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ABSTRACT: Interactions between metal and atomically thin
two-dimensional (2D) materials can exhibit interesting
physical behaviors that are of both fundamental interests and
technological importance. In addition to forming a metal−
semiconductor Schottky junction that is critical for electrical
transport, metal deposited on 2D layered materials can also
generate a local mechanical strain. We investigate the local
strain at the boundaries between metal (Ag, Au) nanoparticles
and MX2 (M = Mo, W; X = S) layers by exploiting the strong
local field enhancement at the boundary in surface plasmon-
enhanced Raman scattering (SERS). We show that the local mechanical strain splits both the in-plane vibration mode E2g

1 and the
out-of-plane vibration mode A1g in monolayer MoS2, and activates the in-plane mode E1g that is normally forbidden in
backscattering Raman process. In comparison, the effects of mechanical strain in thicker MoS2 layers are significantly weaker. We
also observe that photoluminescence from the indirect bandgap transition (when the number of layers is ≥2) is quenched with
the metal deposition, while a softened and broadened shoulder peak emerges close to the original direct-bandgap transition
because of the mechanical strain. The strain at metal−MX2 boundaries, which locally modifies the electronic and phonon
structures of MX2, can have important effects on electrical transport through the metal−MX2 contact.
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Two-dimensional (2D) semiconducting transition metal
dichalcogenides (MX2), such as MoS2 and WS2, have

recently attracted growing attention owing to their transition
from an indirect bandgap in the bulk to a direct bandgap in
monolayers,1,2 and their potential applications in electronics3,4

and photonics.5,6 The ultrathin nature of monolayers facilitates
the modulation of their physical properties by different means,
such as molecular adsorption,7,8 electric field,3,9 and mechanical
strain.10,11 Mechanical strain is an important parameter in
determining physical properties of 2D materials in high-
performance devices, especially in flexible and stretchable
electronics.12−14 In-plane mechanical strain has been shown to
strongly modify electronic band structure of 2D semi-
conductors. In monolayer MoS2, for example, there exists a
direct-to-indirect transition of the optical bandgap under a
tensile strain exceeding 1%, which leads to a red shift of the
photoluminescence (PL) peak and a reduction of PL
intensity.10,15−17 Moreover, strain directly modifies phonon
modes in 2D materials;10,11 a uniaxial tensile strain can readily
soften the in-plane phonon vibration.10,11,18

Mechanical bending or stretching the substrate is typically
used to control the tensile strain in 2D materials. An alternative
way to introduce mechanical strain in 2D MX2 materials is
through metal deposition.19 Probing the mechanical strain

distribution at the metal−MX2 boundary and its effect on
electrical, optical, and vibrational properties of MX2 layers are
important for understanding metal−MX2 junctions. Previous
studies have shown that metal deposition can lead to significant
changes in MX2 vibrational properties,

19 but the origin of these
changes is not clear. In MX2 layers deposited with metal
nanoparticles, the strain distribution is highly inhomogeneous.
In order to understand optical responses of such an
inhomogeneous system, careful consideration of the distribu-
tion of both mechanical strain and local optical field is crucial.
Here we systematically investigate the heterosystem of
deposited metal (Ag, Au) nanoparticles on 2D MX2 (M =
Mo, W; X = S) thin layers. We show that due to strongly
enhanced local electric field at the metal−MX2 boundary from
surface plasmon excitation, Raman signal of the heterosystem is
dominated by locally strained MX2 layers at the boundary. The
strain splits both the in-plane vibration mode E2g

1 and the out-
of-plane vibration mode A1g in monolayer MX2 at the boundary
and activates the in-plane mode E1g that is normally forbidden
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in backscattering Raman process. The splitting as well as the
intensity of E1g mode weakens in thicker layers. In addition, we
examine PL from the metal−MX2 system, which also has a
significant component from the strained region at the boundary
due to effects of surface plasmon enhancement. We find that
PL from the indirect bandgap transition (when the number of
layers is ≥2) is quenched, while a softened and broadened
shoulder peak is observed around the original direct-bandgap
transition because of strain. Our results provide a deep
understanding of the plasmon-enhanced optical responses
and the inhomogeneous strain distribution in metal−MX2
systems, by the comprehensive study of the local strain effect
on not only vibrational but also photoluminescence properties
of metal−MX2 with different thicknesses.
Results and Discussions. Atomically thin MoS2 flakes

were mechanically exfoliated from bulk MoS2 crystals onto Si
substrates covered with a 90 nm thick SiO2 layer. Figure 1a

shows the optical image of a local area with monolayer, bilayer,
pentalayer, and bulk MoS2. The number of layers was
determined through the optical contrast, Raman, and PL
spectra. The interval between Raman in-plane mode E2g

