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ABSTRACT

Since the raise of 2D materials, significant research has been dedicated to their strain-dependent electronic and mechanical properties. In this
work, we studied exciton energies and low-frequency phonon modes in CVD-grown mono- and few-layer WS, transferred on PDMS micro-
pillars. The modification of the band structure under strain was investigated by photoluminescence (PL) spectroscopy at room temperature.
Machine learning (ML) methods were used to analyze the PL spatial maps and facilitate the spectral deconvolution. For monolayer (1L)
WS,, red shift in the exciton energy was detected as a function of the position, which was ascribed to the presence of residual strain. For
three-layer (3L) strained WS,, a significant increase in the PL intensity corresponding to direct (K-K) band transition together with a change
of exciton energy was observed. From the PL spectra, strain distribution maps were extracted for both studied samples, which strongly
resembled the ML clustering results. Finally, the low-frequency Raman modes of WS, were studied on both Si/SiO, and PDMS substrates
and no significant change of their frequency was observed for the 3L-WS,.

© 2022 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/10.1063/5.0130927

One of the most exciting properties of 2D transition metal dichal-
cogenides (TMDs) is that their electronic structure' ~ and mechanical
properties”” can be tuned by external strain. At the same time, it is rel-
atively easy to experimentally induce strain in those materials, either
by atomic force microscopy tip,”* in bending"”'* or stretching'’
setup, by creating wrinkles'"'” or by interactions with pre-patterned
substrates.' >’

Among the 2D TMDs family, 1L-WS, has attracted considerable
interest due to its unique properties such as PL quantum yield (up to
6%) higher than other 2D semiconductors (~1% for MoS,)"? and
large exciton-trion binding energy.'” Furthermore, due to the break-
ing of inversion symmetry and strong spin—orbit coupling in 1L-WS,,
the electronic states of the two valleys have different chiralities, which
have recently been applied to a nanophotonic circuit that can unidirec-
tionally route the valley indices of 1 L-WS,.”’

Tuning of the optical and electronic properties of WS, and other
TMDs by strain has been investigated extensively both theoretically
and experimentally, but to date, most of the studies have been realized
on TMDs monolayers due to their direct bandgap.” '"**' With an

increasing number of layers, the bandgap becomes indirect and, conse-
quently, the PL quantum yield decreases significantly. Another draw-
back of the previous works is that the presented spectra were taken
only from one point on the sample without considering the strain dis-
tribution in the whole flake.”” '" The importance of strain distribution
mapping was recently discussed by Wang et al., who showed that WS,
follows continuum mechanics on the microscale and strain generates a
non-uniform bandgap distribution even in a single WS, flake placed
on flexible polymer substrates.””

Raman and PL spectroscopies are fast, non-destructive techni-
ques to study the impact of the strain on the optical properties.
Moreover, they require little or no sample preparation, and can pro-
vide qualitative and quantitative maps of the chemical structure and
composition of the sample. However, the analysis of each individual
spectrum in large spectroscopical maps can be time consuming.
Machine learning is a rapidly growing field that has shown great
potential in several research areas due to its ability to detect patterns in
complex or very similar datasets that humans would likely miss.”
Additionally, rapid spectral clustering can be performed in seconds,
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providing valuable features not present in the intensity maps that
default spectroscopy setup software gives to the users.

In this work, we studied room temperature PL and Raman spec-
tra of single- and few-layer CVD-grown WS,, transferred on PDMS
micro-pillars. We applied machine learning techniques, such as data
clustering (k-means), to simplify processing of the datasets and fit
them more accurately. We measured spatial distributions of the PL
spectra and observed significant changes in the exciton peak intensity
and energy as a function of the position. These maps were subse-
quently converted into strain maps. We show that such a procedure
can be straightforwardly applied to detect strain in both single and
few-layer TMDs. Finally, the low-frequency Raman mode of 3L-WS,
was studied as a function of strain.

