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1. Theoretical background
Transition metal dichalcogenides (TMDs) are
layered materials with chemical formula MX2,
where M is a transition metal (e.g., Mo, W) and
X is a chalcogen (S, Se, or Te). Each layer con-
sists of a hexagonal plane of metal atoms sand-
wiched between two planes of chalcogen atoms,
forming a covalently bonded monolayer. Adja-
cent layers are held together by van der Waals in-
teractions, enabling mechanical exfoliation down
to the monolayer limit [5].

1.1. Optical properties of Monolayer
TMDs

The electronic band structure of TMDs strongly
depend on thickness. Bulk TMDs typically ex-
hibit an indirect bandgap, whereas monolayer of
all the TMDs listed above, including WSe2, be-
come direct-gap semiconductors. In monolayer
WSe2, both the conduction band minimum and
valence band maximum are located at the K and
K′ points of the Brillouin zone, resulting in effi-
cient optical emission [5].
Optical properties of monolayer TMDs are dom-
inated by excitonic effects due to their high bind-
ing energies of hundreds of meV, related to re-
duced dielectric screening and strong Coulomb

interactions. The photoluminescence (PL) spec-
trum at room temperature is primarily governed
by neutral excitons and trions, i.e. excitons in-
volving three charges, depending on the dop-
ing [5].
Strong spin–orbit coupling (SOC), particularly
in tungsten-based TMDs, lifts the spin degen-
eracy of the valence band and gives rise to
dark bands and excitonic states. Dark exci-
tons corresponding to either spin-forbidden or
valley-forbidden transitions lie energetically be-
low bright excitons in WSe2.
In addition, lattice defects and impurities can
introduce localized interband states [5].
In TMD heterostructures, interlayer coupling
leads to new electronic and optical phenomena.
In systems such as WSe2/MoS2, type-II band
alignment promotes charge separation between
layers and enables the formation of interlayer
excitons, where electrons and holes reside in dif-
ferent materials.

1.1.1 Characterization of TMDs

In unstrained monolayer WSe2, the room-
temperature PL spectrum is dominated by the
emissions sum of neutral exciton and trion, and
has intensity maxima at 1.65 eV.
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For what concerns MoS2 PL, in the monolayer
limit the optical emission is dominated by the
direct K–K transition at approximately 1.87 eV.
With increasing thickness, an additional indirect
transition between the Γ point in the valence
band and the Q point in the conduction band
emerges at 1.6 eV. This indirect Γ–Q transition
progressively shifts to lower energies as the num-
ber of layers increases.
Raman spectroscopy provides a reliable method
for determining the thickness of MoS2 flakes,
which is fundamental to carry out the results
discussed in Section 3.1. The characteristic
in-plane E2g and out-of-plane A1g vibrational
modes shift with the number of layers. In par-
ticular, the spectral separation between these
modes increases monotonically with thickness,
enabling accurate layer-number identification
when compared to reference samples.

1.2. Dependency of WSe2 Photolumi-
nescence on External Parameters

Single–photon emission (SPE) in monolayer
WSe2 is known to occur at cryogenic tempera-
tures (typically below 10 K) and in the presence
of locally induced strain.

1.2.1 Temperature Dependency

With increasing temperature, the PL emission
of WSe2 exhibits thermal broadening due to en-
hanced exciton–phonon interactions, accompa-
nied by a redshift of the emission energy re-
sulting from bandgap renormalization. At lower
temperatures, linewidth narrowing occurs and
also additional spectral features become dis-
tinguishable as the population distribution of
electronic states changes with the temperature.
These include emissions associated with trions,
dark excitons, and defect-bound excitons.

1.2.2 Effect of Tensile Strain

Tensile strain reduces the bandgap, leading to
a redshift of the PL emission [2]. Spatially
non-uniform strain creates local energy minima
within electronic bands that drive exciton fun-
neling toward highly strained regions, resulting
in enhanced local emission.
Furthermore, strain-induced lowering of the
bandgap can induce hybridization between
valley–dark neutral exciton state and defect–

related states, at 1% and 2.5% strain approxi-
mately [2]. This results in avoided crossing of
the hybridized states, which partially overcome
SOC optical selection rules and activating ra-
diative recombination channels that are forbid-
den in unstrained monolayers [2]. As ongoing
research suggests, enhanced emission related to
such hybridization would be compatible with the
high oscillator strength showed in SPE.

