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Tip-induced optical spectroscopy overcomes the inherent resolution limits of conventional optical tech-
niques enabling studies of sub-nm sized objects due to the tip's near-field antenna action. This statement
is true for individual molecules on surfaces or in the gas phase, but does not hold without restrictions for
spatially extended samples. The reason is that the perturbations caused by the tip extend into the sample
volume. The tip may induce strain, heating or hot-carrier injection locally in the material. These effects
add additional degrees of complexity by changing near-field and far-field optical response. The far-field
response varies because strain relaxation, heat and carrier diffusion possess areas of influence exceeding
the sample area influenced by the short-range near-field effects. Tip-in spectra are not simply enhanced
compared to tip-out spectra, they will also vary in spectral appearance, i.e., peak positions, relative peak
intensities, and linewidths. Detailed studies of MoS, samples ranging from a single layer to bulk-like multi-
layer MoS, also reveal that the spectra are sensitive to variations of phonon and band structure with
increasing layer number. These variations have a direct impact on the signals detected, but also clearly
modify the relative magnitudes of the contributions of the tip-induced effects to the tip-in spectra. In
addition, the optical response is affected by the kind of tip and substrate used. Hence, the presented
results provide further insight into the underlying microscopic mechanisms of tip-enhanced spectroscopy
and demonstrate that 2D materials are an ideal playground for obtaining a fundamental understanding of

rsc.li/nanoscale these spectroscopic techniques.

1 Introduction

Tip-enhanced Raman spectroscopy (TERS) and tip-enhanced
photoluminescence spectroscopy (TEPL) synergize the high
spatial resolution of scanning probe microscopy (SPM, such as
atomic force microscopy (AFM) or scanning tunnelling
microscopy (STM)) and the molecular sensitivity of surface-
enhanced Raman spectroscopy (SERS). Here, a metallic, metal-
coated or metal-nanoparticle functionalized tip is placed into
the laser focus.™” Illumination of the tip excites oscillations of
the quasi-free electrons at the apex of the metal tip, so-called
localized surface plasmons (LSP). If the laser is in resonance
with the LSP wavelength, a strong and localized electromag-
netic (EM) near-field will be generated and Raman or photo-
luminescence (PL) signals in the immediate vicinity of the tip
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will be significantly enhanced."? Excited LSP may decay radia-
tively into photons and non-radiatively into energy-rich elec-
tron-hole pairs due to Landau damping.! “Hot-carriers” from
the metal may be injected into adjacent semiconductors or
molecules, if they possess enough energy to overcome the
potential barrier between tip and adjacent material.” Suitable
tips are typically made of Au or Ag, since nanostructures of
these noble metals exhibit LSP resonances in the visible range
of the electromagnetic spectrum.”® In TERS, enhancement
factors are lower in comparison with those typically found in
SERS, but nevertheless single molecules may be detected in
gap-mode configuration and imaged with sub-nm resolution.”
Although many technical advances have been made in this
research field during the last two decades, the evaluation and
the correct interpretation of the tip-enhanced Raman and PL
spectra remains challenging in particular in case of ultrathin
2D materials or spatially extended samples. The reason is that
the presence of the tip has significant additional impact on
the sample other than just the near-field antenna action and
hot-carrier injection. The tip may also introduce strain or local
heating which will also affect the spectral features of the tip-
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enhanced spectra.®** Even spectral artefacts may occur due to
molecules adsorbed to the tip. Near-field antenna action, local
strain and heating, doping by hot-carrier injection likely
possess different areas of influence inside the sample under
study, ie., affect different volumes of the sample beneath the
tip, which is located on or close to the sample surface. As a
consequence, a spectrum taken in the presence of the tip (tip-
in spectrum) is not simply a near-field spectrum originating
from the sample region close to the tip (which is much
smaller than the volume corresponding to the laser focus)
added to the spectrum originating from the laser focus
without the tip being present (tip-out spectrum). Not all differ-
ences in the tip-in spectra can necessarily be attributed to LSP
excitations. Basically strain and temperature changes intro-
duced by the tip will also affect the far-field response of the
sample. As a consequence, a clear distinction between near-
field effects and far-field effects is not possible in the presence
of the tip and they are difficult to disentangle. This has an
influence on the calculation of the enhancement factor, an
important parameter in SERS and TERS. The enhancement
factor is described as the intensity ratio between SERS/TERS
and conventional Raman spectra of a sample. Consequently,
an enhancement factor is difficult to define in a reliable
manner in case of thin-film samples.