WS, was synthesised on Si/SiO, substrates using CVD from solid
precursors at 900° C under constant Ar flow. The resulting samples
consisted of large area monolayer and few layer triangles, as shown in
Fig. 1(a). 1L-WS, has a direct bandgap located at the K-point in the
Brillouin zone; therefore, it shows a strong A exciton peak (X*) corre-
sponding to the direct excitonic transitions at 1.97eV. A trion
(charged exciton, X ) is present at 1.95eV,”* as shown in Fig. 1(b).
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The Raman spectrum of 1L-WS, shows the characteristic peaks cor-
responding to in-plane vibrational modes E,, (I'-point in the Brillouin
zone) and 2LA (M), in plane A;, (I') and their combinations
[Fig. 1(c)].”” High PL intensity of the as-grown samples together with
the Raman spectrum confirms their high quality.

Subsequently, the flakes were water-transferred to plain and
micropatterned PDMS substrates.” After transfer to plain PDMS, the
PL intensity decreased considerably, and the energy of both X* and
X" excitons increased to 2.03 and 1.99 eV, respectively, due to the
charge transfer induced by interaction with PDMS [Fig. 1(b)].”” With
the increasing number of layers, we observe a significant decrease in the
PL intensity, together with a redshift to 1.93 eV, corresponding to the
direct (K-K)-indirect (I'-K) bandgap transition.">'* The PL signal for
samples thicker than the monolayer is strongly suppressed [Fig. 1(d)],
and PL peaks from the PDMS substrate become visible. This is due to
the fact that the PL quantum yield with respect to the monolayer is
more than three orders and four orders of magnitude lower for the
bilayer and trilayer, respectively.'®

The freshly transferred 1L samples showed only X* and X~ exci-
tons; however, after some time (~1week), an additional peak xP)

S
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FIG. 1. Optical spectroscopy on CVD-grown WS,. (a) Optical image of the WS, flakes synthesized on Si/SiO, substrates. Scale bar corresponds to 50 um. (b) PL spectra of
the as-grown and transferred to the PDMS substrate 1L-WS,. (c) Raman spectrum of as-grown 1L-WS,. (d) PL spectra of the 1, 2, and 3L-WS, on the PDMS substrate.
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FIG. 2. 1L-WS; on the PDMS micropillar. (a) Optical image of the sample. Scale bar corresponds to 5 um. (b) Clustering of the spectra, where clusters C1 and C2 correspond
to spectra of WS, in the center of the pillar, C4 and C5 to pillar edges, and C3 to the background. (c) Examples of PL spectra from each cluster. The color outline corresponds
to the standard deviation of spectra, and the black curve corresponds to the mean of the spectra in each cluster. (d) Strain distribution in the WS; layer.

located at 1.86eV emerged in the PL spectrum (Fig. SI). It has been
previously attributed to the presence of defects;”* however, the origin
of the peak in this sample is not fully clear. The defects could arise
from the interaction between WS, and the environment, as it is known
that 2D materials can easily degrade when in contact with air and
moisture. The presence of defects did not affect the X** and X~ peaks,
which remained at the energies of 2.02 and 1.99 eV.

For strain mapping experiments, the 1L-WS, was transferred
to PDMS micropillars [5um diameter, 10 um pitch, 5um height;
Figs. 2(a) and S2]. The PL spatial map was taken from the area in
Fig. 2(a) with 1um resolution. To facilitate the data analysis, we
recurred to ML techniques, in particular, unsupervised learning. We
used the k-means clustering algorithm to label samples based on fea-
tures that group it with similar samples. Silhouette score contrasts
average distance to elements in the same cluster with the average dis-
tance to elements in other clusters. As a rule, the higher the silhouette
score, the value indicates that a given point is well matched to its own
cluster and well separated from the neighbor clusters. For the raw
spectra, the highest silhouette score was obtained for two clusters (Fig.
S3). From the PL intensity map (Fig. S4) and cluster map (Fig. S3), it is
clear that C1 and C2 roughly correspond to the background, and WS,
supported on the pillar. After performing simple spectra pre-

processing (baseline correction and peak area normalization), we fur-
ther investigated higher number of clusters. In Figs. 2(b) and 2(c), the
results for five clusters are shown. C1 and C2 correspond to the high-
intensity spectra taken from the center of the pillar, C4 and C5 to pillar
edges, and C3 to the background. Each cluster groups spectra of differ-
ent PL energies. A similar analysis was also carried out using principal
component analysis (PCA) as shown in the supplementary material.
Figure S5 shows the maps of the scores of PC1 and PC2 as a function
of the position in the sample. The PC1 score-map basically shows the
difference between the spectra of WS,, the edge, and the background.
While the PC2 score-map is more sensitive to the strain difference in
the WS, sample, other PCs does not show any significant information.