1 and
out-of-plane mode A1g can be used as an indicator of the layer
number of an ultrathin exfoliated MoS2 flake,20,21 which is
about 18 cm−1 in the strain-free monolayer and increases
monotonically with the number of layers.20 Figure 1b shows the
representative Raman spectra excited by 488 nm laser line of
mono- and few-layer MoS2 samples. E2g

1 and A1g modes near
400 cm−1 are observed. The in-plane E1g mode (around 287
cm−1)22 is forbidden in backscattering geometry on a basal
plane due to Raman selection rules. The separations between
E2g
1 and A1g Raman peaks are 18.6 and 21.3 cm−1 for monolayer

and bilayer (extracted by a Lorentzian peak fitting), which are
consistent with reports in literatures.20,21 Figure 1c shows the

corresponding PL intensity mapping at the MoS2 resonance
energy 1.82 eV when the sample is excited by 488 nm laser.
Stronger PL is detected from monolayer while much weaker PL
is detected in bilayers and above because the indirect bandgap
PL compared to the direct bandgap PL is a much weaker
phonon-assisted process and has much smaller quantum yield.
Figure 1d displays the PL spectra for different thicknesses. In
the monolayer PL spectrum, the peak centered at 1.82 eV and
the shoulder at 2.00 eV correspond to, respectively, the A and B
direct-bandgap exciton transitions.1 In bilayer and pentalayer, a
broad PL feature from the indirect bandgap emerges, which
shifts to lower energies (∼1.52 eV in bilayer and ∼1.37 eV in
pentalayer) and become less prominent as thickness increases,
also consistent with previous reports.1

Ag and Au were deposited on exfoliated MoS2 flakes by
electron beam (e-beam) evaporation with nominal thicknesses
varied from 1 to 5 nm. Figure 2 shows characterization data of
MoS2 after 1 nm Ag deposition. Because Ag does not wet
MoS2, it forms nanoparticles (NPs) with an average radius of
∼5 nm on MoS2 instead of a continuous film (as shown in the
AFM image in the inset of Figure 2a). Figure 2a−c shows the
PL spectra of pristine and Ag-coated mono-, bi-, and pentalayer
MoS2. When the number of MoS2 layers is ≥2, PL from an
indirect bandgap transition is present in pristine MoS2 but gets
quenched after Ag deposition. However, the PL peaks from the
A direct-bandgap transition (∼1.82 eV) remain at the same
position although with reduced intensity. The deposited metal
can introduce new nonradiative recombination pathways that
suppress PL emission. The indirect bandgap PL is more
strongly quenched because the indirect bandgap transition in
pristine sample has a much longer lifetime compared to that of
the direct bandgap transition. A broadened shoulder peak
centered at about 1.64 eV (extracted by a Lorentzian peak
fitting and indicated by the red arrows) is observed for all Ag/
MoS2 thin-layers. This additional shoulder is more evident in
the pentalayer, because the PL peak intensity of the A direct-
bandgap transition is smaller than that of thinner layers. The
separations between the shoulder peak and the A direct-
bandgap PL are ∼0.12 eV for monolayer, ∼0.17 eV for bilayer,
and ∼0.19 eV for pentalayer.
Raman spectra for different MoS2 layers after 1 nm Ag

deposition are shown in Figure 2d−f. Compared with the
Raman spectra of pristine MoS2, E2g

1 and A1g peaks of Ag/MoS2
remain at the same positions. However, two new peaks
redshifted from E2g

1 and A1g modes (labeled as E2g
1 ′ and A1g′), as

well as a E1g peak, emerge in monolayer MoS2 covered by Ag
NPs (Figure 2d). The relative intensity of these new Raman
peaks becomes much weaker in thicker MoS2 layers (Figure
2e,f). The E1g mode is inactive in the normal backscattering
geometry when electric field is parallel to the MoS2 plane.
Therefore, the activation of E1g peak suggests that the local
electric field may develop an out-of-plane component after the
Ag deposition. However, merely the change of local electric
field cannot result in the new peaks of E2g

1 ′ and A1g′ modes, as
well as the shoulder PL peaks around the A direct-bandgap
transition. Extracted by fitting the peaks to a Lorentzian (insets
of Figure 2d,e), the red shifts between E2g

1 ′ and E2g
1 , A1g′ and A1g

are, respectively, ∼8.0 and ∼7.9 cm−1 in Ag/monolayer−MoS2,
and is ∼7.6 cm−1 between E2g

1 ′ and E2g
1 in Ag/bilayer−MoS2.