Molybdenum disulfide (MoS,) is a prominent member of
the transition metal dichalcogenides (TMDC). All structural
polytypes of MoS, crystallize in a characteristic layered struc-
ture, where a Mo-atom layer is sandwiched between two
S-atom layers.'* Since adjacent MoS, layers are only weakly
bound to each other by van der Waals interaction, individual
sheets can be separated quite easily. An established method
for separating single layers from a natural bulk material is
mechanical exfoliation.">*® The electronic structure of MoS,
depends strongly on the number of layers. In particular, its
electronic band structure changes from an indirect to a direct
semiconductor when reducing bulk material to a single MoS,
layer. For this reason, single layer MoS, exhibits a very strong
photoluminescence quantum yield, which decreases with an
increasing number of MoS, layers.'” In a typical PL spectrum,
two direct transitions (A and B) occur due to the spin-split
valence bands (VB) at the K (K') points."® In addition, at least
one indirect transition is observed in multilayer MoS,
samples.'® Furthermore, since the Raman spectrum of few-
layer MoS, strongly depends on the number of layers, the posi-
tions of the in-plane E,, and the out-of-plane A;, mode can be
used to determine the layer thickness of thin sheets.?™>*

The layer-dependent band structure, the existence of a band
gap in the visible range, crystallization in a 2D-layered struc-
ture and the associated possibility to exfoliate single and few-
layer sheets makes MoS, an interesting model system for
TERS/TEPL studies. There exists already some theoretical and
experimental work on TERS/TEPL on MoS,.>**® However,
most experimental studies focus on spatial resolution,
especially the resolution of local heterogeneities (such as
defects, strain, doping, etc.) and are often limited to single
MoS, layers only. Here, we present results of a systematic inves-
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tigation of the TERS and TEPL response as function of the
number of MoS, layers employing the same tip. This study
demonstrates clearly that the presence of the tip has an
additional impact of the MoS, sheets, besides the near-field
antenna action. The analysis of experimental findings yields a
better understanding of the microscopic mechanisms under-
lying tip-enhanced optical spectroscopic techniques and their
interplay with the different electronic and vibrational struc-
tures of MoS, samples with a different number of layers. It
becomes apparent that the interaction ranges of the different
contributions to the TERS signal vary for MoS, samples of
different thickness.

2 Methods

2.1 Mechanical exfoliation and sample identification

Ultrathin sheets of MoS, were obtained by mechanical exfolia-
tion of natural bulk crystals onto heavily p-type doped Si sub-
strates with a 275nm thick wet-thermal oxide layer (Siegert
Wafer GmbH, Aachen, Germany). Single, few and multi-layer
MoS, samples were identified by optical contrast imaging and
the assignment was confirmed by Raman and PL spectroscopy.