With the different clusters identified, we proceeded to fit the
spectra. All the spectra except for the ones grouped in C3 (back-
ground) were fitted with a Lorentzian curve and a Gaussian curve for
X* and X~ peaks, respectively. The energy distribution of X* as a
function of the position is shown in Fig. S6. It was previously reported
that X* energy scales linearly with strain as 46 meV/% strain for 1L-
WSZ9. From this dependence, the strain map was calculated, as shown
in Fig. 2(d). A small variation of strain between 0% and 0.3% was
detected in the WS, layer. The highest strain was measured in the cen-
ter of the pillar, at the edge of the WS, film, which is ascribed to the
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residual strain coming from the transfer process. The maps in
Figs. 2(b) and 2(d) strongly resemble each other; therefore, we can
conclude that clustering algorithms could discern between spectra cor-
responding to different strain levels.

We further investigated few-layer WS, transferred to the same
type of pillars [Fig. 3(a)]. By the optical contrast, we estimated the
thickness to be 3L; however, the exact thickness of the sample is rather
difficult to evaluate with optical methods. Contrary to other 2D mate-
rials, such as graphene,”””’ when the thickness of TMDs is larger than
2L, Raman spectra closely resemble each other and cannot be used to
confirm the exact thicknesses. The comparison between PL spectra of
few-layer samples is typically difficult due to their low intensity.
However, this sample showed enhanced PL signal from WS,, which
was much stronger with respect to the background PDMS signal than
for 3L-WS; placed on plain PDMS [Figs. 3(b) and 1(d)]. The increase
in the signal intensity corresponding to X* excitons could be explained
by the bandgap renormalization due to strain. According to density
functional theory calculations, the tensile strain lowered the energy
level of the conduction band valley and valence band hill at the K point
of the Brillouin zone. This resulted in the conduction band at the K
point aligned below the conduction band at the A point."” Therefore,
we observed the indirect-direct bandgap transition for the strained
samples and the intensity of the direct transition corresponding to X*
peak increased significantly. Interestingly, a significant increase in the
PL intensity from the parts of the folded WS, layer was also measured
[for example, in the region suspended between two pillars in
Fig. 3(b)]. A similar increase was observed for wrinkled 2D materials
and is an experimental evidence for the funneling of photogenerated
excitons toward regions of a higher strain at the top of the wrinkle
geometry.'*'” For comparison, in the case of few-layer WS, suspended
on pillars where no strain was present, such an increase in the PL
intensities was not observed (Fig. S7).

Position (um)

We applied the k-means algorithm to cluster the spectra in the
PL map, and the result is shown in Fig. 3(c). The highest silhouette
score corresponds to the division into two clusters: background and
WS, spectra, similarly as to the case of 1L-WS, discussed previously.
The second highest score corresponds to four and five clusters, which
differ only by a few points. Clusters C1-C3 correspond roughly to the
left and right pillar and suspended (folded) WS, spectra, respectively.
Representative spectra of each cluster are compared in Fig. 3(b). The
spectrum corresponding to the left pillar can be fitted by two
Lorentzian curves at 1.91 and 1.84eV. The peaks can be assigned to
direct (X*) and indirect (X") band transitions. There is a clear trend of
redshift in the X* peak between the left and right pillars from 1.91 to
1.87 eV, respectively, a consequence of increasing strain. Furthermore,
for the folded region, the peak shifts further to 1.85eV.

