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ABSTRACT: Surface-enhanced Raman spectroscopy (SERS) of Site A

thodamine 6G (R6G) was investigated using a hybrid nanostruc- 777777
ture of double-aligned Ag nanowires (AgNWs) on a bilayer
triangular MoS, flake under excitation of polarized light. Enhanced
R6G Raman signatures were achieved on the hybrid AgNWs—
MoS, SERS substrates as compared to the AgNWs-only ones.
Moreover, the polarization has been found to affect not only the
Raman intensities of R6G and MoS, on both SERS substrates but
also the R6G Raman enhancement factor on the hybrid AgNWs—
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a theoretical simulation has revealed that the SERS enhancement
by the MoS, in the hybrid AgNWs—MoS, SERS substrates is primarily attributed to the enhanced evanescent electric field of the hot
spot at the interface between AgNWs and MoS,.

1. INTRODUCTION used it for in situ molecular detection and proved that it can be
an efficient molecular detector by identifying 10™'* M
rhodamine 6G (R6G) or methylene blue under different
laser wavelength excitations." Similarly, Achintya found that a
hybrid structure of MoS, nanoflowers and Au NPs not only

The composition system of two-dimensional molybdenum
disulfide (MoS,) and metallic nanostructures has attracted
more and more attention because this combination has
brought many amazing phenomena. For example, the Au—

graphene—MoS, composition structure has significantly can detect R6G probe molecules at concentrations as low as
improved the sensitivity of biosensor relative to the Au or 107" M but also have high sensitivity and good reproducibility
Au—graphene Structure.l The coupling Of metal and Mos2 can in high—level (10_3 M) blhl’ubll’l detection.m Chen fabricated a
selectively enhance the specific excitons’ fluorescence and the MoS,-coated Ag NP hybrid system for SERS; the minimum
temperature of MoS,.””” Besides, this coupling is also found to detected concentration of this hybrid system for R6G can
improve the light response speed and photocurrent of reach 107 M, which is 1 order of magnitude lower than that
transition metal dichalcogenide optoelectronic devices,” as for Ag NPs."” Besides, Zu et al. demonstrated that photo-
well as the photocatalytic and electrocatalytic ability of excited excitons can effectively change the optical response of
MoS,.%’ the MoS, monolayer and can be used to actively control
Similarly, research on surface-enhanced Raman spectroscopy surface plasmon resonance (SPR) in MoS,—Ag hybrid
(SERS) also paid attention to the introduction of MoS, nanostructures.'®
nanostructures to the conventional SERS substrate. As a However, most of the previous research studies are focused
Raman enhancement technology, it is known that SERS can on SERS over a large sample area with many MoS, NPs and

enhance the intensity of the Raman signature peaks of
molecules and therefore provide a promising method for the
realization of biosensing with single molecule sensitivity.*” "
So far, researchers have conducted in-depth studies on the ]
preparation of various metals and MoS, hybrid structure and Received: September 8, 2020
showed the superior properties of this structure as an active Rev‘?ed: January 4, 2021
SERS substrate. Su et al. prepared a MoS,-coated Au NP Published: January 19, 2021
composite structure by an in situ method and showed high-

quality SERS activity of this structure."* Qiu et al. modified

MoS, microspheres with cauliflower-like Au NPs arrays and

metal NPs, which prevents the study the SERS mechanism of
this hybrid structure at a microscopic scale associated with one
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Figure 1. (a) Schematic of the experimental setup for the CVD growth of MoS, flakes. (b) Optical images of MoS, obtained by CVD. (c) SEM

morphology of a representative MoS, flake.

or few involving nanostructures. Moreover, the so-called “hot
spot” plays a dominant role in SERS performance that has
been found to be dependent on the incident light polar-
ization.'” Therefore, it is necessary to investigate the SERS
performance of the MoS, and Ag hybrid system under different
incident light polarization at a microscopic scale.

In this work, a hybrid nanostructure of double Ag nanowires
(AgNWs) on a bilayer MoS, flake was adopted for an
investigation of the SERS of R6G probe molecules when the
incident light polarization angle was varied with respect to axis
of the AgNWs to systematically alter the SERS coupling
between the AgNWs and MoS, flake. The experimental
comparison of the same double-aligned AgNWs on the silica
substrate and MoS, flake, as well as the simulation results
demonstrated the superiority of the Ag/MoS, hybrid on SERS
performance was caused by the electric field hot spot at the
interface between Ag and MoS,. Besides, the SERS perform-
ance of the hybrid structure versus the angle 0 between the
incident light polarization and long axis of the AgNWs was also
studied in this paper.

