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Tip-enhanced Raman spectroscopy (TERS) has recently become one of the most important tools

for analyzing advanced nano-devices and nano-materials, because it allows strong enhancement
of weak Raman signal from the nanometric volume of a sample. However, consistent enhance-
ment in TERS is still an issue and scientists have been struggling to fabricate good tips for reli-
able, strong and reproducible enhancement. There is a strong need to study the morphology and
the arrangement of metal nanostructures near the tip apex for efficient plasmonic enhancement
in TERS. Here, we present a study on the metal grains attached to the tip surface for producing
higher and much consistent enhancement in TERS. Our study shows that the plasmonic enhance-
ment strongly depends on the number of grains and on the their separations. We found through
simulations that multiple grains arranged closely but discretely on a dielectric probe act as an
efficient plasmonic antenna and that enhancement in TERS is maximum for an optimized num-
ber of grains. The number of grains and the nano-gap between them are crucial for reproducible
enhancement. This promising result, which we also demonstrate and prove by experiments, will
bring TERS to a new level, where it can be utilized with more confidence of large reproducible

DOI: 10.7039/XXXXXXXXXX

www.rsc.org/journalname

enhancement for those nano-sized samples that have extremely weak Raman scattering.

1 Introduction

Optical visualization of molecules with spatial resolution exceed-
ing beyond Abbe’s diffraction limit of light requires confinement
of photons within an extremely tiny volume. The use of metal-
lic nano tip to achieve such confinement was originally proposed
more than 20 years ago 2, and hence became an indispensable
technique in this decade to realize nano-resolution imaging of
molecules. A metallic tip, usually made of noble metals such as
Ag and Au, produces a strong optical field confined in the vicin-
ity of the tip due to the excitation of plasmon resonances3*. We
have applied metallic probes for imaging molecular distribution
through Raman scattering spectroscopy. Although Raman scatter-
ing of molecules is an extremely weak photon process, the metal-
lic probe enhances the scattered signal by a factor of thousands
to millions®>®. The tip scans the surface of the sample to ob-
tain an image of molecular distribution in nanoscale®!!. This
system has been called as the tip-enhanced Raman spectroscopy
(TERS) microscope. The metallic structure of the probe is thus
the key component for obtaining nano-resolution with large en-
hancement of the Raman scattering signal. The tip in TERS is usu-
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ally controlled by the atomic force microscopy (AFM), scanning
tunneling microscopy (STM) or shear force microscopy (SFM). A
variety of probes with different metallic structures have been uti-
lized and discussed in literatures including smoothly shaped and
tapered metal wire for STM and SFM-based TERS 1%12 and metal
film on Si%13, on SiO, 1415 "or on AlF, 14 cones for AFM-based
TERS. However, the enhancements obtained from the tips in typ-
ical TERS experiments have not been consistently reproducible.
Thus, there is a strong need to study the structure of the metal tip
for efficient and reproducible enhancement.

In our experiments, we often use AFM-based TERS, where we
fabricate the probes by thermal evaporation of silver on com-
mercially available (raw or oxidized) silicon cantilever tips. Re-
cently, along with the improvement of our skill in fabricating tips,
we have noticed in the course of performing TERS that the Ra-
man scattering drastically reduces when the tip is coated with
smoother metallic layer. Motivated by this marked observation,
here, we investigate the relationship between the surface mor-
phology of the tip and the scattering efficiency of the TERS probe
through numerical simulations and experimental verification. Un-
like previous numerical studies dealing with a smooth conical
tips3#, we investigate the role of metal grains on the plasmonic
properties of a probe that is fabricated by thermal evaporation
of metal. The plasmon resonance properties of a tip covered with
granularly structured metal has not been discussed so far in litera-
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tures, despite the insistent hypothesis that the metal grains within
a metallized probe are important to obtain better enhancement in
TERS16. Indeed, apart from the grain size and inter-granule sep-
arations, the number of metal grains at and near the tip apex
drastically influence the plasmon resonance properties of the tip.
The arrangement of metal grains with nanometric separation is
analogous to plasmonic nanoparticle chains, studied by some re-
searchers in the past. Maier et al. studied the coupled plasmon
modes in nanoparticle chain waveguides17:18  and discussed how
plasmon resonance depends on both the number of particles and
their separations. Kawata et al. discussed propagation of near-
field light through stacked silver nanorods and showed remark-
able broadening in plasmon resonance, which could be applied
to multicolor image transfer with a sub-wavelength spatial res-
olution!®. Jonathan et al. demonstrated a variety of plasmon
modes including magnetic and Fano-like resonances using assem-
bled clusters of plasmonic spheres?0. Self-similar chain of metal
particles for adiabatic plasmon nanofocusing was also demon-
strated 2122, Similar to these studies, one would expect strong
influence of grain arrangement near the tip apex on plasmon res-
onance in terms of resonance wavelength, broadening as well
as enhancement. Our primary findings indicate that Raman en-
hancement maximizes for an optimal number of grains on a plas-
monic tip and that the nano-gaps between these grains play a very
important role in tuning plasmon resonance as well as in increas-
ing the enhancement. To the best of our knowledge, this is the
first report that examines the enhancement and the spectral prop-
erties of plasmons at the end of the tip for the number of grains
as well as their arrangement. Finally, in order to verify our hy-
pothesis, we experimentally demonstrate the effectiveness of the
multiple-grain structure in TERS by imaging carbon nanotubes
and graphene.