2.2 Setup

The Raman and the PL spectra were recorded at room tempera-
ture in back-scattering geometry using a Renishaw inVia
Raman microscope system combined with a MultiView 2000
(Nanonics Imaging Ltd, Jerusalem, Israel) for the TERS and
TEPL measurements. The MultiView 2000 uses normal force
tuning fork technology with phase feedback for the distance
control between TERS tip and sample. A Nd:YAG laser with an
emission wavelength of 532 nm was focused onto the sample
with a 50x LD microscope objective (Nikon, NA = 0.45). The
laser spot was approximately 2 pm in diameter. Except for the
laser-power dependent measurements the laser power was set
to 2.48 mW. The scattered light was collected by the same
objective and then coupled into a spectrometer, where it was
dispersed using a diffraction grating with either 2400 lines per
mm or 1800 lines per mm and the resulting spectrum
recorded using a charge-coupled device camera (CCD). The
2400 lines per mm grating was used for TERS whereas the
1800 lines per mm grating for the TEPL and the temperature
and laser-power dependent measurements. The spectrometer
in conjunction with the CCD provided a spectral resolution
better than 1.5 cm™". The acquisition times for the TERS and
TEPL spectra were 5 and 10 s per frame, respectively. For the
temperature dependent measurement, a custom-made sample
stage with an integrated Peltier element was used allowing us
to control the substrate temperature in a range of 10°C to
95 °C. All PL spectra were response-corrected using a calibrated
tungsten-halogen lamp (Oriel, spectral range 250-2400 nm) as
reference standard. Due to the wide spectral range, a specific
measuring mode had to be used for acquiring the PL spectra.
In this mode, the full PL spectra are assembled out of CCD
frames obtained at different grating positions with a spectral
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overlap between adjacent frames corresponding to the width
of 10 pixels on the CCD chip. The partial spectra are automati-
cally assembled by the software. The principal component ana-
lyses of the far- and near-field Raman and photoluminescence
spectra were performed using the corresponding routines of
the software package OriginPro.

3 Experimental results and
discussion

We have performed TERS and TEPL experiments on several
mechanical exfoliated single, few and multi-layer MoS, sheets.
Fig. 1(a) shows an optical microscope image of a MoS, flake,
which consists of single-layer (1L), bi-layer (2L), triple-layer
(3L) and bulk-like multi-layer (MuL) areas. In a typical TERS/
TEPL experiment, two different kinds of spectra are recorded:
a tip-in spectrum, where the tip is centred in the focus of the
laser beam and a tip-out spectrum taken at the same spot
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without the impact of the tip. In the latter case, the tip can be
retracted of the sample surface by the z-piezo element or it can
be completely laterally removed. As schematically illustrated in
Fig. 1(b), we decided to use the second approach, whereby the
TERS tip is moved manually to the respective parking position
outside the laser focus. For the tip-in spectrum, the TERS tip
was positioned at that point in the laser spot where the inten-
sity of the recorded spectrum was highest. The results of the
TERS/TEPL measurements are shown in Fig. 1(c) and (d),
respectively. The Raman spectra show the doubly degenerate
E,; and the non-degenerate A;, signals, which correspond to
in-plane and out-of-plane phonon modes, respectively.?”> The
PL spectra reveal the A and B bands corresponding to the
direct band-gap transition at the K-points of the Brillouin
zone. For all samples, but 1L MoS,, we also detect bands due
to indirect transitions between the conduction band minima,
one occurring along the A-direction between I'- and K-point
and the other at the K-point itself, and the highest valence
band at the I'-point.">*? All tip-in spectra are significantly
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(a) Optical microscope image of a mechanical exfoliated MoS, flake on a Si/SiO, substrate. (b) Schematic illustration of the TERS/TEPL-

process. (c) and (d) Tip-in (red, additionally marked with an arrow) and tip-out (black) Raman (c) and PL (d) spectra of MoS, sheets with a different
number of layers. In addition to the red-shift of the direct transitions and the enhancement of the PL signal, there exist a significant change of the
spectral shape of the tip-in TEPL spectra. Each pair of tip-in and tip-out spectra is plotted on the same scale. The light black and red lines reflect the
positions of the Raman modes and the A transition of the tip-out and tip-in spectra as obtained from the Lorentzian and Gaussian profiles.
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enhanced in intensity compared to the corresponding tip-out
spectra. Furthermore, the tip-induced intensity enhancement
is accompanied by changes of the spectral features in terms of
linewidths, positions, and relative intensities. For example,
there is a significant red-shift of the features in the tip-in
Raman spectra as well as in the direct photoluminescence
transitions A and B. This is a clear indication that the effect of
the tip on the sample and, thus, on the tip-in Raman spec-
trum, is more than just the tip’s near-field antenna action.
Such multifarious changes of the spectra induced by the pres-
ence of the tip occur in qualitatively the same manner for all
regions probed on the sample, ie., 1L, 2L, 3L, and bulk-like
MoS, material.