2. MATERIALS AND METHODS
2.1. Synthesis of MoS, and SERS Sample Preparation.

The synthesis of MoS, on silica substrates was performed using
a horizontal chemical vapor deposition (CVD) furnace with
double temperature zones, which is depicted in the schematic
diagram in Figure la. Before CVD growth, the silica substrate
of 285 nm SiO, in thickness was cleaned using ultrasonication
in acetone and ethanol, followed by annealing at 500 °C under
an Ar atmosphere for S h. For the CVD growth of MoS,, the
silica substrate was placed face-down on top of a sample quartz
boat in furnace 2 (Figure 1a). A source quartz boat loaded with
sulfur powder (99.5%) was connected to a homemade putter
and placed upstream in the heating zone 1 of furnace 1, next to
the source quartz boat loaded with MoOj (99.99%) powder at
the center of the heating zone. The optimal distance between S
and Mo sources is around 10 cm. Prior to heating, the tube
furnace was evacuated to approximately 100 mTorr with a
vacuum pump and then filled with 100 sccm of ultrahigh purity
argon gas (99.999%) to remove oxygen residues and other
sources of contamination from air (5 min). Then, the two
heating zones were heated to a certain temperature within 15
min (800 °C for MoO;, 150 °C for S). When the temperature
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of the first heating zone reaches 150 °C, the S source was
moved to the middle of the first heating zone to participate in
the reaction by moving the magnet at the front of the putter.
The reactants were kept at the set temperature for 1S min and
then cooled naturally to room temperature. The Ar flow rate
during the entire growth process was maintained as 75 sccm.
During this process, the MoO; precursor was thermally
evaporated from the quartz boat, reacted with S to form
gaseous MoS, and diffuse across the boundary layer towards
the growth substrate. Moreover, maintaining uniform melting/
sublimation of the precursors and uniform vapor pressure of
the gas-phase precursors are highly desirable for clean and
reproducible growth of MoS,.

The AgNWs were prepared using a solvothermal method.*
The AgNWs were grown by reducing silver nitrate with
ethylene glycol in the presence of poly(vinyl pyrrolidone). The
ethylene glycol acts as both solvent and reducing agent. The
prepared AgNWs with the diameter ranging from 200 to 400
nm were dispersed in ethanol and casted on MoS, flakes. To
obtain the alignment of two AgNWs on a triangular MoS,
flake, the AgNWs were manipulated using a fiber taper under
an optical microscope. For the Raman study, a single droplet
(~10 uL) of R6G anhydrous ethanol solution with a
concentration of 1 X 107® M was casted on silica substrates
with AgNWs and MoS, flakes. The polarization angle 6 for
Raman excitation was varied with respect to the axis of the
aligned double AgNWs by rotating the sample stage to collect
Raman spectra at selected 8 angles.

2.2, Simulation of the Electromagnetic Field of
Hybrid AgNWs—MoS, SERS Substrates. The simulation
of the electromagnetic field distribution on the hybrid
AgNWs—MoS, SERS substrates was carried out using a
commercial Finite-difference Time Domain package (Lumer-
ical Solutions, Inc.). The simulated model consisted of a single
AgNW on a silica substrate covered with and without MoS,
flake, respectively. The diameter of the AGNW was set at 300
nm and the thickness of MoS, was set at 1.5 nm. The
wavelength of the excitation light was selected to be 532 nm.
All simulations were performed using a mesh size of 0.2 nm in
the x, y, and z directions. The dielectric functions of the AgNW
and MoS, were taken, respectively, from Palik (1998)*" and
Hsu (2019).”

https://dx.doi.org/10.1021/acs.jpcc.0c08184
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2.3. Characterization. The morphology of the MoS, flakes
was characterized using optical microscopy (Olympus,
BXS1M) and scanning electron microscopy (SEM, Hitachi,
S-3400N). The morphology of the SERS samples was
characterized using field-emission scanning electron micros-
copy (FESEM, JEOL, JSM-7800F). All Raman spectra and
maps were measured using microscope imaging with a confocal
Raman microscope (Thermo Fisher, DXR) under an incident
laser wavelength at 532 nm with the power and beam spot
diameter of S mW and 2 pm, respectively. It should be noted
that a low laser power in the range of 1—5 mW is typically used
for taking R6G Raman spectra to avoid molecular damages
during the multiple scans during integration.”