2 Results and discussion

Figure 1(a) shows a model of tip-sample-substrate configuration
used in our simulations. We assume that the TERS probe is 1 um
long and is made of a SiO, conical tip coated with Ag!>. The
diameter and the cone angle of the SiO, tip are 10 nm and 40 de-
grees, respectively. A molecule (marked by a red dot in Fig. 1(a)),
acting as a scattering dipole, is located on a SiO, substrate right
beneath the tip. The distance between tip and substrate is 4 nm.
A radially polarized light is focused and incident on the upper
surface of the substrate from the bottom to excite the molecule
through an objective lens of NA 1.4. The tightly focused radi-
ally polarized light produces a field polarized parallel to the tip
axis at its focus, which facilitates the excitation of a longitudinal
mode of plasmon along the tip axis%3. The incident light covers a
broad spectral range between 300 and 800 nm. At the silver tip,
the localized mode of surface plasmon is excited, which produces
strong Rayleigh scattering around the plasmon resonance that can
be detected in the far-field. In addition, the localized near-field
photons produced by the resonant excitation of the localized plas-
mons excite molecular vibrations in the sample to produce Raman
scattering. The Raman scattering signal is converted back to far-
field by the tip apex and is detected in the far-field through the
same optics used for the excitation.
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Fig. 1 Scattering spectra of a molecule near a tip with various Ag
structures normalized to that without a tip. (a) Model of TERS system
used in simulations. (b) Smooth Ag film on SiO, cone. (c) Rough
corrugated Ag film on SiO, cone. (d) Single Ag particle with a diameter
of 40 nm (solid line) and 80 nm (dashed line) attached on SiO, cone.
The cross-sectional distributions of the excited field are shown in the
right panels at the wavelength of 488 nm for (b) and at the
corresponding resonance wavelengths for (c) and (d). The physical
parameters of the tips are shown in the insets.
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The left panels of Figs. 1(b)-(d) show the scattering spectra de-
tected in the far-field for the tips with different metallic structures
shown in the insets, normalized to that without probe. These
spectra correspond to the Rayleigh scattering of the molecule at
the tip apex. Figure 1(b) shows the scattering spectrum for a
SiO, tip that is entirely covered with a smooth Ag film (or layer)
with a thickness of 20 nm. No pronounced resonance peak is seen
in the spectrum in the visible range, indicating that a smooth
tip with infinitely long metal structure does not act as a plas-
monic antenna in the visible range. Rather, the smooth probe
behaves as a waveguide, on which the plasmon propagates non-
radiatively24-26 and eventually decays by metallic loss. While
one cannot expect resonant field enhancement for a smooth tip,
the field is still localized with some enhancement at the apex of
a smooth probe, as seen in the cross-sectional distribution of the
excited field shown in the right panel of Fig. 1(b), due to the light-
ning rod effect. Owing to the non-resonant nature, the enhance-
ment is only weakly dependent on the wavelength, which can
explain the reported reproducible enhancement in TERS using
smooth gold pyramids2’. The tips used in STM-based TERS are
made of solid metal with smooth surface. However, researchers
have reported good enhancement in STM-TERS. This is because
the use of a metallic substrate is essential for controlling the tun-
neling current in STM. This creates a so-called gap-mode near the
tip apex that confines the light in the tip-substrate gap. There-
fore, even a very smooth tip in STM-TERS still shows enhance-
ment, however, it is relatively wavelength independent and has
less possibilities to either tune or improve plasmon resonance.

