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ABSTRACT: The tip-enhanced Raman spectroscopy (TERS) imaging technique is designed to provide correlated
morphological and chemical information with a nanoscale spatial resolution by utilizing the plasmonic resonance supported
by metallic nanostructures at the tip apex of a scanning probe. However, limited by the scattering cross sections of these
nanostructures, only a small fraction of the incident light can be coupled to the plasmonic resonance to generate Raman signals.
The uncoupled light then directly excites background spectra with a diffraction-limited resolution, which becomes the
background noise that often blurs the TERS image. Here, we demonstrate how this problem can be solved by physically
separating the light excitation region from the Raman signal generation region on the scanning probe. The remote-excitation
TERS (RE-TERS) probe, which can be fabricated with a facile, robust and reproducible method, utilizes silver nanoparticles as
nanoantennas to mediate the coupling of free-space excitation light to propagating surface plasmon polaritons (SPPs) in a
sharp-tip silver nanowire to excite Raman signals remotely. With this RE-TERS probe, a 10 nm spatial resolution was
demonstrated on a single-walled carbon nanotube sample, and the strain distribution in a monolayer molybdenum disulfide

(MoS,) was mapped.
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high spatial resolution

S canning probe microscopies (SPM), such as scanning
tunneling microscopy (STM) and atomic force micros-
copy (AFM), have become powerful tools for acquiring
morphology information on nanostructured surfaces with
atomic resolutions but offer limited insights into their surface
chemistry. On the other hand, far-field optical spectroscopies,
such as Raman or Fourier-transform infrared spectroscopy
(FTIR), are widely used to investigate chemical bonds and
molecular interactions. Their spatial resolutions, however, are
orders of magnitude lower, dictated by the diffraction limit of
the excitation light. Combining these two technologies has led
to the development of tip-enhanced Raman/FTIR spectrosco-
py (TERS and nano-FTIR) imaging techniques,'~* which bear
the potential for chemical analysis of complex nanoscale
surfaces down to the single molecule resolution.” In these
applications, the tip apex of a metal probe, typically tens of
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nanometers in curvature, serves as a plasmonic antenna to
amplify the intensity of both the incident light (i.e., excitation)
and the Raman-scattered light (i.e., signal) and confines them
to a nanoscale mode volume to achieve a spatial resolution
defined by the curvature of the tip apex. However, because the
excitation efficiencies of plasmonic nanostructures are
generally small, only a tiny fraction of the incident power
can be concentrated at the tip. The uncoupled light can still
excite Raman scattering processes on the sample with low
spatial resolution, which not only generates background noises
that reduces the signal-to-noise ratio but also increases the
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chance of sample photodegradation, giving the fact that strong
lasers are often used to pump the TERS signal. To tackle these
problems, grating-assisted plasmonic-nanofocusing probes
have recently emerged as a promising solution for low-
background-noise TERS acquisition.'°~"” In these designs, the
incident light is converted to SPPs through grating couplers
that are fabricated on the probe sidewall with a few microns
away from the probe apex. Depending on the coupler design,
coupling efliciencies have been achieved between 0.1-9%. The
excited SPPs propagate toward the probe apex along the
tapered probe and become further compressed by the conical
geometries for high-spatial-resolution near-field imaging.
Because the SPP excitation region is separated from the
Raman acquisition region, the Raman noise from the
uncoupled incident light is drastically reduced.

Compared with other TERS techniques, grating-assisted
nanofocusing skips the noise reduction steps, such as the
background subtraction method or the modulation method,"?
and has been used in a broad spectrum of research topics,
ranging from optical nanoimaging,14 Raman analysis,” to
nanoscale ultrafast optics.'” However, the reproducibility of
the grating-assisted probes has been the primary challenge to
this technique. For example, annealed gold wires, which are the
preferred material for fabricating grating-assisted probes due to
their high crystallinity and low plasmonic loss, suffer from the
low mechanical stiffness as a result of the annealing.'® The
intricate balance between the mechanical stiffness and optical
quality of the gold wires requires meticulous control over
annealing conditions. Equally tricky is the precise control over
the electrochemical etching process used to taper the nanowire
(NW) tip, the exact geometry and surface roughness of which
are critical for the efficiency of plasmonic nanofocusing and
TERS enhancement.'’