3. DISCUSSION AND CONCLUSIONS

The optical image of the CVD grown MoS, flakes is shown in
Figure 1b. All flakes exhibit triangular shapes, indicating the
high-quality crystallinity of the MoS,. The color contrast can
be associated with the different thickness of MoS, flakes and
the majority flakes with a deep blue contrast are monolayer
MosS, flakes. Some multilayer MoS, flakes are also visible, and
their dimension is smaller than their monolayer counterparts.
The inset of Figure 1b is a zoom-in view of a monolayer MoS,
flake, illustrating a nearly perfect triangular shape. The side
length of the triangular monolayer MoS, flakes is in the range
of a few microns to several tens of microns. The larger size of
the MoS, flakes than that of the Raman laser spot size and
AgNW’s diameter is important because it allows for spatially
resolved Raman spectroscopy on the hybrid AgNW—MoS,
flake SERS substrates. Figure 1c shows the typical SEM image
of the CVD MoS, flakes. It can be observed that most of the
MoS, flakes are isolated islands with triangle-like morphologies
because of the presence of an energetically preferred edge, that
is, the zigzag edge.”**

Figure 2 compares the Raman spectra of MoS, flakes excited
by 532 nm laser under ambient conditions. Both Eig (~384
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Figure 2. Raman spectra acquired in different layers of MoS, flakes
under excitation of a 532 nm laser. The left and right dashed lines
indicate the positions of the Eég and Ay, peaks in MoS,, respectively;
the vibration modes of Eég and Ay, are illustrated in the inset. “1 L”, “2
L”, and “3 L”, respectively, indicate monolayer, bilayer, and trilayer for
the MoS, flakes.

cm™! for monolayer MoS,) and Ay (~403 cm™ for monolayer
MoS,) modes can be observed clearly in monolayer (1L), two-
layer (2L), three-layer (3L), and bulk MoS,. The E;, mode
mainly depends on the in-plane vibration of the two S atoms
with respect to the Mo atom, and the A}, mode is associated
with the out-of-plane vibration of the S atoms in different
1ayers,26 as shown in the illustration in Figure 2. Besides, the
presence of E%g and A;; modes indicates the formation of the
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2H phase in both bulk and few-layer forms of MoS,. Moreover,
it can be observed that the frequency of the Ej; (A,,) peak
decreases (increases) monotonically, with the layer number
increasing from 1 to 3. This is attributed to the variation of the
interlayer van der Waals force in MoS, with the layer
numbers.”” However, for the bulk MoS,, the red-shift of the
Eég mode can be attributed to the stacking-induced structure
changes or long-range Coulombic interlayer interactions in
MoSz.28

Figure 3 schematically shows the experimental setup for the
Raman spectra measurement on the AgNWs—MoS, flake
SERS substrates. To precisely contrast the differences of SERS
performance between hybrid AgNWs—MoS, and aligned
double AgNWs on cases, a half of the double AgNWs was
placed on the MoS, flake, while the other half was placed on
the silica substrate. The SERS enhancement of the two types of
the substrates was investigated using standard R6G probe
molecules. It is well known that the SERS has two mechanisms,
namely, electromagnetic mechanism (EM) and chemical
mechanism (CM).”” The former is mainly attributed to the
localized SPR of free charge carriers on the surface of metal
nanostructures upon Raman excitation, which leads to
enhancement of local electromagnetic fields around the
metal structures such as the AgNWs in this work.” In
addition, this localized evanescent field is affected not only by
the dielectric environment of the AgNWs but also by the angle
0 between the incident light polarization and the axis of the
AgNWs. Thus, the SERS enhancement of the two types of the
substrates with and without MoS, flakes was evaluated at three
0 values of 0, 45, and 90° by rotating the sample.

Figure 4a and b compares the Raman spectra of R6G taken
at @ = 0, 45, and 90° on the aligned double AgNWs SERS
substrates without (Figure 4a) and with (Figure 4b) the MoS,
flakes. At € = 0° (black) for the sample without the MoS, flake
(Figure 4a), the Raman signals of R6G are weak but visible at
the peaks of 613 and 773 cm™", which, respectively, correspond
to the in-plane bending mode of a C—C—C ring and C—H out-
of-plane bending mode.”" However, the Raman signals of R6G
are greatly enhanced with the MoS, flake (Figure 4b), as
illustrated in higher peak intensities at 613 and 773 cm™' and
more visible peaks of R6G at 1186 and 1572 cm™'
corresponding to the stretching vibrations for aromatic C—C.
In fact, the same trend can be observed for the other two cases
of @ = 45° (red) and 90° (blue), indicating that the presence of
the MoS, flake near the AgNWs can considerably enhance the
SERS effect of the AgNWs. It should be noted that two
additional peaks belonged to MoS, at 382 cm™ (Eig) and 403
cm™ (Alg), respectively, are observed on the AgNW—MoS,
samples. The frequency difference between the E}, mode and
the A;; mode is around 21 cm™, indicating that the thickness
of the MoS, flake in Figure 4 is bilayer.