In what follows, we will examine the differences between
the tip-in and the tip-out spectra in more detail and a first ana-
lysis of the impact of different external perturbations induced
by the tip on the Raman and PL spectra. For this purpose, we
performed additional temperature and laser-power dependent
measurements of tip-out PL and Raman spectra at positions
on the sample corresponding to 1L, 2L and bulk-like MoS,
material. The spectra are shown in the ESL.{ A red-shift of the
Raman modes and the direct PL-transitions in the spectra are
also observed when the laser intensity or the temperature are
increased. Principal component analyses (PCA) were carried
out in order to emphasize that the changes in the tip-in
spectra are not solely caused by a local increase of laser power
or temperature. PCA is a statistical technique that is often
used to structure and visualize multidimensional data sets by
reducing the information they contain to two or three-dimen-
sional graphs of a few uncorrelated variables, the so called
principal components (PCs). The underlying transformation
implies a, though minimized, loss of information. However,
this deficit is commonly accepted in favour of a better and
easier interpretability of the data. In the PCA, n spectra (in our
case temperature and laser-power dependent tip-out spectra,
TERS/TEPL spectra), each with m spectral positions, can be
considered as n single points in an m-dimensional space. Each
coordinate axis corresponds to a spectral position and the
intensity value of a spectrum at that position defines the coor-
dinate value. In the PCA a new coordinate system is chosen to
present the same set of data. For this purpose, the covariance
matrix of the spectra in the original coordinates is calculated
and the matrix’s eigenvalues are derived. All eigenvalues are
positive because they correspond to variances and are labelled
in descending order, i.e. largest variance to smallest variance.
The corresponding eigenvectors (PC loadings) point along the
directions of the principal axes (PCs) of the new coordinate
system. The new coordinates of each spectrum are its PC
scores. Typically, the first few PCs (e.g., PC1, PC2, PC3) retain
most of the statistical information present in all of the original
variables.?® Resulting 2D graphs, such as plots of PC1 vs. PC2
scores of all spectra, highlight the differences between the
spectra, since data points of related spectra will cluster
together and those of different ones will be spread out.

Corresponding PCA results for 1L and 2L MoS, are dis-
played in Fig. 2. In both cases, two PCA were performed, one

This journal is © The Royal Society of Chemistry 2021
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for the set of Raman spectra and another one for the set of PL
spectra. All spectra were normalized prior to the PCA in order
to focus on spectral differences such as relative intensity
changes, shifts in position or changes in linewidth. PCA
results of the Raman spectra are depicted on the left and those
of the PL spectra on the right of Fig. 2. In all graphs, each data
point represents one spectrum. Data points in blue correspond
to the series of temperature-dependent tip-out spectra and
black data points to the series of tip-out spectra where the
intensity of the excitation laser was varied. The red data points
correspond to tip-in spectra taken at positions on the sample
with the corresponding number of MoS, layers. The barycenter
of the data points corresponding to the tip-in spectra are
clearly separated from those of the temperature dependent
and the laser-power dependent spectra in the PCA score plots
in all four graphs. A clearer delineation of the Raman data
points can be achieved when considering pairs of classes only
(see, e.g., ref. 31). Results of such analyses of the Raman data
of 1L and 2L MoS, are discussed in the ESI.T These additional
PCA are based on sets of spectra comprising only two classes
of spectra, the tip-enhanced series with either all the tempera-
ture dependent or all the power dependent spectra. A separ-
ation of the data points of the two classes studied is achieved
in all cases. Furthermore, the corresponding spectra are corre-
lated with the scores and loadings of the PCA. Based on the
results shown in Fig. 2 and the thorough analysis of the PCA
results in the ESI,T we can state that a local temperature rise or
an increase of the laser power alone or both together cannot
explain all the changes of the TERS and direct TEPL spectra
observed in case of the 1L and 2L MoS,. Another microscopic
effect must be induced by the tip to explain the experimental
observations.