Compared with gold, silver is more favorable for TERS
experiments due to its stronger plasmonic enhancement and
lower fluorescence background. Chemically synthesized
crystalline silver nanowires (AgNWs), in particular, are
uniquely suited for TERS due to their nanoscale field
confinement,'®"” mechanical robustness, and low plasmonic
loss,””*' the latter of which both stemming from their
polytwined crystalline nature. In addition, AgNW SPPs can
be excited easily using a variety of methods, such as from prism
or grating couplers,” near-field coupling,”"**** to as simple as
tip, defect, and nanoantenna scattering,zs’26 making them
uniquely suited for remote-excitation TERS as an easy
alternative to the grating-assisted nanofocusing technique.

Recently, we reported the synthesis of AgNWs that have
ultrasharp conical tips with nanometer-scale tip curvature, and
their integration with commercial AFM probes for topo-
graphical imaging.”” In the present article, we demonstrate that
high-resolution remote-excitation TERS imaging can also be
realized with an AFM-mounted sharp-tip AgNW. This RE-
TERS probe utilizes colloidal silver nanocubes (AgNCs)
attached to the AgNW probe to couple visible light into SPPs
on the latter. Benefiting from the low plasmonic loss of the
free-standing AgNW at the visible wavelengths,21 the
propagation loss of SPPs along the NW can be maintained
at less than 1 dB when the AgNC is placed only a few microns
away from the tip apex. The conical taper at the AgNW tip
leads to the further compression of the SPP mode and the
generation of a plasmonic hot spot at the tip apex to allow high
spatial resolution TERS imaging. Adding to the inherent low
background noise of the remote-excitation scheme, the AgNC
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antenna is insensitive to the polarization of the incident light,
which allows the use of linearly polarized light with the electric
field parallel to the metallic substrate to further reduce the
background Raman noise from stray beams. With the AgNC—
AgNW RE-TERS probe, we demonstrated the TERS imaging
of monolayer molybdenum disulfide (MoS,) domains and
estimated the spatial resolution around 41 nm and TERS
contrast around 100. The spatial resolution can be further
pushed to ~10 nm when a single-walled carbon nanotube
(SW-CNT) sample is characterized.

Results and Discussion. As illustrated in Figure la, the
RE-TERS probe was installed on a commercial AFM-TERS

Figure 1. (a) Schematic illustration of the RE-TERS setup. The green
excitation laser beam (532 nm) is sent through a laser line filter (LF),
a linear polarizer (LP), and a beam splitter (BS) to an objective lens,
which focuses it on an AgNC to excite SPPs on the AgNW waveguide.
The SPPs propagate toward the tapered tip to excite TERS signals,
which are collected through the same objective lens, filtered by a long-
pass edge filter (LEF), focused by a lens (L) and collected by a CCD
spectrometer. (b) A SEM image of a RE-TERS probe. (c,d) Close-up
SEM images of the AGNC—AgNW junction (c) and sharp AgNW tip
(d). (e) An image obtained in bright-field optical microscopy showing
the coupling between the 532 nm excitation laser beam (polarization
along the green arrow) and the AgNC—AgNW junction coupler (red
arrow). The yellow arrow marks the position of the AgNW tip.