Another interesting trend revealed in Figure 4 is that the
Raman intensities of the R6G increase, with 8 increasing from
0 to 90°, regardless of whether or not in the presence of MoS,.
This means that the Raman intensity is strongest when the
polarization is perpendicular to the axis of the AgNWs. This is
not surprising considering the dependence of the localized
surface plasmon field of the AgNWs on the polarization of the
Raman excitation.”> The surface plasmon excitation efficiency
is strongest when the incident light polarization is
perpendicular to the long axis of the nanowires and lowest
when parallel. In fact, we can observe a similar trend of the 6
dependence of the Raman signal of the MoS, (Figure 4b). This

https://dx.doi.org/10.1021/acs.jpcc.0c08184
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Figure 3. Schematic of the experiment on the R6G SERS measurements on double-aligned AgNWs with a half of NWs on a MoS, flake to form a
hybrid Ag—MoS, SERS substrate and the other half on a bare silica substrate for comparison.
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Figure 4. Raman spectra of R6G taken on (a) AgNWs and (b) hybrid AgNWs—MoS, SERS substrates.
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Figure 5. (a) SEM image of the SERS substrates consisting of double-aligned AgNWs with a half of NWs on a MoS, flake to form a hybrid MoS,—
AgNWs SERS substrate and the other half on a bare silica substrate for comparison. The yellow dotted line indicates the boundary of the MoS,
flake. The inset picture is the thickness of the MoS, flake measured by AFM. (b) Enlarged SEM image corresponding to the marked red region in
(a). (c) Raman map of the peak at 613 cm™ of R6G under an excitation laser of 532 nm.

phenomenon can be attributed to the influence of the SERS of
AgNWs on the MoS,, as well as the case of R6G. Moreover, in
order to quantitatively compare the SERS performance of the
sample with and without MoS, under different 6, the
enhancement factor f was defined by f = I 4./ imow Where
Lam and I, are, respectively, the integration of all Raman
peaks of R6G of the sample with and without the MoS, flake
under certain #. An enhancement factor f# of 1.2, 1.5, and 1.7
can be achieved, respectively, for 6 = 0, 45, and 90°, indicating
the prominent effect of Ag—MoS, acting as a SERS substrate.

Figure S shows the SEM image and Raman maps of the
sample. From the SEM image, double AgNWs with a diameter
of 300 nm are observed with a side—by-side alignment.
Moreover, as the yellow dashed line indicates, half of AgNWs
are on the MoS, flake, while the other half are on the bare silica
substrate. Because the thickness of the bilayer MoS, is
relatively less, the color contrast between it and the silica
substrate is not obvious, but it can be still seen from Figure Sa
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that the MoS, has a uniform thickness and regular triangular
shape with a length 6 um. Figure Sb is the partially enlarged
view of the red rectangular frame marked in Figure Sa. The
orange solid line in Figure Sb marks the side boundary of the
MoS,. To more clearly demonstrate the SERS effect, Figure Sc
shows the 2D Raman maps of the mode intensity at 613 cm™
of the R6G probe molecule, which was performed on the
sample area of Figure Sb. The Raman intensity for the area of
AgNWs—MoS, is highest in the mapping figure. Moreover,
both the intensities at the exposed MoS, and AgNWs on silica
substrate are higher than that of the bare substrate. Thus,
Figure Sc obviously proves that the Ag—MoS, could
significantly improve the SERS acting as an active substrate.
Although the MoS, may provide SERS enhancement based
on the CM, we attribute the SERS mechanism observed in the
hybrid AgNWs—MoS, in this work primarily to the EM. This
argument is supported by the observed SPR on the double-
aligned AgNWs (i.e., the EM) and the dependence of the

https://dx.doi.org/10.1021/acs.jpcc.0c08184
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https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08184?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08184?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08184?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08184?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08184?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08184?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08184?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08184?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08184?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08184?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08184?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08184?fig=fig5&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c08184?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

(@)

— SiO2 Ag Air
£ 03}
N\
[
N 02f
=
0.1 F
0.0 ; : ) ;
0.2 0.1 0.0 0.1 0.2
z (um)

(b)

04 —~

2

o ~

|E|* (V2/m

Ag Air
NA
0.3
E
2z
w02
=
= .-MoS,
0.1
o . ; . ;
0.2 0.1 0.0 0.1 0.2
z (pm)

Figure 6. Cross sections of two AgNWs on substrates of (a) SiO, and (b) MoS,/SiO,. (c,d) are the simulated EM field variation in the z-axis for
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of the cross section of the single Ag NW.
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of MoS,.