The peak shifts are nearly unchanged for Ag nominal thickness
ranging from 1 to 5 nm (Supporting Information Figure S1).
The observed splitting in E2g

1 Raman mode and a shoulder in
PL spectra can be attributed to mechanical strain in MoS2.

10,11

Figure 1. Optical image, Raman, and PL spectra of pristine monolayer,
bilayer, and pentalayer MoS2. (a) Optical image of exfoliated MoS2
layers on a silicon wafer with 90 nm thick SiO2 layer. The numbers of
layers are labeled. (b) Raman spectra of MoS2 with different layer
numbers using 488 nm laser excitation. The dashed lines indicate the
positions of E2g

1 and A1g modes in bulk MoS2, respectively. The spectra
are shifted vertically for clarity. (c) PL intensity mapping at the MoS2
resonance energy 1.82 eV when the sample is excited by a 488 nm
laser. (d) PL spectra of MoS2 with different layer numbers. A and B are
the direct-bandgap transitions, and I is the indirect-bandgap transition.
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Similar peak splitting has also been reported in previous studies
of metal-coated CVD MoS2.

19 According to the relation
between Raman shift and tensile strain,10 the observed
Raman splitting of E2g

1 ′ and E2g
1 at ∼8 cm−1 in monolayer

MoS2 with Ag NPs suggests an effective strain of ∼2%. The red
shift of PL transition energy of MoS2 monolayer is also
consistent with a similar mechanical strain, which is ∼2.6%
based on the experimental relationship in literatures.10,11 On
the other hand, defects or the plasmon resonance of metal NPs
might also contribute to the PL. However, the PL peaks related
to defects in monolayer MoS2 have never been observed at
room temperature,23 and the additional PL peak does not
change with varying the Ag thickness (Figure 2a versus
Supporting Information Figure S1d). Those exclude both
factors as the dominant mechanism.
We observe similar but slightly weaker strain-induced

behaviors in Raman and PL spectra in Au-MoS2 system,
where the PL from indirect-bandgap transition is quenched and
the strain is estimated to be ∼1.4% (Supporting Information
Figure S2). Coating Ag on other 2D semiconductors, for
example, exfoliated WS2, also gives rise to very similar
phenomena. As shown in Figure 3a, when excited by 488 nm
laser line, the pristine monolayer WS2 primarily shows
2LA(M), E2g

1 and A1g phonon modes at 351, 358, and 418
cm−1, respectively. The results are consistent with reports in
literatures.24,25 After 1 nm Ag deposition, two new peaks red
shifted from E2g

1 and A1g modes (labeled as E2g
1 ′ and A1g′)

emerge, the former of which overlaps with 2LA(M) mode.

Extracted by fitting the peaks with Lorentzians, the split
between E2g

1 ′ and E2g
1 , A1g′ and A1g are ∼5.8 and ∼9.0 cm−1

respectively. Similar to MoS2, the change of Raman spectrum

Figure 2. PL and Raman spectra of MoS2 layers before and after 1 nm Ag deposition. (a−c) PL spectra of monolayer, bilayer, and pentalayer before
(black lines) and after 1 nm Ag deposition (red lines). The red arrows indicate the positions of softened PL peaks. Inset of (a): AFM image of
monolayer with Ag NPs. The scale bar is 100 nm. (d−f) Raman spectra of monolayer, bilayer, and pentalayer before (black dash lines) and after Ag
deposition (red lines). The Raman modes are identified in (d). Insets: Lorentzian fitting of the splitting Raman peaks.

Figure 3. Raman spectra of monolayer (a) and bilayer (b) WS2 before
(black dash lines) and after (red lines) the deposition of 1 nm Ag. All
spectra are collected using the 488 nm laser excitation. The Raman
modes are labeled in (a). Inset: Optical image of monolayer, bilayer,
and bulk WS2 crystals on a silicon wafer with 90 nm thick SiO2 layer.
The scale bar is 10 μm.
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due to Ag nanoparticle deposition is much weaker in bilayer
WS2 (Figure 3b). These results indicate that the Raman peak
splitting and shoulder peak in PL spectra induced by
mechanical strain are common in Ag- or Au-coated 2D
semiconductors.
With e-beam deposited Ag and Au NPs on MoS2, several

sources of stress are present. The metal nanoparticle formation
follows the Volmer−Weber island growth mode.26 Atom
clusters nucleate and grow on MoS2 surface, forming isolated
metal islands. Nucleation continues to occur as long as exposed
area exists. The islands keep growing until a continuous and
polycrystalline film forms. However, for highly mobile
materials, such as Ag and Au, the metal islands change
dynamically even near room temperature, where the large
islands grow at the expense of the shrinking of small islands.26