system (SmartSPM 1000, AIST-NT) with modifications to
enable polarization adjustment of the incident laser. To launch
the SPPs into the AFM-mounted AgNW probe, a linearly
polarized laser (532 nm, s-polarization) was focused on the
AgNC attached to the side wall of a NW at an incident angle of
~25° by a microscope objective (100X) with a numerical
aperture (NA) of 0.7 and a long working distance of 6 mm.
The excited SPPs propagate along the NW and get further
compressed by the conical geometry of the NW tip to generate
a nanosized hot spot at the tip apex for TERS excitation. The
TERS signal scattered by the AgNW tip is then collected
through the same objective lens. To maintain the remote-
excitation condition, the NC needs to be at least several
micrometers away from the NW tip (Figure 1b), so that the tip
sits well outside the laser focus (~1 gm X 0.9 ym). By raising
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Figure 2. RE-TERS mapping of a CVD-grown MoS, monolayer flake. (a) AFM image of the MoS, flake on an ultrasmooth gold substrate with the
line-scan shown in (b). The markers indicate the edge of the MoS, flake (green) and two wrinkles (light blue and orange). (c—f) TERS mapping of
the intensities, I (panels ¢ and e, in counts per second, ct/s) and the Raman shifts,  (d,f) of the Eig and Ay, peaks of the MoS, flake, respectively.
(gh) Stress-induced Raman peak shifts in MoS, monolayer. The bottom panel of (g) shows the interpeak spacing, AD, between the E%g and A,
peaks, which changes from ~18 cm™ at the center to ~20.5 cm™" along the edge of the flake. A series of 11 spectra (h) taken along the red arrow in
(g) shows the shifting of both peaks and the splitting of the E71_g peak toward the edge of the flake (#1 and #11), which is the consequence of the
increased tensile stress at the edge as shown in the schematic in the top panel of (g). Excitation: $32 nm, 0.1 mW at sample surface. Integration

time = 1 s.

the laser focus away from the sample and choosing the s-
polarization for excitation, the background noise from direct
illumination of the sample is minimized.

AgNCs used here were prepared according to a previously
reported polyol synthesis method with slight modification.””
These AgNCs display high size monodispersity”® and have an
edge length of ~200 nm (Figure 1lc). Sharp-tip AgNWs were
synthesized following our previously reported method.”® The
crystalline AgNW has smooth surfaces that minimize the
propagation loss to ~0.4 dB/um”' for the 200 nm in diameter
AgNW used in Figure 1b. Given an average of ~3 um distance
between the AgNC and the AgNW tip, the propagation loss of
the SPPs was around 1.2 dB. The conical tip tapered to an
ultrasharp apex (tip radius ~15 nm, Figure 1d). The AgNC—
AgNW bundle was fabricated by incubating a mixture of
AgNW and AgNC colloidal solutions for 12 h, during which
AgNCs self-assembled on the AgNW surface and the density
was adjusted by their relative concentrations (details in
Supporting Information). The mixture was then drop-casted
on a polydimethylsiloxane (PDMS) substrate, from which a
single AgNC—AgNW bundle was picked up with a tungsten tip
mounted on a micromanipulator. The excess AgNCs were
removed by gently wiping the AgNW with the tungsten tip
before picking it up (see SI Video for the demonstration).
Then, the AgNC—AgNW bundle with a single AgNC was
assembled to the sidewall of the pyramidal tip of a
conventional silicon AFM cantilever (Olympus, Model
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AC160TS-R3), as shown in Figure 1b. This procedure has
been demonstrated in our previous report as a simple yet
effective fabrication method to prepare high-resolution, high
aspect-ratio AFM probes with good stability and perform-
ance.”” The adhesion between a clean AgNW and the silicon
tip is sufficient for both AFM tapping mode and contact mode
operations. As shown in Figure le, when a laser beam is tightly
focused on the AgNC (marked by the red arrow), the light
coupled out from the AgNW tip 6 ym away from the laser
appears clearly as a bright spot (marked by the yellow arrow),
demonstrating the successful launching of AgNW SPPs and
their propagation to the tip apex. It is worth noting that both
the colloidal AgNCs and sharp-tip AgNWs are synthesized in
milliliter to liter volumes and the probe fabrication process can
be completed under an optical microscope without the need
for cost-consuming equipment such as focused ion beam (FIB)
etching.