In contrast to a smooth tip, the spectrum shown in the left panel
of Fig. 1(c) has a significantly pronounced peak at the wavelength
of 450 nm. This spectrum is obtained for an Ag-coated probe that
is corrugated with hemispherical Ag grains with a radius of 20 nm
(see the inset). The corrugated Ag film entirely covers the 1 um-
long SiO, cone probe. This result demonstrates that grains are
necessary for obtaining resonance. We have compared the scat-
tering intensity of the peak at 450 nm in Fig. 1(c) with and with-
out a tip, and estimated an enhancement factor of about 4,000
in intensity. The mechanism of enhancement by the grains can
be explained by optical antenna theory?8-30, Grains work as res-
onant dipole antennas which receive/transmit optical radiation
between the far-field and near-field. Its size predominantly de-
termines the resonance wavelength of the optical antenna. While
the size of radio wave or microwave antenna is a multiple integer
of half wavelength of the signal, the length of an optical antenna
is much shorter than the wavelength of light because the wave-
length of plasmon polaritons excited in the visible is much shorter
than that of light propagating in free space3!.

Interestingly, our simulated spectrum in Fig. 3(c) shows a simi-
lar spectral response that was experimentally observed in the past
for an Ag corrugated film deposited on a SiO, cone 15 The overall
consistency between the simulation and experiment further cor-
roborates the necessity of grains for obtaining a resonance in the
visible region.

A single particle also works as an antenna. For example, Fis-
cher and Pohl used a single nanoparticle on a flat metal film for
plasmonic nano-imaging32, and Sugiura et al. used an isolated
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metal particle as probe of a near-field fluorescence microscope in
solution33. On the other hand, Okamoto et al. 3* and Kalkbrenner
et al.3> used a gold nanoparticle mounted on the end of an AFM
probe and glass fiber probe, respectively, for near-field scanning
optical microscopy. Barsegova et al. demonstrated a fabrication
of metal nanoparticles at the tip of glass fiber probe with size-
controllable manner3°. Umakoshi et al. grew an Ag nanoparticle
directly on the tip apex by photoreduction and showed higher
TERS enhancement compared to regular tips37. Ando et al. ap-
plied single nanoparticle near-field Raman microscope for observ-
ing cellular molecules inside a living cell38. All these reports indi-
cate that a single particle can be used to resonantly enhance the
light near the antenna. In our study, we also found similar results,
but interestingly, we also found that single particle does not pro-
vide the best enhancement. In the left panel of Fig. 1(d), we show
the scattering spectrum for a single Ag particle with a diameter
of 40 nm (solid line) and 80 nm (dashed line) attached on a SiO,
cone (inset). The resonance peak for the 40 nm particle, which
has the same size as the particles in Fig. 1(c), appears at 370 nm,
considerably blue-shifted compared with that for the probe with
rough corrugated film (Fig. 1(c)). Since the probe shows almost
no enhancement in the visible range, a single Ag sphere with the
size of 40 nm is not an efficient probe of TERS with visible excita-
tion. On the other hand, a spherical particle with 80 nm diameter
shows a stronger enhancement centered around 440 nm in the
visible range. The resonance peak around 440 nm has also been
observed experimentally in the past for a similar size of Ag parti-
cle (diameter of ~100nm) fabricated at the apex of a SiO, tip®.
This enhancement is weaker than that seen in Fig. 1(c) and the
confinement of light (or spatial resolution) is destroyed due to
the larger size of the particle, as shown by the cross-sectional line
profiles of the field intensities between the tips and substrates in
the right panel of Fig. 1(d).

