 indents from (a).
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strained PL spectra across these 11 nominally identical
indents. The key feature relevant to this study, the p1 energy
associated with the maximum strain, should appear at a
similar energy and magnitude.

Fig. 5b shows the spectra of the pixel with the highest PL
integrated intensity in the red shaded region (from in Fig. 3a)
for each of the indents shown in Fig. 5a. The shaded curves
show the raw data, and the dashed line is their average.
Focusing on the p1 feature (fitted similarly to Fig. 4a) we find
that the center energy of the fitted peak is 1.43 + 0.01eV and
the p1 peak amplitude is 184 + 27 counts. These results indi-
cate that the repeatability of the maximum strain for this
indent depth is approximately 1.93 + 0.1% strain.

Finally, it is important to emphasize that the repeatability
of indents produced with identical displacement is ultimately
limited by intrinsic variations within the ML WSe, and the
underlying substrate. Additionally, the sample preparation
process may introduce small, pre-indentation strains into the
ML WSe, which is a normal part of the exfoliation and trans-
fer. Thus, the baseline of the unstrained neutral exciton for
different indents may vary slightly from indent to indent in
both peak location and magnitude (SI Fig. S6).

Behavior at low temperature

We performed low-temperature photoluminescence measure-
ments to examine how the strained regions behave at reduced
temperatures. Although we do not have the capability to reach
single-digit Kelvin, where most SPEs in ML WSe, are typically
observed, our setup does allow optical measurements as low as
78 K (nominally). Based on past work, SPEs have been
observed at temperatures above 78 K.>' Fig. 7a shows the
spectra of a 0.114 aspect ratio indent (R = 1000 nm) collected
at 78 K, the blue spectrum, and at RT, the red spectrum. Due
to limited range of the spectrometer, the spectra were acquired
in two separate energy ranges and combined in the plot to
display the full emission profile.

It is well established that cooling ML WSe, below 100 K
leads to linewidth narrowing and a pronounced blue-shift of
PL emission.’”** Consistent with this behavior, Fig. 6a shows
the neutral exciton blue-shifting from approximately 1.64 eV at
RT to 1.72 eV at low temperature. The excitonic features
immediately below the neutral exciton also blue shift and
remain overlapping with the neutral exciton. However, a dis-
tinct peak appears in the 1.30-1.40 eV range, corresponding to
the approximate location and shape of the p1 feature at RT, so
we assign this peak as p1.

Fig. 6b presents the spectra in the pl energy range for
indents of increasing aspect ratio at low temperature. Each
spectrum has been shifted vertically, multiplied for clarity, and
x-markers denote the p1 peak positions obtained from Voigt
fitting. The p1 energy of the shallowest indent (light blue),
which exhibits a slightly double-peaked structure, overlaps
with the higher-energy peaks. As the indent aspect ratio
increases (bottom to top in Fig. 6b), the p1 peak systematically
moves to lower energies and becomes resolved from the
higher-energy emission. In the deepest indent (red spectrum),
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Fig. 6

(@) An example spectrum of a R = 1000 nm indent at RT (red spectrum) and 78 K (blue spectrum). The lightly shaded regions (red, blue) show

the unstrained spectra (at RT, at 78 K). Spectra have been multiplied for clarity. (b) Plot of pl region PL spectra at 78 K for R = 1000 nm indents with
increasing ARs (depths). Spectra have been shifted vertically and multiplied for clarity. Black X marks the location of the pl energy, from the Voigt fit
shown in Fig. 4a. (c) Plot of p1 energy vs. indent depth for indents whose spectra are shown in (b), with linear fit. The blue data shows p1 at 78 K and

red data show the pl for the same indents at RT.

the p1 feature becomes fully isolated, as the intermediate
region near 1.45 eV drops to the noise floor. The full spectrum
for this indent is shown in Fig. 6a.

To more clearly illustrate this trend, Fig. 6c plots the p1
energy as a function of indent depth at RT (red) and at 78 K
(blue) for the same set of indents. The dashed lines rep-
resent linear fits of each dataset, and the shaded regions
their corresponding 95% confidence intervals. The linearity
indicates that the p1 energy is strongly correlated with the
indent geometry, and the extrapolation to the unstrained p1
energy yields similar results as Fig. 4b, namely that extrapo-
lated p1 energy in the absence of indentation (zero strain) is
in the region of the unstrained neutral exciton. This provides
further evidence that p1 is related to the neutral exciton.
The difference in the slopes of the RT and 78 K fits may
result from several temperature-dependent changes such as

Nanoscale

a change in the strain response of PL emission, slight differ-
ences in the indent topography due to contraction of the
polymer substrate, or enhanced exciton funneling and line-
width narrowing.