We used the RE-TERS probe to study the strain field on a
stressed MoS, monolayer flake, for the demonstration of its
high-resolution low-background Raman imaging. Raman
spectroscopy and microscopy is one of the most powerful
tools to study strain and strain distributions in materials,”” and
TERS allows for the visualization of localized strain field with
nanoscale resolution.”” ** Such nanoscale strain character-
ization capability is extremely important for the micro- and
nanoscale strain engineering in MoS, and other transition
metal dichalcogenides, whose bandgap and optoelectronic
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properties can be tuned by applying strains.’*** Recently,

TERS has been used to probe the strain field of trilayer’” and
monolayer’’ MoS, deposited on Au nanocluster arrays, taking
advantage of the giant SERS effect from the localized surface
plasmon of Au nanoclusters. However, high-resolution TERS
strain mapping on a prestressed MoS, flake on an ultrasmooth
substrate with minimal structural and optical and thermal
inhomogeneity has not yet been demonstrated.

In our experiment, the MoS, flake was prepared by a
standard chemical vapor deposition (CVD) method on a
silicon dioxide substrate*' and transferred onto an ultrasmooth
Au thin-film substrate®” using the capillary-force-assisted clean-
stamp transfer technique we recently developed.*’ The flexible
PDMS transfer substrate hosting the MoS, flake was gently
bent before releasing the flake to the Au substrate, to apply a
tensile stress on the flake. Figure 2a shows the topographic
image of the MoS, flake measured with the RE-TERS probe in
contact-mode. The stressed MoS, flake displayed multiple
folds and cracks. The line scan in height (Figure 2b) along the
white dashed line demonstrates an ~0.8 nm film thickness,
corresponding well to a MoS, monolayer.”* The root-mean-
square (rms) roughness of the Au substrate surface was around
0.32 nm, close to that of a Si wafer.”” The ultrasmooth Au
substrates are important for reducing the contribution of
roughness-induced SERS, which could results in artifacts in
gap-mode TERS imaging.*’

Figure 2c—f show the corresponding RE-TERS intensity and
Raman shift images of the two major Raman-active modes (Eig
and A;;) of MoS, measured from the same monolayer flake.
Near the MoS, flake edges, the spectra intensity mapping can
be as sharp as one pixel (Figure 2c), indicating that the
resolution of the TERS probe is at least as good as the step size
(50 nm, details in Supporting Information). In order to
quantify the spatial resolution, we did a line-scan across a
domain edge and used the error function to fit the intensity
data. 41 nm spatial resolution is shown in Figure S4.

In the TERS images, the E;, peak at 385.4 + 0.6 cm™
corresponds to the in-plane vibration of the two S atoms and
Mo atom 1n opposite directions, whereas the A, peak at 404.1
+ 0.5 cm ™! represents the out-of-plane vibration where the two
S atoms move in opposite directions perpendicular to the basal
plane. The positions of the two Raman peaks are in good
agreement with previous reports of monolayer MoS,**™*" and
are consistent with the layer thickness measured with the
topographical mapping. The intensity maps of the two modes
(Figure 2c,e) show similar spatial variations that also
correspond well with its AFM image: stronger signals were
seen where the MoS, flake has microscale folds and weaker
signal were seen where cracks are found. Such correlations
between the MoS, morphology and TERS intensity demon-
strate the optical uniformity of the ultrasmooth gold substrate.
However, the Raman shift maps (Figure 2d,f) of the two
modes show completely different trends. The peak position of
the Eig mode shows consistent red-shifts toward the edges of
the flakes and near the cracks, whereas the spatial variation in
the A;, mode frequency shows a subtler but opposite pattern.
To better visualize the trend, the frequency difference AD (AD
= f/Alg—ﬂE;g) between the two modes were plotted in Figure 2g.
Over the entire flake, A varies from 18.2 to 20.0 cm™! with an
average of ~18.9 cm™". Although all of this value still fall within
the monolayer regime,* there is a strong spatial dependence in
AD, which is ~1.8 cm™" larger at the edges and near the cracks
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of the flake than at the center. Figure 2h shows a series of 11
TERS spectra collected along the red-arrow pointing from the
left edge of the triangular flake to its upper right corner where
it was torn due to stress in Figure 2g. Spectrum #6 corresponds
to the middle of the arrow and the center of the flake where it
appears darkest in Figure 2g with the lowest AD. Here, the E;g
and A, peak positions, line shapes, and their frequency
difference show typical MoS, monolayer characteristics.*®
However, moving toward both edges of the triangular domain
(positions #1 and #11), the doubly degenerated Eég peak starts
to soften and eventually splits into a higher frequency E* mode
at ~384 cm™' and a lower frequency E™ mode that is
significantly red- shlfted to ~382 cm™'. According to the strain-
dependence studies,” the softening and splitting of the Ezg
mode can be attribute to strain-induced symmetry breaking.
The reported E~ mode of 4.5 + 0.3 cm™!/% uniaxial strain
placed the largest strain stored at the pinned edge of the
stressed MoS, flake at ~0.9%. In comparison, the out-of-plane
Ay mode, which is much less sensitive to the uniaxial strain,
shows only subtle differences along the red arrow, and the
slight blue-shift at the edges may originate from the stronger
van der Waals (vdW) interaction between the MoS,
monolayer and the substrate®’ to sustain the local strain and
prevent shppln% Moreover, compared with confocal Raman
measurements,”” the TERS results tend to have a stronger A,
mode, which may originate from the large vertical component
of the electric field (E,) inside the gap. Detailed discussion can
be found in the Supporting Information.