Next, we changed the number of grains (metallic nanoparti-
cles) on the probe to examine the possible variation in enhance-
ment. As illustrated in Fig. 2(a), the grains are arranged in a
certain way on the surface of SiO, cone. The diameters of Ag
particles are 40 nm, and the cone angle of the SiO, probe is 40
degrees. The particles are not connected to each other but are
separated with a gap of 4nm. Figure 2(b) shows the scattering
spectra of a molecule obtained with tips having different number
of Ag particles. The spectrum for the single particle probe (N =1,
top panel) is the same as the one already shown in Fig. 1(d).
When the particle number was increased to N =4 (middle panel),
the scattering intensity became significantly stronger and the res-
onance was shifted to 430nm. At the resonance, the scattering
intensity for the four-particle probe is about eight times stronger
than that for a single-particle probe. The reason for the increase
in scattering intensity with the increase in the number of particles
is that the aggregation of particles works as an efficient coupler
that couples in the incident light from the far-field and couples
out the scattered light to the far-field, while the particle closest
to the sample molecule works as the near-field antenna to excite
the sample molecule. When the number of particles are further
increased to N =9 (bottom panel), the scattering intensity is de-
creased and the resonance is further shifted to 440 nm. The de-
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Fig. 2 TERS enhancement of multiple grain probe. (a) Arrangement of multiple grains on SiO, cone. (b) Scattering spectra of a molecule near the tip
of the probe having one (top), four (middle) and nine (bottom) particles, normalized to that without the probe. (c) The peak wavelength (red circle) and
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a function of the number of particles.

4|

Journal Name, [year], [vol.],1-11

This journal is © The Royal Society of Chemistry [year]



Page 5 of 11

crease of the scattering for the large number of particles can be
explained by the propagation loss of the plasmons through parti-
cle chain over a long distance 7.

It is also interesting to note how the peak shifts and spreads as
the number of grains increases. Figure 2(c) summarizes how the
plasmon resonance peak shifts and broadens as the numbers of
grains increases. As one can see, the peak shifts towards longer
wavelength with increasing number of particles, and asymptoti-
cally approaches to ~450 nm. This behavior of peak shift is some-
what similar to the one observed in the experiment of plasmon
propagation through a nanoparticle chain!”, where the authors
launched plasmons at the particle at one end, which propagates
through the adjacent particles successively via resonant coupling.
However, in our case, all particles are collectively excited and thus
we have the case of resonance in a multiple grain antenna. At the
same time, the resonance peak width (shown as the blue belt)
broadens as the number of grains increases. In the case of the
four-particle probe, the peak width is 70nm (corresponding to
3,300 cm~!), which is broad enough to cover the entire vibra-
tional fingerprint for Raman scattering of most of the samples of
interest. Since Raman spectroscopy is intrinsically a multi-color
technique, such a broadband enhancement is beneficial for TERS
spectroscopy.

In an earlier report, broadening of resonance spectrum was
predicted in stacked silver nanorods!9. Notably, the broadening
was seen only when there was a nano-gap between the adjacent
nanorods. If the gap was removed, the chain behaved like a long
rod and thus multiple peaks appeared rather than a broadband.
This indicates that the existence or absence of gap between grains
is an important issue that needs to be examined. Figure 2(d)
shows scattering spectra simulated in the near-field for a probe
with 16 particles. When the grains are disconnected, a broad
resonance peak is seen at 450 nm (solid line). If the grains are
connected, the spectrum shows weaker enhancement with mul-
tiple modes in the visible region (dashed line). The peak seen
at 480 nm in connected grains represents the second-order reso-
nance, while the fundamental dipolar resonance mode appears in
the infrared, outside the spectral range shown in Fig. 2(d). We
do not consider the fundamental mode in this study since Raman
scattering becomes considerably inefficient in the infrared region
due to the forth power dependence of Raman scattering cross-
section on optical frequency. This shows a clear indication that
probes with disconnected metallic particles are much better than
the probes with connected particles for TERS in the visible region.