In what follows, we will analyse the spectral changes in
more detail and suggest that hot-carrier injection significantly
contributes to the differences between tip-in and tip-out
spectra. In particular, two features in the tip-in spectra suggest
a charge carrier injection from the TERS tip to the MoS,
sheets. First, there is the significant increase in the indirect
band transition in case of few-layer MoS, flakes. Fig. 3(a)
shows an enlarged view of the indirect band transitions of
2L-MoS,. Of all investigated MoS, sheets, the bilayer shows the
largest enhancement and change of the spectral shape in the
tip-in PL spectrum recorded in the spectral range of the indir-
ect transitions. Due to the band structure of 2L MoS,, two
indirect band transitions, I; (A - I') and I, (K — I'), are poss-
ible at room temperature.'® While the features due to I, and I,
in the tip-out spectrum are hard to distinguish, the higher
energy emission peak I, is more pronounced in the tip-in spec-
trum. Furthermore, both peaks are considerably enhanced in
the tip-in spectrum compared to the tip-out spectrum. As illus-
trated schematically in Fig. 3(b), the location of the Fermi level
may be modified by the TERS tip and is finally located in the K
and A valley of the conduction band (CB). As a result, electrons
can also accumulate in the higher CB valley and take part in
the recombination process of the photoluminescence. In case
of 1L MoS,, the band structure is different as can be seen in

Nanoscale, 2021,13,17116-17124 | 17119
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Fig. 2 PCA score plots of 1L and 2L MoS; tip-in and tip-out spectra. Raman (left) and direct PL spectra (right) were analysed separately. In both
cases the barycenter’s of the near-field signals are separated, and so the significant shift and the deviating spectral shape of the TERS/TEPL spectra
cannot be solely caused by an increase of temperature or laser power, respectively. All spectra were normalized prior to the PCA. All spectra were

collected with an 1800 | mm™ grating.

Fig. 3(b). The CB valley along the A-direction is considerably
higher in energy than that at K. Furthermore, the VB maxima
at I" and K are very close in energy. Thus, an indirect transition
from the CB valley along A to the VB maximum at the I'-point
or that at the K-point is unlikely and would be higher in
energy than the direct A and B transition. Therefore, no
additional PL band occurs between 1.4 and 1.5 eV in the tip-in
spectrum of 1L MoS,.

A second point in favour of an electron doping of the MoS,
is the broadening of the A;; mode of the monolayer by about
2cm™" in the near-field spectra. As Chakraborty et al. demon-
strated in their in situ Raman experiments from a 1L MoS, top-
gated field-effect transistor, the A;, mode shows a strong
doping dependence. The n-doping leads to a reduction of the
phonon frequency and a broadening of the linewidth of the
A, mode. This can be explained by the strong electron-
phonon coupling between the A;; mode and the injected
carriers.®

The behaviour of the A;; mode and the indirect band tran-
sition of the PL in the near-field spectra clearly indicate an
increase of the carrier concentration in the MoS,. This seems
unusual in view of the higher work function of Au compared
to MoS,. In particular, as it was recently reported that 1L MoS,
can be p-doped by an Au-tip, ie., electrons are extracted in