To determine the spatial resolution of RE-TERS in our
experimental condition, we acquired high-resolution AFM-
TERS images on a single-walled carbon nanotube (SW-CNT)
sample, prepared by spraying SW-CNTs solution on an
ultrasmooth gold substrate (detailed in Supporting Informa-
tion) with a step precision of 4 nm as shown in Figure 3. As
depicted by a representative spectrum (Figure 3a inset), typical
SW-CNT features including scattered D-band, strong G-band,
and 2D-band are observed. The spectroscopic images at these
bands are illustrated in Figure 3b,d,f, respectively. It is worth
noting that the G-band intensity mapping has relatively stable
signals along the CNT throughout the scanning. Such signal
stability may benefit from the separation of the light coupling
region at the AgNC and the Raman excitation region at tip
apex, which generates a relatively stable plasmonic hotspot.
Meanwhile in a conventional gap-mode TERS, the gap-SPP
coupling efficiency at the tip apex is influenced by the optical
index of the sample, leading to an unstable TERS signal. As
shown in Figure 3c,e, a 10 nm resolution can be achieved on
the G-band and D-band, which is close to the instrumental
limit.

The coupling efficiency from the far-field excitation to the
AgNW SPP modes has strong dependence on the coupling
conditions, including the size of the AgNC and the wavelength
polarization, and coupling angle of the incident laser.”” Finite
element analysis (FEA) simulations using a commercial
software (COMSOL Multiphysics) were implemented to
study the influence of the aforementioned effects to optimize
the coupling efficiency, which is defined as the ratio between
the electromagnetic energy flux propagating along the AgNW
and the power of incident beam. Figure 4a illustrates the
parameters used in the simulation. The incident angle (8) of
65° with respect to the AGNW is predefined by the equipment,
and therefore kept constant in the simulation. The azimuth
angle ¢ is defined as the angle between the normal direction of
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Figure 3. RE-TERS mapping of single-walled CNTs, sprayed on an
ultrasmooth Au substrate. (a) AFM morphology imaging. (b) D-band,
(d) G-band, and (f) 2D-band intensity images. Spatial steps are 10 nm
for top images and 4 nm for the zoom-in at bottom; (c,e) are line
cross-section of the marked regions in (d,b). For all TERS mapping,
excitation, 532 nm, 0.1 mW at sample surface. Integration time = 1 s.
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Figure 4. Optimization of the RE-TERS coupling efficiency. (a)
Schematic diagram showing the parameters used to optimize in
numerical simulations. The laser beam maintains a 65° incident angle
with respect to the AgNW, as restricted by the equipment, while it can
rotate around the AgNW (green arrow) and change the coupling
angle (¢). The orientation of the s- and p-polarizations are marked by
the navy blue and orange arrows. (b) Numerical simulations showing
the coupling efficiency (%) as functions of incident light wavelength
(450—800 nm) and AgNC size (20—300 nm) for both s- (top) and p-
(bottom) polarizations. The green dashed line marks the laser
wavelength (532 nm) used in the experiments with the profiles shown
in (c). (d) Coupling efficiency dependence on the coupling angle (¢)
for both polarizations.
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the AgNW sidewall that is attached to the AgNC and the
projection of the polarized Gaussian beam (beam waist = 1
um) incidence direction. Because the AgNW has a pentagonal
cross-section, its sidewalls are flat {100} facets and allow the
AgNC to sit with one face in complete parallel with one of its
sidewalls. As shown in Figure 4b, the s-polarization excitation
(electric field perpendicular to the AGNW axis) generally gives
higher coupling efficiency than the p-polarization, in particular
near 532 nm wavelength, which benefits from the strong
plasmonic enhancement of AgNWs in response to the s-
polarization.zs’54 For 532 nm excitation (Figure 4c), the
optimized AgNC size around 200 nm gives coupling efficiency
near 4%, which is about 4 times higher than that of p-
polarization. The azimuthal angle-dependence study in Figure
4d reveals that the coupling efficiency varies between 2—4%
when the incident light is focused on the AgNW—AgNC
junction from different directions (¢), providing a robust
fabrication tolerance when attaching the bundle to the AFM
cantilever.