Finally, we evaluated how TERS enhancement depends on the
number of grains. We assume that the wavelength of Raman ex-
citation is set at the peak wavelength of the plasmon resonance
for each probe. In the reported literatures, it is common to eval-
uate TERS enhancement simply as the fourth power of the field
enhancement at the tip apex*%4! neglecting the wavelength shift
from the excitation. In our evaluation, we also take into ac-
count the Raman shift. This is done by spectrally averaging the
scattering intensity over the spectral range between O cm~! and
3000cm~'. The obtained value, which represents an expected
enhancement factor for Raman scattering, is multiplied by the
enhancement factor at Raman excitation wavelength to obtain a
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value of TERS enhancement. The result is shown in Fig. 2(e) as a
function of the number of grains. From this graph, we found that
the probe with four particles shows the highest value of enhance-
ment, as was also seen for Rayleigh scattering in Fig. 2(b). The
enhancement factor of the four-particle probe is about 8,400, al-
most 10 times higher than that of a single particle probe. In fact,
the optimal number of grains showing the highest enhancement
depends upon the other tip parameters (such as particle shape,
size, and inter-particle distance), which we will discus later in
more details. In a real experiment, the typical number of grains
for a 1- um-long conical probe is ~600, which is also shown in
Fig. 2(e). This 600-grain probe enhances Raman scattering by
factor of 2,900, three times higher than that of a single-particle
probe.

In order to obtain further insight into the mechanism of tip-
enhancement produced by multiple grains, we considered a sim-
ple arrangement of the grains where the metal particles are
aligned in a linear chain on the tip surface. We calculated the field
intensity enhancement at the tip by changing the particle shape,
size, and gap distance, and investigated how the enhancement
depends on these parameters. In our simulations, the chain was
illuminated by a plane wave normally incident on the chain body
with a polarization along the chain axis. Figure 3(a) shows the
calculated field intensity enhancement at the end of the particle
chain (marked as the red dot in the left panel) for different num-
ber of particles. The diameter and the gap length are 40 nm and
4 nm, respectively, which are the same as in Fig. 2. For the single
particle, the plasmon resonance is observed at 370 nm. The reso-
nance peak shifts when another particle is added. The resonance
of longitudinally coupled modes shifts to longer wavelength as
the number of particles increases, which is similar to what we
had observed for multiple grain probe in Fig. 2. The enhancement
also changes with the number of particles. The enhancement for
two particles (or dimer) is stronger than that for single particle.
While researchers have extensively studied Raman enhancement
at the gap or junctions of particle dimer%42-44_ our calculations
demonstrated that the enhancement becomes stronger not only at
the gap but also at one end of the dimer. The strongest enhance-
ment in Fig. 3(a) is observed for three particles. This optimal
number of particles changes when gap distance is changed. Fig-
ure 3(b) shows the simulation results for the same situation as
in Fig. 3(a), except that the gap size was reduced from 4nm to
1nm. The optimal number of particles for maximum enhance-
ment changes to N = 4 for reduced gap size. The observed differ-
ence of the optimal number is due to the fact that, for smaller gap,
the field is strongly concentrated inside the gap rather than on the
metal surface, which reduces the propagation loss of surface plas-
mon and allows plasmon propagation for longer chain. Also, the
field intensity enhancements for any number of particles become
considerably stronger compared with the case of 4 nm gap. While
the enhancement becomes higher for the smaller gap, the amount
of peak shifts also become larger. This means TERS enhancement
becomes more sensitive to the number of particles for a given
Raman excitation wavelength. While the smaller gap distance
promotes stronger interaction between the adjacent particles, the
stronger interaction can also be induced by changing the shape
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of particles, for example, from sphere to rod. Figure 3(c) shows
the result for a chain consisting of rods with a length, diameter,
and gap distance of 40, 30 and 4nm, respectively. In compar-
ison of the spherical particles, the rod-like particles change the
geometry at gap where larger surface areas of the adjacent parti-
cles face each other at the gap and hence result in stronger plas-
mon coupling at the gap. The optimal number of particles for the
strongest enhancement for the rod-shaped particles is again four,
although the gap distance is large. This result demonstrates that
the strength of the longitudinal coupling between the adjacent
particles significantly affects the spectral behavior of the multi-
ple particle antenna. The strong inter-particle coupling for rods
manifest itself also as the large amount of peak shifts compared
to the case of spherical particles having the same gap distance of
4nm (Fig. 3(a)). As already discussed, the metallic loss is the
main cause for the decrease of enhancement beyond the optimal
number of particles. To reduce the metallic loss, it is beneficial
to reduce the surface area of metal. We thus examined smaller
particles with diameters of 20 nm and a gap distance of 2nm, as
shown in Fig. 3(d). Similar to the larger particle chain, here we
chose the gap to be one-tenth of the particle size. Here, we find
that the results are comparable with those obtained in the case
of 40 nm particles (Fig. 3(a)), expect that the total enhancements
are reduced, which is expected for smaller particles. However,
comparing the enhancement of two 20 nm-particles with that of
one-40nm particle, we observed stronger enhancement for two
20 nm-particles, even though the net antenna lengths are almost
identical in the two cases. It is also interesting to examine a chain
made of gold spheres, which is shown in Fig. 3(e). For the same
parameters as in Fig. 3(a), the enhancement in Fig. 3(e) is max-
imum for five particles. The peak shift in gold is relatively small
but the peak width broadens significantly with increasing number
of particles. The behavior is similar to the case of silver particles,
the total enhancement is weaker than silver case. Therefore, we
concluded that silver particles are better for TERS in visible re-
gion. As a summary of the above discussion, in Fig. 3(f), we
compared the TERS enhancement as the number of particles for
different grain configurations examined above. As seen from the
graph, the strongly coupled particles, such as rods or spherical
particles with smaller gap, provide extremely high value of TERS
enhancement, but the enhancement is also sensitively dependent
on the number of particles. On the other hand, the maximum pos-
sible TERS enhancement for relatively weakly coupled particles is
moderate, and the enhancement in this case is less sensitive to
the number of particles.