1.3. Single-Photon Emission in WSe2

Monolayers
Single-photon emission (SPE) represents a key
resource for quantum photonics. Single–photon
sources for quantum computing should be able
to generate photons that are identical in all rel-
evant degrees of freedom, namely polarization,
spectral shape, temporal mode shape and spa-
tial mode shape. The performance of single-
photon sources is commonly evaluated in terms
of single-photon purity (i.e. which is the prob-
ability that photons are emitted one by one),
photon indistinguishability, and brightness.
In WSe2 monolayers, SPE is typically observed
at cryogenic temperatures and is often associ-
ated with localized strain or defects. A widely
discussed hypothesis attributes SPE in WSe2 to
strain-induced hybridization between dark exci-
tons and defect-related states, discussed in Para-
graph 1.2.2. In this picture, such hybridiza-
tion enables radiative recombination from oth-
erwise optically forbidden states, giving rise to
narrow emission lines with single-photon char-
acteristics [4].

1.3.1 Nanobubble-induced strain for
SPE in WSe2 monolayers

Nanobubble-induced strain provides an effec-
tive route to generate localized tensile strain in
WSe2 monolayers through out-of-plane deforma-
tion caused by trapped contaminants. The re-
sulting non-uniform strain landscape creates lo-
cal bandgap minima that promote exciton fun-
neling and localization. In the samples inves-
tigated in this work, multilayer MoS2 is em-
ployed as a substrate primarily to quench the
photoluminescence of unstrained WSe2 regions
via type-II band alignment, thereby enabling se-
lective optical probing of strained sites. Experi-
mental results of this work show that the strain
magnitude within nanobubbles depends on the
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thickness of the underlying MoS2 substrate, an
effect attributed to changes in adhesion forces
that modify bubbles shape.

2. Materials and Methods
The target samples consist of WSe2 monolayers
stacked on multilayer MoS2 substrates, where
localized strain is introduced via contaminant-
induced nanobubbles formed at the interface.

2.1. Sample Fabrication
Monolayer WSe2 and multilayer MoS2 flakes
were obtained by mechanical exfoliation di-
rectly from bulk crystals, and placed onto poly-
dimethylsiloxane (PDMS) stamps. WSe2 mono-
layers were first exfoliated onto PDMS using ad-
hesive tape, and subsequently transferred onto
MoS2 substrates with thickness ranging from
one to five layers. The MoS2 flakes could be
exfoliated directly onto 0.17 mm thick glass cov-
erslips by applying the standard scotch tape to
the coverslip, and by heating at 120°C for 120
seconds. Alternatively, they could be exfoliated
on PDMS and transferred onto such coverslips
prior to stacking.
The WSe2/MoS2 stacks were assembled using
a dry-transfer technique involving a motorized
transfer system inside a glovebox under N2 en-
vironment. Following assembly, the stacks were
annealed in the same N2 environment at 200◦C
for 12 hours approximately. This thermal treat-
ment promotes the aggregation of interfacial
contaminants into localized nanobubbles, induc-
ing out-of-plane deformation of the WSe2 mono-
layer and generating localized tensile strain.

2.2. Sample Characterization
After the annealing step the samples were char-
acterized using the following techniques.

2.2.1 Atomic Force Microscopy

Atomic force microscopy (AFM) measurements
were carried out performing the scan in AC tap-
ping mode providing Angstrom–scale resolution.

2.2.2 Confocal spectroscopy methods

Room-temperature photoluminescence (PL) and
Raman spectroscopy were performed using the
same spectroscopy setup, namely XploRA Plus
by Horiba. Excitation was provided either by

532, 638 or 765 nm laser focused through a
high-numerical-aperture objective (NA = 0.9).
Low-temperature PL measurements were in-
stead performed in a custom–built setup, in-
volving a continuous-flow cryostat with optical
access. Within such cryostat, a liquid helium
transfer line could exchange heat with an heat
exchanger to which the sample wa thermally
connected, allowing cooling down up to 15 K.

2.2.3 Tip-Enhanced Photoluminescence
(TEPL)

Tip-enhanced photoluminescence combines
scanning probe microscopy with optical spec-
troscopy to achieve spatial resolution beyond
the diffraction limit. A metallic AFM tip acts
as a nanoscale optical antenna, and when is
illuminated by a focused laser beam, localized
surface plasmons are excited at the tip apex,
leading to strong confinement and enhancement
of the electromagnetic field in a nanometric
volume beneath the tip.
TEPL measurements in this work were per-
formed using the Porto setup by FabNS, in
bottom–illumination geometry. The excitation
laser at 633 nm was focused through the trans-
parent substrate, while the metallic PTTP tip
by FabNS was positioned in close proximity to
the sample surface. The enhancement is highly
localized at the tip apex, enabling PL mapping
with spatial resolution up to 10 nm.
TEPL mapping was employed to measure lo-
cal PL redshift within WSe2 nanobubbles, pro-
viding nanoscale information on strain distribu-
tion, and thus the strain range present in a bub-
ble. This technique is central to this work, as
it enables strain characterization with nanomet-
ric resolution of the same nanobubbles that were
then measured in the cryostat at low tempera-
tures.
This allowed direct comparison between strain
magnitude present in a bubble at room temper-
ature and the optical behavior of the blister at
cryogenic temperatures.