Pashley et al. demonstrated that Ag or Au deposited on
crystalline MoS2 flake have final grain sizes larger than the
initial island spacing in in situ electron microscopy studies,27,28

revealing a liquid-like behavior of the coalescence of the initial
metal nuclei. The thermodynamic driving force responsible for
the surface diffusion of Ag or Au (such as surface tension) will
introduce a stress between the metal and MoS2. A strain can
also be generated as the substrates cool down due to the
different thermal expansion coefficients of the materials. In
addition, Gong et al. proposed the lattice mismatch as the main
reason for the stress built in Ag-CVD MoS2,

19 although this

effect may be less important for e-beam deposited nanoparticles
due to their nonepitaxy and polycrystalline nature.
The mechanical strain in the MX2 layers resulting from the

metal−MX2 interactions described above will be highly
inhomogeneous and can vary significantly at different spatial
locations. Therefore, it is surprising to observe a rather sharp
splitting of the E2g

1 Raman mode induced by the mechanical
strain in our measurements. To understand this behavior, we
need to consider the Raman scattering process in this particular
heterosystem. It is known that Ag and Au nanoparticles have
prominent surface plasmon excitations and can lead to local
electric field hot spots with strongly enhanced Raman scattering
upon laser illumination. In our experiment, the reflection
spectrum of Ag nanoparticles has a very broad plasmon feature
centered at ∼700 nm in wavelength because of the broad
distribution of the particle sizes (Supporting Information
Figure S3a). The low resonance energy might be ascribed to
the shape of particles, which is not really spherical, and the
possible surface oxidization of Ag in air. Another even more
important factor determining the high local electric field at the
metal−MoS2 boundary is the lightning rod effect, where the
field is dramatically enhanced around sharp edges. Therefore,
both 488 and 633 nm laser lines can trigger SERS effect but
with different enhancement factors (Supporting Information
Figure S3b). The relatively stronger intensity of E2g

1 ′ and A1g′
peaks at the 633 nm excitation compared to their pristine
counterparts indicates the dependence of local enhanced

Figure 4. Distribution of the electric field and the local strain around an Ag nanoparticle. (a) Simulated distribution of the amplitude and the
direction of local electric field upon an optical excitation of 488 nm wavelength. The arrows in the selected area indicate the electric field direction,
and their lengths indicate the field strength. The diameter of the Ag NP is 10 nm. The polarization of incident E-field (E0) is parallel to the substrate,
and its strength is set at 1 V/m. The local electric field is strongly enhanced near the Ag NP edge and has a component perpendicular to the surface
of substrate. The magnitude of the in-plane electric field (Ey) along the substrate surface (dashed line) is plotted in the lower panel. (b) Schematic
diagrams of the distribution of local strain in monolayer and bilayer MoS2. The local strain in monolayer relaxes fast (left), while the local strain in
the top layer of a bilayer needs more distance to relax (right). The strain in bottom layer is smaller than that in top layer. The dot circles show the
positions where the large enhancement of local electric field occurs.
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Raman signal on the excitation wavelength (Supporting
Information Figure S3b).
Figure 4a shows the electric field distribution around an Ag

NP based on numerical simulations, where we have assumed
the Ag NP to be a semisphere with a diameter of 10 nm on a
SiO2 slab. The electric field is highly localized and enhanced
within ∼1 nm around the circular edge of the semisphere
contacting with the substrate. The maximum of local electric
field Elocal/E0 reaches about 25, where E0 is the strength of the
incident E-field and Elocal is the strength of the total local
electric field at the presence of Ag nanostructures. The SERS
enhancement factor is proportional to (Elocal/E0)