Raman intensities of the R6G on the polarization orientation
of the excited light with respect to the axial direction of the
AgNWs. Moreover, the Raman signatures of the R6G at the
site of the MoS, flake without Ag NWs are undetectable. In
order to obtain some insights into the EM in the hybrid
AgNWs—MoS, substrates, the localized electric fields of the
AgNWs on the silica substrate were simulated under two
conditions of with and without an MoS, flake. Figure 6a,b
show the cross sections of the two models, while the electric
field distributions and intensities of the models are present in
Figure 6¢—f. It is can be seen from Figure 6¢,d that the MoS,
layer on the silica substrate obviously affects the maximum
electric field intensity around the AgNW. For the case with the
MoS, layer, the electric field becomes more localized with an
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enhanced maximum electric field intensity. By contrasting the
maximum electric field intensities under two conditions
(Figure 6e,f), it can be concluded that the maximum electric
field of AgNWs on MoS, is enhanced two times as compared
to the case of AgNWs on the bare silica substrate. The
localized electric field can act as a “hot spot” for SERS. As we
all know, hot spots play an important role in SERS
enhancement. For example, the adjacent site in the dimer of
Ag NPs was confirmed to be the SERS hot spot using the
combination of high-resolution transmission electron micro-
scopic images and optical spectra of nanoparticle structures.*’
Moreover, this phenomenon was also confirmed by comparing
the SERS intensity in a single Ag NP, and a dimer Ag NPs with
a changed gap from 1.8 to 600 nm. Therefore, many efforts

https://dx.doi.org/10.1021/acs.jpcc.0c08184
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have been made in creating hot sites for SERS, such as NPs’
trimers, chains, tips, or corners.””* Tt is noted that there is no
hot spot in the gap between the AgNWs in the present work
because of the in-homogeneous dielectric environment of the
surrounding materials of the AgNWs. In detail, for a
homogeneous dielectric environment, there could be a hot
spot in the gap between the two AgNWs. However, as the
AgNWs are placed on a substrate, the distance of the surface
plasmon coupling of the two AgNWs in the gap would shrink.
Besides, the coupling distance is greatly reduced when the
refractive index difference between the substrate and the
covering material (air) is large. Thus, the original hot spot in
the gap would disappear, and a new hot spot is formed in the
interface site, where the refractive index of the surrounding
material is largest.36’37

Moreover, the maximum intensity of the electric field
changed with the excitation wavelength and the thickness of
MoS, were also studied, as shown in Figure 7. It can be seen
that the maximum electric field for the case with MoS, is larger
than the case of the bare silica substrate in the range of 500—
700 nm. For the case of the bare silica substrate, the maximum
electric field shows linear decrease with the increase of the
excitation wavelength. However, as the MoS, is introduced, the
maximum electric field shows the different trend as compared
with the case of silica substrate in the range from 500 to 630
nm and then presents an same trend when the wavelength
further increases to 700 nm. Besides, the thickness of MoS,
may also affect the maximum electric field intensity. Figure 7b
presents the change of maximum electric field with the
thickness of Mo$, increasing from 0.63 nm (monolayer MoS,)
to S0 nm (bulk MoS,). It can be seen that the maximum
electric field increases with the thickness increasing from 0.63
to 30 nm, followed by a slight decline for the thickness larger
than 30 nm.

In summary, we investigate the SERS performances of R6G
probe molecules on the double-aligned AgNWs, half of which
were placed on the bare silica substrate, while the other half
were placed on a bilayer MoS, flake. As the results of Raman
spectra and mapping indicated, the introduction of MoS, to
AgNWs would enhance the Raman intensity of R6G than that
of bare AgNWs. Moreover, this enhancement phenomenon is
described by an enhancement factor f. It is found that the f is
affected by the angle 6 between the incident light polarization
and long axis of the Ag NW, with the values of 1.2, 1.5, and 1.7,
respectively, for € = 0, 45, and 90°. Besides, both the Raman
spectra intensities of R6G and MoS, are also influenced by the
angle @ for both the cases of bare AgNWs and the Ag—MoS,
hybrid structure. The present simulated results demonstrated
that the enhancement of SERS in the hybrid AgNWs—MoS,
nanostructure was largely attributed to the electric field
enhancement of the hot spot at the interface between the Ag
and MoS,.
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