The chemical sensitivity of a TERS probe in the direct-
excitation configuration is typically characterized by the
enhancement factor (EF), as given by the following equation

I -1

engaged retracted
EF = ( gag
Iretracted

where I.ngi0eq a0d Lierocrea are Raman peak intensities measured
with the tip in contact and retracted, Ap,ground is the area of
the excitation laser spot, and Apgys is the effective area of the
TERS enhancement region, giving that the molecular density is
a constant during the measurement. The difference between
Lingaged AN Ltraceeq is the Raman signal generated due to the tip
enhancement, or Igrg = lngaged — Lretractea- It can be seen from
this equation that molecules under the direct laser excitation
will contribute to I . ,q but only those under the nanosized
TERS spot, which depends on the tip radius and tip—substrate
distance, will contribute to the TERS signal (Irggs) that has
nanoscale spatial resolution. Therefore, most of the molecules
within the excitation laser spot become part of the background
which limits both the TERS sensitivity and the spatial
resolution. In remote excitation configuration, however, this
diffraction-limited background is suppressed, because the laser
focus is vertically separated from the scanning region, and the
far-field radiation density reaching the detection spot is
therefore reduced. This has been observed in other remote-
excitation configurations, including grating couplers.”> Apart
from background suppression, the RE-TERS can also produce
stronger signal compared to the conventional direct-excitation
(DE) configuration under the same incident power. Although
not yet experimentally demonstrated, the signal enhancement
is theoretically possible when the power of optical excitation
injected into the near-field region through the SPPs outweighs
the antenna effect of the tip in DE-TERS with the apex
capturing light over a cross-section exceeding its geometric
dimensions. Nevertheless, this requires efficient optical
coupling and low propagation loss of the RE-TERS
configuration, which has been challenging to achieve.

In the comparative characterization of the RE- and DE-
TERS shown in Figure 5, we demonstrated that the AgNC—
AgNW-based RE-TERS probe can provide the benefit of both
background suppression and signal enhancement, thus
significantly improving the TERS contrast. Figure Sab
illustrate the RE- and DE-TERS measurement configurations.