Further investigation of low-temperature strained indents is
required to fully explain these observations. However, we
suggest two compounding mechanisms that may contribute to
the increasing separation of the p1 peak at lower temperatures.
First, linewidth narrowing, experienced by multiple excitonic
species at low temperature due to longer carrier lifetimes,*’
causes the feature to become more distinct. And second,
increased exciton funneling efficiency at low temperatures®®>®
enhances carrier migration toward the highest-strain region.
As a result, within the area sampled by the laser spot, the
emission increasingly reflects only two dominant regions: the
distant, unstrained background and the highly strained emis-

This journal is © The Royal Society of Chemistry 2026
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sion at the p1 location, with reduced contribution from inter-
mediate strain regions.

Finally, we note that we did not observe sharp spectral fea-
tures that would suggest SPE formation. This may be due to a
lack of necessary defects in our samples'>*" and will be the
topic of future work.

Scaling of strained area

Fig. 7 shows that the area of maximum strain can be scaled by
changing the tip radius while maintaining the value of
maximum strain. Fig. 7a is a plot of indent aspect ratio (width/
depth) versus tip displacement divided by tip radius for three
different tip radii (see SI Fig. S7). The tip displacements range
from zero to beyond the breaking point of the material for
each radius tip. The data follows an approximately linear tra-
jectory until reaching about 0.115 aspect ratio, denoted by the
green line. After this, there is a discontinuity in the aspect
ratio. All indents above the green line are indents where the

s
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material has broken. We determine that the indent is broken
when the low-energy PL emission is missing, similarly to the
broken indent shown in Fig. 3.

Fig. 7b shows the spectra of three separate indents made
with the 300, 500, and 1000 nm tips, which all have the same
aspect ratio of 0.10 and an unstrained spectrum for compari-
son. The inset in Fig. 7b shows the low energy range with the
y-axis in log scale to better compare the low energy emission.
The light blue spectrum, R = 300 nm, shows a slight hump at
1.53 eV whose tail extends to about 1.42 eV. The pink spec-
trum, R = 500 nm, has a peak around 1.47 eV, whose tail
extends to 1.4 eV. Finally, the R = 1000 nm spectrum, red,
shows a peak at 1.38 eV, whose tail extends past 1.35 eV.

Fig. 7c shows three PL maps of integrated intensity in the
range 1.30-1.40 eV. Each map corresponds to a row of indents
whose aspect ratios increase from 0 to the breaking point from
left to right (this is the data displayed in Fig. 7a). The blue
map shows indents of 300 nm radius, the pink map shows
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(a) Plot of indent aspect ratio vs. tip displacement/tip radius for three different-sized tips. (b) Plot of spectra for 1000, 500, and 300 nm

radius indents with an aspect ratio of 0.110. Inset of low energy range with y-axis in log scale. (c) PL-integrated intensity maps for three different-
sized tips showing indents with aspect ratios ranging from 0-0.11 for each. All scalebars are 2 pm.
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indents of 500 nm radius, and the red map shows 1000 nm
radius indents.

The plot in Fig. 7a shows that the indent aspect ratio deter-
mines the material breaking point, not the indent depth. It is
reasonable to assume that the material breaks when the
maximum strain in the indent exceeds the breaking strain. We
can infer, based on Fig. 7a, that spherical indents of the same
aspect ratio have the same maximum strain. For simplicity we
will assume the same spherical profile for all tip radius sizes.
This is supported by models of strain in 2D material bubbles,
such as the membrane approximation.®*”*® Under the mem-
brane assumption, the maximum strain in a bubble, which is
located at the bubble apex, is defined as

P (ﬁ) } o)

a

where o(v) is a constant dependent on the Poisson’s ratio, v, of
the material, # is the bubble height, and a is the bubble
radius. Therefore, smaller radius indents should have a
similar maximum PL shift as the R = 1000 nm indents of the
same aspect ratio. Because of the nature of our optical spec-
troscopy measurement, smaller indents show less low energy
emission (due to the difference in indent area compared to the
laser spot), and the maximum low energy emission may not be
clearly visible above the noise of the measurement, as shown
in Fig. 6b. Despite the measurement noise, the PL maps for
both R = 500 and R = 300 nm, in Fig. 6c show an increase in
integrated PL intensity from 1.30-1.40 eV for the indents on
the far right. These indents have aspect ratios that are similar
to the aspect ratios of the far right R = 1000 nm indents, which
clearly show significant emission in the low energy range. This
suggests that the maximum strain magnitude in the smaller
radius indents is similar to R = 1000 nm indents of the same
aspect ratios. This indicates that the area under maximum
strain and the corresponding magnitude of the strain gradient
can be scaled by changing the tip radius. However, more
thorough measurements with a higher resolution strain
measurement method are required to confirm this hypothesis.

Conclusions

In this work we have demonstrated a method for applying loca-
lized strain fields in a ML WSe,/PS sample. We report low
energy PL emission due to these strains up to 0.29 eV lower
than the neutral exciton energy, and estimate a corresponding
strain of about 2.7%. The shift of minimum PL energy, p1, is
linear with respect to indent depth, establishing control of
strain magnitude. Statistical analysis of the fitted p1 peak
demonstrates that its unstrained energy coincides with the
neutral exciton energy, providing strong evidence that the
lowest-energy PL emission originates from strained neutral
excitons. Furthermore, we show evidence that the maximum
strain achievable is similar for different tip radii, which indi-
cates that strain field size and corresponding strain gradients
can be modified by changing tip radius while achieving the

Nanoscale

View Article Online

Nanoscale

same maximum strain magnitude. The approach presented in
this work provides a means to study the effects of strain mag-
nitude and strain gradients on the behavior of various strain-
dependent 2D material phenomena.