3. Strain engineering of
nanobubbles

The spatial distribution, morphology, strain and
consequently optical properties of the nanobub-
bles were found to be dependent on fabrication
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parameters like substrate thickness and pre–
stacking laser writing on the flakes.

3.1. Strain dependency on the sub-
strate

With the purpose of studying the dependency
of the strain induced in the nanobubble on the
substrate thickness, the number of layers of the
MoS2 substrate in each sample was determined
through a combination of PL, and Raman spec-
troscopy, analyzing the spectral features dis-
cussed in Paragraph 1.1.1. AFM step–height
measurements also were involved in such char-
acterization. Nanobubbles formed at the inter-
face between WSe2 monolayers and MoS2 sub-
strates were identified by correlating PL maps
with AFM measurements.
The redshift of the WSe2 PL emission in cor-
respondence of bubbles position was interpreted
as a direct signature of tensile strain. Using a
gauge factor of 100 meV/% to convert the exci-
tonic redshift into strain values, the average red-
shift associated with nanobubbles was plotted as
a function of the MoS2 substrate thickness. This
analysis reveals that the induced strain increases
with the number of MoS2 layers and saturates
for substrates consisting of four or more layers
at 110 meV approximately, as reported by the
red plot in Fig.1-a.
According to Sanchez et al [3], larger strain
in bubbles can arise from stronger adhesion
between the monolayer and the substrate, as
increased interfacial forces modify the bubble
shape. In the analyzed samples, the substrate
thickness was found to influence nanobubble
morphology (Fig.1-b). For thicker MoS2 sub-
strates (3-5L), nanobubbles appear more iso-
lated and exhibit a rounded, symmetric shape,
whereas on thinner substrates (1-2L) they tend
to form interconnected networks with more ir-
regular geometries.
Björkmann et al. [1] investigated the adhesion
energy between a MoS2 monolayer and MoS2

substrates of varying thickness, showing that the
energy per unit area required to exfoliate the
monolayer (EXF ) increases monotonically with
the number of layers in the substrate (N), and
saturates for four or more layers. Their study is
not specifically on the adhesion between WSe2
monolayers on MoS2 substrates, but the sim-
ilarity between the EXF (N) trend (Fig.1-a in

cyan) and the observed redshift dependence sug-
gests that substrate-induced changes in adhesion
forces play a key role in determining nanobub-
bles shape. Consequently, the local strain distri-
bution (i.e. the PL emission spectrum) of indi-
vidual bubbles is tuned by the substrate thick-
ness (Fig.1-c).

Figure 1: Bubble strain and shape depen-
dency on MoS2 substrate thickness. (a)
The average induced redshift in nanobubbles for
each substrate thickness is plotted in red. In
cyan is plotted the energy per unit area required
to exfoliate a monolayer of MoS2 from a sub-
strate formed by N layers of MoS2 (EXF (N)),
subtracted to the energy required to exfoliate
the monolayer form the bulk (EXF (∞)) [1].
Both plots follow increasing trends, saturating
for four or more layers. (b) AFM maps extracted
from samples having different substrate thick-
nesses (1-5L). (c) Representation of how the sub-
strate thickness is expected to tune the strain
induced in nanobubbles as adhesion forces vary.
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3.2. Nanobubble patterning
The investigation of nanobubble patterning orig-
inated from the observation of an ordered array
of nanobubbles in a sample obtained uninten-
tionally (Fig.2-a). The bubbles were arranged
on a regular square lattice with a spacing of 1 µm
along both in-plane directions (Fig.2-b,c). This
regularity suggested that the pattern originated
from an unintended laser writing process occur-
ring during optical characterization of the flakes
while they were still supported on PDMS.

Figure 2: Nanobubble patterning via laser
writing of TMDs on PDMS. (a) AFM map
of the first sample showing 1 µm spacing pattern
(b,c). (d) WSe2 monolayer after laser writing
on PDMS with different laser powers and wave-
lengths and subsequent transfer on glass. (e)
Parameters used for the different scans involved
in laser writing of the WSe2 monolayer showed
in (d). (f) The same line profile (P in (d)) ex-
tracted from the PL map and the AFM map
shows how the intensity drops in correspondence
of the patterned bubbles. (g) Different phases of
the patterning process: laser writing (1), trans-
fer (2) and final result (3).