17120 | Nanoscale, 2021,13, 17116-17124

contact with the Au-tip.>* Apart from a different choice of sub-
strate and a different measurement setup in those experi-
ments, the main difference to our work is the design of the tip
used. Su et al. used Au and Ag coated Si tips for their contact
TEPL measurements. In that case, the impinging laser wave-
length of 532 nm was not in resonance with the LSP of the Au
tip. Instead, we used commercially acquired glass fibre TERS-
tips (Nanonics Imaging Ltd, Jerusalem, Israel) with embedded
Au nanoparticles at the tip apex. The LSPs of the Au nano-
particles of our tips are resonant with 532 nm excitation due to
the smaller size of the nanoparticles. This other experimental
constellation leads to a charge transfer of so-called hot-elec-
trons from the TERS tip to the adjacent MoS, layer, as the elec-
trons can acquire enough energy to overcome the Schottky
barrier between Au and MoS,. Similar hot-electron doping has
already been demonstrated in SERS experiments with various
Au nanoparticles on monolayer MoS, and graphene. In both
cases, the plasmon-induced n-doping of the 2D-material influ-
enced the Raman spectra of the 2D material taken in the vicin-
ity of the Au particles significantly. In the presence of Au nano-
particles, Weinhold et al. observed a blue-shift of the G-mode
of graphene, which can be explained by electron-phonon
coupling between graphene phonons at the I'-point and the
transferred electrons forming a free-carrier plasma.>* In 1L

This journal is © The Royal Society of Chemistry 2021
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(a) Closer look of the indirect bandgap transition of a measured bilayer MoS, TEPL spectra. Especially the higher energy emission peak (l,) of

the tip-in spectrum is significantly enhanced compared to the tip-out spectrum. The tip-out spectrum is multiplied by a factor of 5 and both spectra
are smoothed, for clarity. (b) Schematic, reduced illustration of the electronic band structure of mono- (1L) and bilayer (2L) MoS,. The enhancement
of the indirect band gap, especially of the higher energy emission peak, can be correlated with a charge transfer (n-doping of the MoS;) and a
corresponding Fermi level tuning by the TERS-tip. Band structures reproduced from ref. 29. (c) and (d) Enhancement of the near-field spectra as a
function of the layer number for the Raman modes (c) and the direct PL transitions (d).

MoS,, the additional hot-electron doping can even destabilize
the crystal lattice and introduces a reversible 2H-to-1T phase
transition, i.e. strain.>® Accordingly, not only the material of
the tip but also the tip’s microstructure or design is decisive
for a possible charge transfer at a fixed excitation wavelength,
i.e. alters the magnitude of different tip-induced microscopic
effects affecting the Raman and PL spectrum.

We will now turn to the analysis of the tip-induced
enhancement of the two direct transitions A and B in the PL
spectra as well as of the two Raman modes in dependence on
the number of MoS, layers. For this purpose, we fitted the two
Raman modes and the two direct PL transitions by two
Lorentzian and two Gaussian profiles, respectively. In
addition, the PL spectra were background corrected prior to
the fitting. To quantify the enhancement of a spectral feature
introduced by the tip, the ratio of the areas of the peaks given
by the fitted lineshapes of the tip-in and tip-out spectrum were
calculated. Enhancement factors determined in this fashion
are considerably lower than those commonly reported,
because we make no attempt to estimate the effective enhance-
ment by multiplying an additional weighting factor arising
from the ratio of the comparatively large volume characteristic
for far-field effects and the very small volume characteristic for
near-field effects.**>® Correcting for this volume ratio yields
enhancement factors, that are several orders of magnitude
higher. As pointed out in the introduction, such a definition

This journal is © The Royal Society of Chemistry 2021

of an effective enhancement is only justified, if the differences
between tip-in and tip-out spectrum almost solely arise due to
the antenna action of the tip, which is not the case in our
experiments, as demonstrated above. Fig. 3(c) and (d) show
that the Raman and die PL signals are differently enhanced.
The clearest differences can be observed for the few-layer
samples. In TERS, both Raman modes are enhanced by a
similar factor in spectra taken at positions with the same
number of MoS, layers. A clear trend is observed as a function
of MoS, layer number. The enhancement factor increases step-
wise from 1L to MuL. This trend is surprising and counterin-
tuitive, since the electromagnetic enhancement of SERS and
TERS due to the antenna action should be of short-range as a
near-field effect.*” Thus, one would expect that the near-field
contribution in the tip-in spectrum in relation to the tip-out
spectrum should be largest for the single layer and should
decrease with increasing number of layers, ie., leading to a
decrease of the enhancement factor with increasing number of
layers, in a homogeneous material. This suggests that the
changes of the electronic and phononic structure with the
number of MoS, layers as well as the underlying substrate may
also affect the magnitude of the enhancement observed. The
impact of two different Si/SiO, substrates on the enhancement
factors was investigated layer-dependent for three different
MoS, flakes and is discussed in the ESLT The trend as a func-
tion of MoS, layer number as well as the magnitude of the
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enhancement are significantly affected by the structural com-
position of the oxide interface. Furthermore, different nomin-
ally similar TERS tips were also employed. However, the vari-
ation in the commercially purchased tips due to manufactur-
ing seems to play a minor role only.