Using clustering results, the spectra were fitted either by one or
two curves, and the shift of X* (50 meV/% strain'”) was used to calcu-
late the strain distribution, as shown in Fig. 3(d). The highest strain
level (>2%) is present in the folded part of the sample, in agreement
with previously reported studies.”” WS, supported on the left pillar
shows almost no strain (<1%), and WS, on the right pillar displays
considerable amount of strain (1.5%-2%). Such non-uniform strain
distribution is a result of the fabrication process, where the interaction
between the 2D material and the transfer substrate is difficult to
control. For industrial applications, when transferring large-area 2D
materials for optical or optoelectronic devices, the presence of strain
and the corresponding change in the electronic bandgap will be crucial
for their correct operation. Noteworthy, the strain levels are adequately
represented by clusters in Fig. 3(c). Therefore, we can use ML methods
for detecting high-strain points in few-layer TMDs.

Finally, we investigated the low-frequency (<100 cm ™) phonon
modes of this sample. These modes originate from motions of atomic
layers instead of individual atoms and, therefore, are susceptible to
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FIG. 4. Low frequency Raman spectra on the original Si/SiO, growth substrate and
after transfer to PDMS for (a) 1L-WS, and (b) 2L-WS,. (c) Low frequency Raman
spectra of 3L-WS, corresponding clusters from Fig. 3(b) (from the bottom: C1: left
pillar; C2: right pillar, and C3: suspended folded area).

interactions with surroundings such as substrate interactions or inter-
layer coupling in 2D materials.”’ For bulk WS,, shear (S) and layer
breathing (LB) modes are present at 27.5 and 47.8cm ™ '.”* These
modes are not expected for 1L samples, as they require the interaction
of at least two layers. Accordingly, the S and LB modes were not
detected for 1L TMDs with an exception of WS,, where the low-
frequency phonon mode at ~27.0cm™ ' was measured.” It has been
tentatively assigned to LA (M); however, its origin in still not fully
understood. In the study by Xiang et al., the mode was recently attrib-
uted to the out-of-plane motion of tungsten and sulfur atoms, and it
was explained as an interaction between WS, and the substrate in the
CVD-grown WS, ** Contrary to the work of Xiang et al., we observed
clear signature of the LA (M) mode for 1L-WS, for the as-grown sam-
ple on Si/SiO, and after the transfer to PDMS. This may suggest strong
interaction between WS, and PDMS and could enable novel studies of
low frequency modes in monolayers on flexible substrates.

For 2L-WS,, we observed both S and LB modes on the growth
substrate and after transfer to PDMS [Fig. 4(b)]. In the case of
3L-WS,, we measured the S mode for both PDMS-supported and
suspended samples. Spectra corresponding to different clusters, as in
Fig. 3(b), are compared in Fig. 4(c). No detectable difference in the
peak frequency was observed in the strain range of 0%-2.5% from
which we can conclude that for few-layer WS,, the S mode is not sen-
sitive to strain. In the folded regions, we observed a strong increase in
the peak intensity in comparison with the central laser peak (Fig. 4,
C3). Similar to the PL signal enhancement, we attribute it to electron
funneling into the wrinkles.

In summary, we studied exciton energies and corresponding
strain distributions for mono- and few layer CVD-grown WS, trans-
ferred on PDMS micropillars. We used clustering algorithms to group
similar spectra with two main objectives. First, clustering facilitated
the spectral deconvolution of the PL signal. Second, we were able to

scitation.org/journal/apl

correlate the clusters with the strain maps calculated from the shift in
the PL energies. In the case of 1L-WS, the algorithm was able to dis-
tinguish between the spectra which differed by only 0.3% strain and in
the case of highly strained 3L-WS,, the clustering results strongly
resembled the strain map.

Finally, we studied the strain dependence of the low-frequency
Raman mode for the multilayer WS, and did not observe any fre-
quency shift up to approximately 2.5% of strain, only a significant
intensity increase for the highly strained regions. Our results confirm
machine learning techniques together with PL and Raman spectros-
copy can provide a useful, fast, and efficient tool to analyze 2D
materials.

See the supplementary material for the details of the effect of
aging of the sample on the PL signal and SEM images of the patterned
PDMS substrates. For the 1L-WS, on the pillar, we show the PL inten-
sity and energy distribution of the X* exciton, clustering, and PCA
analysis of the spectra. Finally, we show the PL spectra analysis for
few-layer WS, suspended on pillars when no strain is present.
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