Finally, we performed some experiments to verify the effective-
ness of disconnected multiple grain probes for TERS imaging. To
begin with, we show in Fig. 4(a) the Raman spectra of a graphene
sample, which was measured by bringing a silver probe whose
surface was corrugated with connected grains (left panel) close
to the sample. The graphene sample used in the present experi-
ment was uniformly thick with a large area of several tens of um?.
Such a planar sample is ideal for evaluating the enhancement
factor®®. The scanning electron microscope (SEM) image of the
probe used in the experiment is shown in the inset. The spectrum
in red shows a Raman spectrum when the probe tip was near the
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sample, while that in blue shows the same expect that the probe
tip was far from the sample. As seen from the figure, Raman sig-
nal intensities at G-band (1590 cm™~!) and 2D-band (2700 cm ™)
were increased with the enhancement factors of about 880 and
1,100, respectively. The enhancement at G-band is weaker than
that at 2D-band, which can be explained by the spectrally nar-
row resonance of the connected grain probe, as explained before
for Fig. 2(d). For comparison, Fig. 4(a) also shows the result of
the same experiment but with a probe that had smoother surface
(right panel). It is seen from the SEM image that the surface cor-
rugation on the surface of the probe has a period of several hun-
dreds of nanometers, which is much larger than the wavelength
of the surface plasmons, and hence, the probe can be categorized
as a smooth tip. Both peaks at G- and 2D-bands are only weakly
enhanced when the tip is near to the sample, which corresponds
to an enhancement factor of only 230. The smaller enhancement
factor observed for the smooth tip is consistent with the result of
simulation shown in Fig. 1(b), where no resonance was observed
for enhancement. From these results, we conclude that roughness
on silver is crucial for obtaining enhancement as predicted from
our simulations.