Methods

Gold assisted exfoliation

Monolayer (ML) WSe, was exfoliated from bulk crystals using
the Au-assisted exfoliation method.'® A 150 nm thick Au film
was deposited onto a cleaned SiO,/Si substrate via physical
vapor deposition (PVD). A 1:20 solution of polyvinyl alcohol
(PVA) in deionized (DI) water was then applied to the Au thin
film and allowed to evaporate at 70 °C for 20 minutes.

Separately, bulk WSe, crystals were exfoliated using the
‘scotch tape’ method between two pieces of blue tape. Once
the PVA layer had hardened, it was carefully separated from
the SiO,/Si wafer, lifting the Au thin film and exposing its pre-
viously uncontacted underside. The exfoliated WSe, on blue
tape was then immediately brought into contact with the clean
Au surface and firmly pressed. The PVA/Au stack was sub-
sequently peeled away from the blue tape, ensuring that the
Au thin film remained adhered to the PVA. This process facili-
tated the exfoliation of large ML WSe, crystals onto the clean
Au surface.

Immediately after exfoliation, the PVA/Au stack was placed
Au-side down onto a 523 nm thick polystyrene (PS) film, which
had been spin-coated onto a SiO,/Si wafer. The entire PVA/Au/
WSe,/PS/wafer stack was then submerged in DI water for
several days to dissolve the PVA. Following PVA removal, the
stack was submerged in gold etchant for 5 minutes to elimin-
ate the Au layer and expose the ML WSe, on the PS surface. To
ensure complete removal of residual PVA, the WSe,/PS/wafer
stack was further soaked in DI water for two days. Finally, the
samples were indented and stored in a vacuum chamber for
subsequent analysis.

Polystyrene substrates

To create the PS films a 5 wt% solution of polystyrene (MW
1200) (purchased from Scientific Polymer Products) and
toluene (purchased from Sigma Aldrich) was spun onto a SiO,/
Si wafer piece (1.5 x 1.5 cm) using a spinner at 4000 rpm. The
wafer piece was then annealed on a hot plate at 70° C for
1 minute to evaporate any residual solvent. The thickness of
the PS film was then measured by scratching the film and
using the AFM to measure across the edge. The PS films used
in this work are all 523 + 3 nm thick.

Crystal growth

WSe, crystals were grown using a self flux method with excess
Se in a ratio of 1:15. Approximately 3 g total of W powder
(99.999%) and Se (99.999%) were loaded into a quartz
ampoule with an additional quartz wool just above the
material and sealed under vacuum (~107° Torr). Subsequently
the material was heated up to 1080 °C over 24 hours, held for

This journal is © The Royal Society of Chemistry 2026
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2 weeks, and cooled for 2 weeks down to 275 °C, where the
ampoule was centrifuged to filter out the WSe, single crystals.
As harvested crystals were subsequently resealed in quartz
under vacuum and annealed with a temperature gradient of
275 °C at the WSe, position and the cold end at 175 °C to
remove excess Se.

Optical spectroscopy measurements

All optical spectroscopy measurements in this work were per-
formed on a Horiba Lab Ram Odyssey Raman Spectrometer
with a 532 nm wavelength laser at room temperature. The laser
power used was 0.82 pW and the accumulation time was 0.2
seconds.

AFM measurements

All AFM height measurements were made with the Horiba
Smart SPM in tapping mode using a standard Si probe 100 nm
long, purchased from BudgetSensors.

Nano-indentation parameters

The tips used for indentation were biosphere - B1000 - NCH,
biosphere — B500 — NCH and biosphere - B300 - NCH pur-
chased from NanoAndMore USA. The nano-indentation
process was performed in the Horiba Smart SPM using the
pre-installed curves_map macro in sweep Z mode. The feed-
back was in Sen mode. The indents were made at a displace-
ment rate of 0.16 nm ms . The optimal angle used to com-
pensate for the sliding of the cantilever during indentation
was found to be 23°. This was determined by varying the angle
and comparing the shapes of indents with different angles but
same displacement to find the most circular shaped indent.
However, due to the large range of indent depths in this work,
especially for the 1000 nm radius tips, the optimal angle for
the deepest indents may not be exactly 23° thus the deepest of
the 1000 nm radius indents are slightly asymmetrical. As can
be seen in Fig. 3d and 4c. This skews the low energy PL emis-
sion slightly to one side due to the asymmetry of the deepest
part of the indent. However, changing the compensation angle
along with the indent depth is beyond the scope of this work.
The compensation angle was kept at 23° for all indents.
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