Abackground

A TERS
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Figure S. Comparison between RE-TERS with DE-TERS and dependence of RE-TERS signals on tip-to-substrate distance. (a,b) Schematics
showing the remote (a) and direct (b) excitation methods. In both cases, s- and p-polarizations were examined on a self-assembled monolayer
(SAM) of 4-ATP on an ultrasmooth Ag substrate. (c,d) 4-ATP Raman spectra measured with RE- and DE-TERS with incident lasers with s- (c)
and p- (d) polarizations in both engaged (light color, solid lines) and retracted (dark color, dashed lines) modes. (e) As tip gets closer to the 4-ATP
SAM sample, the overall signal increases drastically (s-polarization). At large tip—substrate distances, the peaks marked by blue arrows (1089 and
1593 cm™") have the highest intensities, consistent with regular SERS spectrum, whereas at smaller distances, the peaks marked by the red arrows
(1156 and 1450 cm™") become dominating. Excitation: 532 nm, 0.2 mW at sample surface. Integration time = 2 s for (c,d) and 4 s for (e).

The same probe and laser power (6 mW) were used for all the
measurements in Figure S. In the RE-TERS experiment, the
incident laser is focused on the AgNC, whereas in DE-TERS,
the laser is focused directly on the AgNW tip. To ensure
substrate and sample homogeneity, we used a self-assemble
monolayer (SAM) of 4-aminothiophenol (4-ATP) on an
ultrasmooth Ag thin film as the standard sample. The
ultrasmooth Ag thin film was fabricated following the same
protocol as the Au-thin film in Figure 2. With both s- and p-
polarized incident light, the background (Lyaceq) is signifi-
cantly reduced in RE-TERS, with a background reduction ratio
(Letracted RE/ Lretractea.pE) ©f 0.26 and 0.52, respectively. Similarly,
for both polarizations, the enhancements of the TERS signal in
RE opposed to DE excitation were observed, featuring a signal
enhancement ratio (Iengagedre/ Lengageapr) Of 122 (s-pol) and
3.3 (p-pol). Both calculations are based on the Gaussian fitting
of the 1446 cm™"' peak. The signal enhancement from more
efficient power injection than tip-scattering and the back-
ground reduction from the separation of the excitation and
detection spots work synergistically to significantly increase the
TERS contrast. Compared to the EF, the calculation of which
is often based on many estimations, the TERS contrast, given

Lngaged 56—58 . . .
by C = ——, is based purely on experimental data and is

retracted

a direct measure of the signal increase by the tip and the ima%e
quality that can be obtained in a TERS experiment.”
Therefore, C is of more practical relevance and has been
adopted as the industrial standard for benchmarking the
performance of TERS probe. Here, we have seen a Cyg rprg ~
100 for the s-polarization, which is enhanced from that of the
same probe in the DE-TERS configuration by ~47-fold. Even
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for the p-polarization that is not optimized for RE-TERS
coupling, we still saw a 6-fold increase in TERS contrast with a
Cre-rers ~ 20.

Figure Se shows RE-TERS spectra as a function of tip—
substrate distance (d) for 4-ATP SAM on ultrasmooth Ag thin
film using an incident laser power of 6 mW at A = 532 nm (0.2
mW at sample surface). The tip was first brought in contact
with the substrate (defined as 0 nm), then the tip was gradually
lifted by adjusting the set point in the feedback system of the
contact mode AFM (Figure SS). The TERS signal dropped
drastically when the gap distance increased beyond 2 nm and
barely showed any Raman signature of 4-ATP at 6 nm, clearly
demonstrating the near-field origin of the signal. We also note
that although positions of the major Raman peaks stay
constant at different gap distance, the relative peak intensity
changed noticeably. At larger tip—substrate distances (>2 nm),
the 1089 cm™" peak corresponding to C—S stretching (v(CS),
7a) and the 1593 cm ™" peak corresponding to C=C stretching
(v(CC), 8a) are the dominating peaks,”" as marked by the blue
arrows in Figure Se. Both vibrations belong to a; symmetry of
the 4-ATP, which has a C,, symmetry point group. This is
consistent with the surface selection rule, which dictates that
for an adsorbed molecule with C,, symmetry and its C, axis
perpendicular to the metal surface, that the electromagnetic
enhancement should obey the relationship of a; > b,, b; >
a,.%"7* However, for small tip—substrate distances (<2 nm),
the vibrations with b, symmetry at 1156 cm™ (§(CH), 9b)
and the 1450 cm™' (v(CC) + 8(CH), 19b) quickly grow
stronger than the a; peaks. Such strong anomaly has been
previously observed in systems with tight optical confinement,
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such as hollow plasmonic nanoparticles®® or nanogaps®*®> and

can be attributed to the chemical enhancement effects, such as
photoinduced charge transfer through the Herzberg—Teller
contribution.®”****” Figure Se demonstrates the dependence
of the “b, enhancement” on the gap size or the degree of
confinement.