Next, we arranged silver grains discretely on SiO, cone. Fig-
ure 4(b) shows a SEM image of the probe used in this experiment.
Judging from the SEM image, the grain at the probe end has a di-
ameter of 40 nm. We fabricated the disconnected grains on SiO,
cone by heating up the SiO, cone to a temperature of 600K dur-
ing the Ag deposition. We have fabricated 30 probes under the
identical conditions. All of them had the same surface morpholo-
gies as judged from the average grain size and inter-grain separa-
tions near the apex in SEM observations. Figure 4(c) shows the
Raman spectra of the same graphene sample used in Fig. 4(a),
obtained with the probe shown in Fig. 4(b). The Raman intensi-
ties of G- and 2D-bands were found to be increased by about 25
times when the probe was near the graphene than when it was
far, which corresponds to an enhancement factor of 5,500. The
enhancement factor was calculated as the ratio of the detected
near-field Raman intensity per unit sample volume to the detected
far-field Raman intensity per unit sample volume ®. The detec-
tion volume for far-field comes from the size of diffraction-limited
spot, while we assumed a 14 nm-diameter-spot for near-field de-
tection, as demonstrated in the TERS image of carbon nanotube
(CNT) shown in Fig. 5(b). The obtained value of Raman enhance-
ment factor is considerably larger than the value obtained with a
tip that had connected grains (Fig. 4(a)). Unlike the spectrum
obtained with the connected grain probe (Fig. 4(a)), the peaks
at G- and 2D-bands are nearly equally enhanced in the spec-
trum obtained with the disconnected grain probe, which is due
to the broadened plasmon resonance as predicted in our simu-
lation shown in Fig. 2(c). We have repeated experiments with
many probes fabricated under the identical conditions, and ob-
served similar Raman enhancement, which proves a satisfactory
repeatability of the tip preparation method described above.

We further applied the disconnected grain probe for imaging
CNT bundles. Figure 5(a) shows the Raman spectra of an iso-
lated bundle of CNTs obtained with the probe. The probe used in
the experiment is shown in the inset. The silver grains are sepa-
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Fig. 4 (a) Raman spectra of graphene sheets scattered with Ag tip having rough (left panel) and smooth (right panel) surface. The spectra are
vertically shifted for clarity. The insets show scanning electron micrograph (SEM) of the tip used. The scale bar is 100 nm. (b) SEM of disconnected
Ag grains coated on SiO, cone probe. (c) Raman spectra of a graphene sheet measured with the disconnected multiple grain tip. The spectra are
vertically shifted for clarity.
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Fig. 5 (a) Raman spectra of carbon nanotube (CNT) bundles scattered
with the disconnected multiple grain tip. The spectra are vertically
shifted for clarity. The SEM image of the probe having disconnected Ag
grains is shown in the inset. (b)—(d) TERS images of CNTs measured
with the disconnected multiple grain tip are shown at G-band, radial
breathing mode (RBM), and 2D-band, respectively. The line profile of
Raman intensity is shown in (b) along the dashed line. (e) Topographic
image of CNT simultaneously taken during scan.

rated from each other. The diameter of the top particle is about
40nm. The three peaks, namely the RBM (182 cm™ D), the G-
band (1590cm~!), and the 2D-band (2700cm™!) are all nearly
equally enhanced in the spectrum obtained with the disconnected
grain probe. This result demonstrates again the broad resonance
provided by the disconnected grain probe, as predicted by the
simulation shown in Figs. 2(c) and (d). The enhancement factor
in case of CNT was about 500. We note that this enhancement
factor is different than the one observed for graphene (Fig. 4).
This is known in literature*® that the enhancement factor de-
pends on the sample as well as on the Raman mode observed.
However, with probes fabricated under the same conditions, the
enhancement factor of about 500 was consistently obtained for
CNT sample. Figure 5(b) shows a Raman image constructed with
the G-band at 1590 cm !, obtained with the disconnected grain
probe shown in Fig. 5(a). The sample consisted of two CNT bun-
dles crossing each other, which were dispersed on a glass cover-
slip. The tip was scanned with a step size of 10 nm in the area of
800%400nm?. The spatial resolution in this experiment was es-
timated to be 14 nm, as shown in the inset, which was calculated
from the intensity line profile across the CNT bundle (dashed
line). Figures 5(c) and 5(d) show the images of the same sam-
ple, but represent radial breathing mode (RBM) and 2D-band,
respectively. These three images show high signal-to-noise ratio,
even though we did not subtract far-field Raman signal as a back-
ground. For comparison, the topography of the sample is shown
in Fig. 5(e), taken by AFM with a tip-applied force kept at 0.12

This journal is © The Royal Society of Chemistry [year]
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nN, which is weak enough to avoid any deformation of the sample
or the silver particle on the tip during scanning.

It is known that the silver particles are easily oxidized in air. In
our experiments, we also observed enhancement decreases if we
use the tip after one or two days. Some researchers have proposed
a thin dielectric coating on the tip to protect it from oxidization4’,
however, thin spacer layer can reduce the enhancement. In our

case, we used the tips immediately after fabrication.

