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ABSTRACT: In this work, we present a systematic study of the dependence of the gap-mode tip-
enhanced Raman scattering (TERS) response of the mono- and bilayer WS2 and MoS2 on silver as
a function of the excitation laser energy in a broad spectral range from 473 to 830 nm. For this
purpose, we collected consecutive TERS maps of the same area in the sample containing mono-
and bilayer regions with the same TERS probe with 6 di,erent excitation lasers. To decrease the
number of collected TERS maps, we used for the first time, to the best of our knowledge,
concurrent excitation and collection with two lasers simultaneously. We found that the E2g/A1g
peak intensity ratio for the bilayer WS2@Ag and the ratio of the A′/A1g peak intensity of the out-
of-plane mode for the mono- and the bilayer change in a significantly nonmonotonous way as the
excitation laser energy is swept from 1.58 to 2.62 eV. The former ratio increases at energies
corresponding to A and B excitons (∼2.0 and 2.4 eV, respectively) in bilayer WS2. The absolute
intensity of the A′ peak in the monolayer, and correspondingly the A′/A1g ratio, is surprisingly high
at lower excitation energies but dips dramatically at the energy corresponding to the A exciton,
being restored partially in between A and B excitons, but still showing the descending trend as the excitation laser energy increases. A
somewhat similar picture was observed in mono- and bilayers of MoS2@Ag, though the existing set of excitation lasers did not match
the excitonic profile of this material as nicely as for the case of WS2. We attribute the observed behavior to the presence of
intermediate (Fano resonance) or strong (Rabi splitting) coupling between the excitons in transition metal dichalcogenides (TMDs)
and the plasmons in the tip−substrate nanocavity. This is akin to the so-called “Fano” (Rabi) transparency experimentally observed
in far-field scattering from TMDs between two plasmonic metals. The possibility of the formation of intermediate/strong coupling
between the excitonic resonances in TMDs and the nanocavity reevaluates the role of various resonances in gap-mode TERS, and
should become an important factor to be considered by TERS practitioners during experiment planning. Finally, based on the
observed phenomena and their explanation, we propose the “ideal” substrate for e8cient TERS and tip-enhanced
photoluminescence (TEPL) measurements.
KEYWORDS: tip-enhanced Raman spectroscopy, excitation energy dependence, transition metal dichalcogenides,
concurrent excitation and collection, nanocavity plasmon and TMD exciton coupling

■ INTRODUCTION
Raman spectroscopy proved to be an extremely useful
technique for the characterization of two-dimensional (2D)
materials, such as graphene or transition metal dichalcogenides
(TMDs). In TMDs, many optoelectronic properties, including
resonant Raman response, are mediated by excitons, which
happily survive at room temperature. As a result, Raman
spectra of TMDs may change quite dramatically as a function
of the energy of the excitation laser when a certain excitonic
resonance is excited. Moreover, di,erent Raman modes may be
mediated by di,erent excitons and therefore, exhibit di,erent
Raman excitation profiles.1,2

The importance of understanding the resonant Raman
response in TMDs and their Raman excitation profiles in the
NIR-to-ultraviolet (UV) spectral range was recognized quite
early, and a number of papers have been published on this
subject.1−6

Tip-enhanced Raman scattering (TERS) imaging, in
particular in its gap-mode implementation, is becoming
increasingly popular for the characterization of 2D materials,
especially TMDs. In gap-mode TERS, a thin sample is placed
in a pico/nanocavity between the TERS probe and a plasmonic
or just well reflecting metallic substrate,7 where the optical
electric field gets strongly localized and enhanced. The strong
enhancement of the Raman response in TERS combined with
a significantly improved spatial resolution in the order of 10−
20 nm, which can be routinely achieved in TERS maps in
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ambient conditions, makes TERS imaging a technique of
choice for the spectroscopic nanometer-scale characterization
of lateral8−10 and vertical11−13 TMD heterostructures, spatially
inhomogeneous doping in exfoliated layers,14,15 strain-related
phenomena in nanobubbles of TMDs,16,17 growth and aging-
related defects,18 and Moire patterns in twisted bilayers.19 An
additional advantage of TERS imaging is that the TERS maps
can be cross-correlated with other physical characteristics
provided by scanning probe microscopy like topography,
surface potential, photocurrent, etc., which may be very
beneficial for the interpretation of the data collected.
To date, the majority of TERS experiments are carried out

with red lasers, 632.8 or 638 nm, due to the preferential use of
gold-coated or etched gold TERS probes. At the same time,
the importance of varied excitation in TERS measurements
was recognized,13 when the use of just one excitation
wavelength could lead to wrong conclusions regarding the
composition of WS2−WSe2 vertical heterostructures.
In this work, we conducted for the first time a systematic

study of the gap-mode TERS response of WS2 and MoS2
mono- and bilayers in intimate contact with silver as a function
of the excitation laser wavelength in 473−830 nm spectral
range. Protected silver probes and silver substrate were chosen
in order to extend the TERS study to shorter wavelengths (λ <
580 nm) which is not achievable with gold due to the strong
interband transition absorption below 580 nm.