4,29,30 which
reaches up to 3.3 × 105 for the in-plane electric field in our
experiment. Therefore, Raman scattering from the local area
right at the metal NP−MX2 boundary dominates the overall
SERS signal. It thereby provides a unique method to probe
selectively the mechanical strain at the metal−MX2 boundaries.
Experimentally we observe a similar mechanical strain effect for
different Ag nanoparticle sizes (Figure 2 versus Supporting
Information Figure S1). It indicates that the strain at the
metal−MX2 boundary remains largely a constant. The
simulation also shows that the local electric field near the
interface of Ag NP and substrate has components perpendicular
to the surface of substrate. Therefore, the E1g mode (around
287 cm−1)22 is activated and enhanced after Ag deposition
(Figure 2d,e), though it is forbidden in conventional back-
scattering geometry on a basal plane. For PL emission,
competing effects from local field enhancement and lumines-
cence quenching by metal are both important. Consequently,
PL from the metal−MX2 boundary areas can still be important
but will not be as dominating.
Next we examine the layer-dependent Raman spectra shown

in Figure 2. According to the relationship between Raman shift
and tensile strain,10 the strains induced by Ag NPs are
estimated to be about 2.1% in monolayer and 2.0% in bilayer,
nearly the same values. With the increased number of layers,
however, the relative intensity of Raman peak due to strain
reduces dramatically. In pentalayer, there is no observable
Raman signal coming from the strain. The sharp dependence of
Raman signals on the number of layers is due to the
distribution of the local strain (see detailed analysis in the
Supporting Information), which is concentrated in the top
layer. The 2D elastic modulus of bilayer MoS2 was found to be
much lower than twice the value of monolayer by nano-
indentation measurements, where MoS2 layers were probed
over circular holes with merely the bottom layer being clamped
by SiO2/Si substrate around the hole edges,31 implying the
existence of an interlayer sliding as well as a weak interlayer
interaction. It suggests that the friction between MoS2 and SiO2
is stronger than that between MoS2 layers. In our system,
therefore, monolayer MoS2 or the bottom layer of multilayer
MoS2 can be considered to be clamped tightly by the substrate,
while the top layers of multilayer MoS2 adhere loosely to the
bottom layer through weak interaction. As a result, the local
load in monolayer MoS2 will be transferred to the substrate
efficiently so that the local strain relaxes in a short distance. In
bilayer or multilayer MoS2, however, the weak interlayer
interaction leads to a low efficiency of load transfer from the
top to the underneath layers, as well as a slower relaxation of
strain in the top layer. The weak interlayer interaction leads to a
weaker local strain distributed in the lower layers compared to
that in the top layer. A schematic distribution of local strain is
illustrated in Figure 4b. Raman signals from the less-strained or

unstrained lower layers around the metal−MoS2 interface in
bilayer and multilayer MoS2 are also locally enhanced by the
plasmon resonance, and they dominate over the signal from the
strained top layer (Figure 4b).
In conclusion, we have investigated the heterosystem of

metal (Ag, Au)-coated MX2 (M = Mo, W; X = S) thin layers,
which exhibits a distributed mechanical strain induced by metal
deposition and the local electric field. Strongly enhanced local
electric field from surface plasmon excitations enables us to
probe selectively the metal−MX2 boundaries through optical
methods. Raman and PL spectra show significant changes in
both phonon vibrations and electronic structure at the metal−
MX2 boundary due to an induced local mechanical strain. Such
local strain generation at metal−MX2 boundaries provides a
new way to engineer 2D materials and will be important to
understand physical behaviors of the contact between metal
and 2D semiconductors.

Experimental Section. Atomically thin MoS2 samples of
well-defined crystallographic orientation were exfoliated from
bulk MoS2 crystals onto Si substrates covered with a 90 nm
thick SiO2 layer. Single- and few-layer MoS2 films were first
identified by the optical contrast and then confirmed by the
Raman spectra, where the Raman shifts of E2g

1 and A1g
depended on the layer thickness.20,21 Raman and PL measure-
ments were performed in air using Renishaw Invia micro-
Raman system with 488 nm laser excitation. The Raman
spectral resolution was ∼1.5 cm−1. The optical beams were
focused on the sample with a spot diameter of ∼2 μm. A low
laser power of ∼200 μW was used to prevent overheating of
MoS2. Two different metals (Ag and Au) were deposited using
e-beam evaporation with 5 × 10−6 Torr base pressure. The
growth morphologies of each metal were examined by atomic
force microscopy (AFM), after the deposition of 1 nm
thickness that was estimated by a quartz crystal oscillator.
AFM measurements were performed using Veeco Multimode
Atomic Force Microscope under the tapping mode.
The spatial distribution of local electric field was simulated

by the finite element analysis simulations (COMSOL Multi-
physics 4.3b). The Ag nanoparticle with a diameter of 10 nm
on a SiO2 slab was irradiated by the 488 nm laser. The incident
electric field (plane wave) was traveling in the −z direction with
a polarization along the y-axis (parallels to the substrate).
Perfectly matched layer with a thickness of 244 nm was set as
the scattering boundary condition. The mesh size was 1 nm
near the nanoparticle.
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