An interesting trend can also be observed for the TEPL
enhancement. In the few layer sheets only a significant
enhancement of the A-transition is observed. Probably an
increase of the B-signal is suppressed by VB-VB relaxation of
holes at the K-point. In case of TEPL, the largest enhancement
factor occurs for MuL MoS,, with an even more pronounced
change of enhancement from 3L to MuL MoS, than in TERS.
However, it should be noted that temperature effects may play
a significant role here. Tongay et al. have shown that the inten-
sities of the PL-signals decrease significantly with increasing
temperature other than the Raman signals.'® Local heating by
the tip, thus, will cause a decrease in PL intensity counteract-
ing the enhancement effect of the antenna action. In particu-
lar, few-layer MoS, sheets should be more affected as the
thermal conductivity of the underlying SiO, substrate is low
and thus heat dissipation is slower than in case of MuL MoS,.

Fig. 4(a) shows the positions of the two Raman-active
modes and the direct PL transitions derived by fitting the tip-
in and tip-out spectra, results plotted in red and black, respect-
ively. The positions of the two Raman modes in the tip-out
spectra reveal the anticipated behaviour known from literature.

View Article Online
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The Epg mode exhibits a red-shift with increasing number of
layers, whereas the A;, mode a blue-shift.>* Virtually the
same behaviour is observed for the positions of the Raman
modes extracted from the tip-in spectra, but with a red-shift of
both modes. There is one exception, i.e., the positions of both
Raman modes in the tip-in and tip-out spectra of MuL MoS,
agree within the experimental uncertainty. The observed
behaviour is in accordance with a local heating introduced by
the tip, which leads to the red-shift of both Raman modes for
1L, 2L, and 3L MoS,, but a negligible shift for the modes of
MuL MoS, as the local heating is less pronounced due to a
better heat dissipation. Thus, the behaviour of the Raman
mode positions corroborates the interpretation of the results
of the PL enhancement.

The absolute value of the change in Raman shift introduced
by the tip is displayed for both Raman modes in Fig. 4(c). The
change in position of the A;; mode of approx. 1.5ecm™" is
almost constant for 1L, 2L, and 3L MoS,, but zero for MuL
MoS,. In contrast, the change in position of the E,, mode
increases from 0.5 cm™" for 1L to 1.5 cm ™" for 3L MoS, prior to
dropping to zero again for MuL MoS,. The change of position
of the Ay, is likely due to a combination of temperature
increase as well as n-doping by the tip. Whereas the layer-
dependent behaviour of E,, is probably due to a combination
of local temperature effects and strain. The E,, mode position
in MoS, is very sensitive to strain, whereas the position of the
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Fig. 4 Layer-dependent influence of the TERS/TEPL effect on the position of the Raman modes (left) and the direct PL transitions (right). (a) and (b)
Under the impact of the tip, the two Raman-active modes and the direct PL transitions exhibit a red-shift. (c) and (d) Absolute shift of the two
Raman modes and the direct PL transitions against the number of MoS; layers. In contrast to the A;g mode, the E,4 shows a clear layer-dependence.
This can be explained by strain effects in the MoS, sheets released by the tip.
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A, mode is hardly influenced by strain.'>'® Strain may be
introduced by the tip either mechanically or indirectly by local
heating of the surface underneath or hot-carrier injection. The
fact that no change of position of the two Raman-active modes
is found for MuL MoS, reflects that local effects such as strain,
temperature and doping have less impact for two reasons.
Firstly, dissipation of heat and carriers is facilitated in the
more three-dimensional case and, secondly, the sample
volume within the laser spot increases with increasing MoS,
thickness yielding a larger fraction of the probed volume,
which contributes to Raman scattering and is unaffected by
the tip.