■ METHODS
Monolayer and bilayer WS2 were directly grown on 100 nm
SiO2/Si substrates by hybrid metal−organic chemical vapor
deposition (CVD) using diethyl sulfide (DES) and ammonium
metatungstate (AMT) precursors, as detailed in a previous
work.20 Briefly, 0.6 g of AMT and 0.1 g of potassium hydroxide
are dissolved in 30 mL of deionized water and dip-coated on
the edges of the substrate. The substrate is then annealed in
the furnace at 775 °C for 9 h with a DES flow rate of 0.1 sccm.
N2 and H2 are flowed as carrier gases during the growth.
MoS2 was grown on 1.5 × 1.5 cm2 chips of 90 nm thermal

SiO2/Si wafers by solid-source CVD as described in Smithe et
al.21 The SiO2/Si wafers were treated with a hexamethyldisi-
lazane (HMDS) vapor singe and prime. Immediately prior to
growth, the chips were cleaved from the full wafer, and several
25 μL drops of a perylene-3,4,9,10 tetracarboxylic acid
tetrapotassium salt (PTAS) seed promoter were placed around
the chip perimeter. The chips were then placed into a 50 mm
tube furnace with solid-source S and MoO3 precursors. The
growth conditions were 750 °C, 800 Torr, 5 min in 30 sccm Ar
ambient. For both WS2 and MoS2 samples, a blanket Ag/Au
(70/50 nm) was electron-beam deposited in a Kurt J. Lesker
high-vacuum evaporator (LAB 18 system). The evaporation
was performed at a base pressure of ∼1 × 10−7 Torr at an
evaporation rate of 1 Å/s.

Figure 1. (a) AFM topography and (b) the corresponding contact potential di,erence (CPD) images of the bilayer/monolayer WS2@Ag, crystal
#3. (c, d) The corresponding topography and CPD section graphs. Bilayer−monolayer junction line is clearly distinguishable in the topography
image, while the CPD image clearly shows the bilayer region. TERS maps with varied excitation were collected over the area within the dotted cyan
rectangle in (a).
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TMD crystals were stripped from the growth substrate
following the procedure proposed earlier.22 As a result, we had
corresponding WS2/MoS2 crystals in intimate contact with
silver but flipped “belly up”.
Atomic force microscopy (AFM) and TERS measurements

were conducted on a LabRam-Nano AFM-Raman system
(HORIBA Scientific) that was modified to inject additional
lasers in between the Raman and the AFM parts to allow
concurrent excitation/collection with 2 lasers simultaneously.
Concurrent two-laser excitation reduced the number of TERS
maps collected, which greatly increased the probability of
successful completion of the experiments (all the maps for the
same crystal had to be collected with the same TERS probe,
and it is not uncommon that a TERS tip can lose the
enhancement in the course of mapping). Additionally, it made
the comparison of on-/o,-resonant TERS data collected

within a single map significantly more straightforward and
accurate, as any instrumental/time-dependent contributions
could be neglected. A detailed sketch of the setup is provided
in Figure S1 in the Supporting Information. Excitation and
collection of TERS signal were done using the side 100×, 0.7
NA objective (Mitutoyo) inclined at 25° to the sample plane
with P polarization for all of the excitation lasers. Type II
protected silver probes (HORIBA Scientific) based on Access-
SNC AFM cantilevers (APPNano) were used for both SPM
and TERS characterization. Laser power past the objective for
individual wavelengths was kept at the level of 100−320 μW.
We used a DualTwoPassTM TERS imaging mode, where the

TERS pass is collected with the tip in direct contact with the
sample, while the far-field signal is collected over the same line
in regular semicontact operation with an average tip−sample
distance of 20−30 nm. Strong TERS enhancement was

Figure 2. (a−d) Combined TERS maps collected using the same TERS probe over the same area of WS2@Ag crystal containing the bi- and
monolayer regions with (a) 473 nm, (b) concurrent 532 and 594 nm, (c) 671 nm, and (d) concurrent 632.8 and 785 nm excitation. Blue and red
colors in panels (a−c) represent the intensity of A1g and A' peaks, respectively. In panels (b, d) blue and red colors represent the intensity of A1g
and A' peaks at 594 and 785 nm excitations, respectively, while green color in the same panels represents the intensity of the A1g mode at 532 and
633 nm, respectively. Scale bar in (a−d) is 200 nm. (e−h) TERS spectra averaged over the bilayer (blue spectrum) and the monolayer (red
spectrum) at corresponding excitation wavelengths. Please note that for the concurrent excitation with two lasers, the x axis is in nm as we cannot
normalize the Raman shift for both lasers simultaneously.
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