Conclusions. In summary, using AgNCs with proper size
as an eflicient plasmonic antenna to convert the excitation laser
beam into the surface plasmon polaritons on a sharp-tip
AgNW waveguide, we have demonstrated the remote-
excitation of tip-enhanced Raman spectroscopy with high
TERS contrast (up to 100) and fine spatial resolution (10 nm).
We mapped the Raman scattering variation within a MoS,
flake, which reveals the strain distribution stored during the
transfer process. The RE-TERS probes can be fabricated
through a facile, robust and reproducible method, which
requires only economical benchtop techniques. This polar-
ization-insensitive antenna design allows the choosing of laser
polarization that has weak interaction with the sample
substrate for the further reduction of background noise. We
expect that the remote-excitation plasmonic probe offers new
routes for applications in disciplines where high resolution and
sensitivities are needed, for example, in near-field scanning
optical imaging and sensing.

Methods. AgNC—AgNW Bundle Synthesis and Probe
Preparation. The AgNW solution (concentration ~10%/mL,
solved in ethanol) and AgNC solution (concentration ~10''/
mL, solved in ethanol) were mixed and then incubated for 48 h
at room temperature to form AgNC—AgNW bundles. After
incubation, the top clean solution was removed and the
bottom solution containing bundles was casted on a PDMS
substrate and dried with nitrogen. The averaged AgNC density
on an AgNW can be controlled by varying the volume ratio of
AgNW and AgNC solutions, as shown in Figure S2. The final
AgNC density of ~0.7 yum™" (on AgNW) was used in this
experiment, which gave the highest chance to find a single
AgNC around 2—6 um away from the AgNW tip. The bundle
samples on PDMS substrate were then examined under a dark-
field ogptical microscope (Nikon Eclipse Ni—U, 50X objective
lens)®® and a sCMOS camera (Zyla 5.5, Andor). With
proper contrast settings in the camera, the AgNCs can be
identified from the AgNW. A sharp tungsten probe controlled
by a high-precision motorized micromanipulator (Sutter
Instrument Co.) was then used to gently wipe along the
selected AgNW to remove the unnecessary AgNCs from the
AgNW, then pick it up and mount onto the side wall of a
conventional silicon AFM cantilever (Olympus, Model
AC160TS-R3). The prepared probe was usually used within
3 days of fabrication to avoid oxidization.

TERS Measurement. The TERS measurement illustrated in
Figure la was carried out on an OmegaScope 1000 (AIST-
NT) platform, which is integrated with a Horiba confocal
Raman microscope (LabRAM HR Evolution). The 532 nm
laser beam (OPUS 532, Laser Quantum) was sent through two
tandem laser line filters, a quarter-4 wave plate, and a linear
polarizer to generate a s-polarized beam. A high NA objective
lens (Mitutoyo, M Plan Apo 100X, NA = 0.7) was used to
focus the off-axis excitation beam onto the AgNC—AgNW
junction and collect the Raman scattering from the AgNW
sharp tip. The contact-mode AFM was used to perform the
TERS measurement in ambient conditions.

Numerical Simulation. Electromagnetic simulations were
carried out using a commercial finite element analysis software

106

(COMSOL Multiphysics S.1). The AgNW diameter was 200
nm and the AgNC size was swept from 20 to 300 nm. The tip
radius of the AgNW was 5 nm and the gap between AgNC and
AgNW was set at 2 nm, to include the influence from
polyvinylpyrrolidone (PVP) molecules. The distance from the
AgNW—AgNC junction to the AgNW tip was 2 ym. The silver
permittivity was obtained from fitting the Drude model from
Johnson and Christy.”’
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