3 Conclusions

We have investigated the effect of multiple metal grains on the
enhancement of TERS signal. Our principal conclusion is that a
group of grains acts as an effective plasmonic antenna to receive
and transmit light in nanoscale. Even a single particle works,
but multiple grains are more efficient. The value of enhancement
changes with the number of grains—there is an optimal number
for the grains. Furthermore, spectral broadening has been ob-
served for grains that are closely gathered but separated. The
nano-gap between grains is responsible for this spectral broad-
ening. Using a standard vacuum vapor deposition, the grains
were successfully structured with a separation length of a few
nanometers on a SiO, cone probe. Using the fabricated probe,
we obtained TERS spectral images of CNT bundles with a spatial
resolution of 14nm. The distribution of CNTs was clearly pic-
tured at multiple Raman bands of RBM, G- and 2D-bands. We
have estimated the factor of enhancement as 5,500. A higher
enhancement is anticipated using a probe with uniformly-sized
grains with identical antenna resonances. This can be accom-
plished for example by attaching mono-dispersed silver nanopar-
ticles on the surface of SiO, cone using surface modification tech-
niques. Also, fabrication of the probe with an optimal number
of grains would be the next technical challenge. The multiple-
grain tip structure studied here holds a substantial promise as
an efficient TERS probe for molecular imaging and analysis in
nanoscale.

4 Experimental

FDTD simulations

The calculation was performed in three dimensions using finite-
difference time-domain (FDTD) method. The mesh size was set
at 0.5 x 0.5 x 0.5nm?> inside a rectangular parallelepiped region
of 300 x 300 x 350nm> including the tip, but outside this re-
gion, the mesh size gradually became coarser in order to save
on computation complexity. The total volume for simulation was
2.2x2.2x2.2 um?. The dielectric constants of Ag and SiO, were
obtained from the literature 4.

Tip fabrication

Si cantilever probe for atomic force microscope (AFM) was first
thermally oxidized to change the body material from Si to SiO, 1°.
Subsequently, Ag (99.999% purity) was vacuum deposited on the
SiO, cone under a pressure of ~ 1 x 1073 Pa. The higher surface
free energy of Ag compared with that of SiO,, makes Ag atoms im-
pinging on the surface of SiO, aggregate to form clusters*’. The
clusters grow in size as the deposition proceeds to form grains. To
make disconnected grains, we heated the SiO, cone up to a tem-
perature of about 600 K during the deposition. On the surface of
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high temperature, the deposited atoms diffuse with a higher mo-
bility. This makes the distance between the clusters larger com-
pared with the case without heating, which prevents grains from
connecting with each others. We also applied a relatively slower
deposition rate of 0.2A/s to allow Ag atoms move around freely
on the SiO, surface. We stopped the deposition before grains be-
come connected by occupying the substrate surface (mass thick-
ness of about 40nm). It was crucial to mount the probe per-
pendicular to the evaporation source for obtaining uniformly dis-
tributed particles with uniform size. For making the connected
grains, the deposition was done without heating. Smooth tips
were fabricated using higher deposition rate of 1.0 A/s.

Sample preparation and experiment procedure Graphene
samples were prepared by mechanical exfoliation of a highly ori-
ented pyrolytic graphite (MikroMasch) *°. For the preparation of
CNT samples, a drop of 1,2-dichloroethane solution of CNT (Mei-
jio Nano Carbon) was spin-casted and dried. The tip was brought
into contact with the sample using an AFM head mounted on
an inverted optical microscope. The laser, with a wavelength of
488 nm, was passed through a radial polarization converter and
focused on the tip apex through an oil-immersion objective lens
having an N.A. of 1.4. The Raman scattered signal was collected
through the same objective lens and delivered to a Raman spec-
trometer equipped with a thermoelectrically-cooled CCD camera.
The laser power was typically 0.8 mW on the sample. As the
probe raster-scanned over the sample with 10 nm step, Raman
spectra were recorded pixel-by-pixel with an acquisition period
of 300 ms. We evaluated TERS enhancement factors following
the formula described in the literatures 16,
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