To test this hypothesis, laser patterning was
systematically attempted on both TMD flakes

by scanning selected regions while varying the
excitation wavelength and laser power (Fig. 2-
d,e). The formation of an ordered array of
clusters was observed only for scans performed
with a 532 nm laser at an optical power of
1.6 mW. In contrast, scans carried out at 2.4 mW
using a 638 nm laser left the flakes pristine
and flat. These observations suggest the pres-
ence of a wavelength threshold between 532 and
638 nm below which the patterning process be-
comes effective. Similarly, no patterning was
observed when using the laser powers typically
employed for PL characterization in this work
(≤0.16 mW), indicating the existence of a power
threshold between 0.16 and 1.6 mW required to
induce the patterning process.
Following transfer of the patterned flakes onto
glass substrates, PL characterization revealed a
local reduction in PL intensity within the pat-
terned regions, without any measurable spectral
redshift (Fig. 2-f). The absence of a redshift
indicates that no strain is induced in the TMD
layer here, suggesting that the patterned clusters
are positioned above the TMD after transfer.
Consequently, they must have been located be-
neath the flake during laser exposure on PDMS,
as schematically illustrated in Fig. 2-g. This
observation suggests that the bubbles are com-
posed of PDMS, which appears to be locally
modified upon laser irradiation above specific
wavelength and power thresholds.

4. Optical characterization of
nanobubbles

Nanobubbles present on one sample were char-
acterized by TEPL (Section 2.2.3) in order to
determine the local strain distribution within
each bubble. The same sample was subsequently
cooled to cryogenic temperatures to investigate
the emergence of features compatible with SPE.
The strain range associated with bubbles ex-
hibiting such behavior could help to identify the
strain conditions under which SPE occurs, with
the aim of assessing whether this range corre-
sponds to the regime in which strain-induced hy-
bridization between interband levels, discussed
in Section 1.2.2, is expected to take place.
The sample sample was characterized with PL
in a temperature range going from 300K down
to 15K, before the SPE onset [4].
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Figure 3: Optical characterization of Bub-
bles 1 and 2. (a) Position of the two bubbles
on AFM scan of the sample. (b) TEPL map of
Bubble 1. Spectra extracted in different points
and marked on the map show strain–driven hy-
bridization occurring (c). (d) T dependency of
Bubble 1/unstrained WSe2 PL intensity ratio.
(e) PL spectrum Bubble 1 and free WSe2 mono-
layer at different temperatures. (f) PL spectra
at different temperatures for Bubble 2.

It is worth to focus in two blisters found in the
sample, reported in Fig.3-a and marked as Bub-
bles 1 and 2. Bubble 1 was characterized by
TEPL with a map having 15 nm spacing (Fig.3-
b), and showed maximum redshift (i.e. strain) at
the center of the bubble. Spectra of the bubble
taken at different distances (Fig.3-c) from the
center show how the bubble has strain-induced
hybridization happening within itself. In fact, at
the edge of Bubble 1 the PL shows two distin-
guishable peaks at 1.59 eV and 1.55 eV, related
to splitting of the energy levels obtained after
hybridization, and subsequent avoided crossing
of the spectra. Approaching inner regions of
the bubble, and thus increasing the strain, the
lower energy peak becomes more intense, domi-
nating the PL emission at the center of the bub-
ble, and the energetic distance between the two
peaks increases. The confocal PL spectra of the
same bubble at different temperatures are be-
ing plotted together with the spectrum of un-
strained WSe2 1L (Fig.3-d). The ratio in be-
tween the bubble and the unstrained WSe2 in-
tensity maxima was plotted as a function of T

(Fig.3-e), showing significant increase approach-
ing lower temperatures, and exceeding 1 at 15
K. Although the increase in intensity at low T is
not sufficient to demonstrate SPE, it motivates
further investigation at lower temperatures as
enhanced brightness under cryogenic conditions
above the SPE onset is commonly observed in
single–photon sources.
On the other hand, PL characterization on Bub-
ble 2 featured two sharp intense peaks arising
in the spectrum at 15 K (Fig.3-f). It is con-
sistent that such spectral features could evolve
into quantum emission lines at lower T. The PL
peak of Bubble 2 at room T was at 1.56 eV, thus
strain-driven hybridization happened at least in
part of the blister.

5. Conclusions
This work studied the tunability the average
strain and shape of WSe2 bubbles by varying
the adhesion forces between the monolayer and
the MoS2 substrate. This can be done changing
the substrate thickness.
Furthermore, a method to deterministically
place the bubbles in WSe2/MoS2 stacks by laser
writing the PDMS support before the transfer
was implemented and explored.
Moreover, strain distribution in WSe2 bubbles
was characterized with nanometer resolution,
and PL features of strain-driven hybridization
were observed within blisters. The PL tempera-
ture evolution of those same bubbles led to the
observation of signatures consistent with poten-
tial SPE occurring upon cooling below 15 K.
Once the strain interval associated with SPE is
identified, samples hosting bubbles within this
range can be fabricated by selecting an appro-
priate substrate thickness, as discussed in Sec-
tion 3.1. Deterministic and reproducible single-
photon sources could then be realized following
the laser patterning approach described in Sec-
tion 3.2.
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