The positions of the two direct PL bands corresponding to
the direct A and B transitions exhibit only a slight dependence
on MoS, layer number as can be seen in Fig. 4(b), but a
general red-shift of the PL features in the tip-in spectra is con-
firmed. The differences of the energy positions of both direct
PL bands in the tip-out and tip-in spectra are given in
Fig. 4(d). No clear trend is revealed. The PL energy difference
for the A transition is larger than for the B transition for few
layer MoS,, ie., 1L to 3L, for MuL MoS, the situation is
reversed. From 1L to 2L MoS,, the PL energy difference
decreases for the A transition, whereas that of the B transition
exhibits a slight increase. The situation is opposite again
going from 2L to 3L MoS,. The overall situation is not as clear
as in case of the Raman modes. Nevertheless, the position of
the PL band of the stronger A band can be reliably fitted, thus,
its trend as a function of MoS, layer number has to be taken
seriously. The contributions of local temperature, strain and
hot-carrier injection are difficult to discern. Furthermore, the
variation of the electronic structure of MoS, with the number
of layers, in particular, the transformation from a direct
bandgap semiconductor in case of 1L MoS, to an indirect
bandgap semiconductor in case of 2L MoS, will influence the
trends observed at least in part.

4 Conclusions

Tip-enhancement effects in Raman and photoluminescence
spectra of spatially extended samples such as 2D materials or
thin films differ considerably from those in spectra of
spatially localized entities such as molecules. The reason is
that the tip in case of extended samples introduces not only
near-field effects due to antenna action, but also far-field
effects. Local heating and local strain may arise at the tip
position or hot-carriers may be injected from the metal tip
into the sample. These effects, though locally introduced by
the tip, may extend further into the sample. The strain field
will have a certain spatial extension and heat as well as car-
riers will diffuse into the sample with different diffusion
lengths causing far-field contributions in the spectra. In con-
sequence, the spectra not only vary in intensity, but also
change in spectral appearance, i.e., peak positions the line-
width of signals varies, relative intensities between spectral
features vary, etc. In essence, near-field and far-field effects

This journal is © The Royal Society of Chemistry 2021
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cannot be separated in tip-spectra as the far-field contri-
butions vary throughout the laser spot and differ from those
in the tip-out spectra. One side effect is that the commonly
used definition of an enhancement factor, originally intro-
duced in studies of molecules, cannot be applied as it is
based on the analysis of the intensity changes between tip-in
and tip-out spectra and explicitly assumes that the spectral
shape does not change. From a material’s perspective, it is
clear that the tip-induced far-field contributions to the
Raman or PL spectra will originate from sample areas of
different extensions, i.e., the areas of influence differ as the
diffusion lengths of carriers and heat within the sample are
not the same and also differ from the characteristic relax-
ation length of a local strain field. Our experiments also
clearly show that the magnitude of the near-field and far-
field effects varies with increasing number of MoS, layers.
There are two main reasons. The first is the significant vari-
ation of the phonon and band structure with the number of
MosS, layers, i.e., due to variation of the intrinsic properties
of samples under study with layer thickness. The second
reason is due to the variation of external parameters. The
dimensionality of the sample changes when going from a
single MoS, layer to thicker bulk-like MoS, affecting heat
and carrier diffusion as well as field enhancement. In
addition, the coupling of the sample to the environment
cannot be neglected. It comprises the choice of substrate as
much as the choice of the kind of TERS tip. The analysis of
TERS and TEPL is very complex and requires additional care-
fully conducted studies in order to comprehensively under-
stand the underlying microscopic processes and thus to fully
explore TERS and TEPL as non-invasive analytical tools.
Semiconducting MoS, as well as other 2D materials where
samples with a defined number of layers are available are
ideal model systems for such studies despite possible vari-
ations of the phonon and band structure.
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