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Optical antennas for tunable enhancement in tip-enhansed Raman spectroscopy imaging
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The use of optical antennas in tip-enhanced Raman spectroscopy (TERS) makes it a powerful optical analysis and imaging technique at the
nanoscale. Optical antennas can work as nano-light sources in the visible region. The plasmonic resonance of an antenna depends on its length;
thus, by varying the length, one can control the enhancement in TERS. In this study, we demonstrated a fabrication method based on focused ion
beam milling to realize optical antennas with desired lengths. We then measured the resonances of these fabricated antennas and performed
TERS imaging of carbon nanotubes to demonstrate the antenna length dependence on plasmonic resonance.
© 2015 The Japan Society of Applied Physics

n optical antenna is a subwavelength device that
eﬃciently couples the energy from a free propagating radiation to a conﬁned region with a size comparable to that of the antenna. In particular, if a conically
shaped antenna with a nanometric apex is illuminated resonantly, it can act as a nano-light source.1–6) The resonance of
an optical antenna, however, depends on the geometry and
material. One can trace the ﬁrst use of metallic nanoparticles
as antennas in microscopy way back in 1928.7)
Tip-enhanced Raman spectroscopy (TERS) utilizes a
sharp metallic tip as an antenna,1–8) which is positioned on
the sample by either atomic force microscopy (AFM) or
scanning tunneling microscopy (STM). In the case of AFMbased TERS, the antenna is usually obtained by coating a thin
metal layer on a semiconducting AFM cantilever tip, and in
the case of STM-based TERS, a solid metallic tip is used as
the antenna. The tip in either case conﬁnes the light to a few
nanometers and enhances the optical signal by several orders.
In order to perform nanoimaging through TERS microscopy,
the tip is raster-scanned on the sample by AFM or STM.
Here, we discuss the case of AFM-based TERS, where
metal-coated semiconducting cantilever tips are used as
optical antennas. Among many metal coating techniques,
metal evaporation under high vacuum is the most successful
and popular technique in AFM-based TERS.5) Even then, the
reproducibility of these antennas with desired plasmonic
resonances is a critical issue, and researchers have paid great
attention to improve the fabrication technique to achieve a
higher reproducibility.9,10) This is because the resonances of
such antennas can be controlled by either the choice of metal
or the shape and size of the metal grains deposited on the
cantilever tip, which is challenging to control and reproduce.11–14) The choice of metal controls the resonance in the
broader region, while the resonance can be ﬁne-tuned by
proper control over the size and shape of the metal grains on
the tip.15) An innovative way to control the size of the metal
on the evaporated tip is to utilize focused ion beam (FIB)
milling, which is expected to provide a precise control of the
size of the metal as well as a much higher reproducibility.12)
Here, we demonstrate a method of precisely controlling the
size of the metal on optical antennas using FIB milling, as
illustrated in Fig. 1.
Apart from the choice of metal and the size of the antenna,
the refractive index of the base material of the tip also plays
an important role in tuning the plasmon resonance.16) For a
stronger resonance in the visible region, a lower refractive
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Fig. 1. (a) Illustration of FIB-milled ring shape on an AFM tip at distance
L from the apex. (b) The mushroom-shaped apex can shadow the milled
area during silver vapor deposition, and an antenna of length L, which is
disconnected with the metal on the rest of the tip, can be formed at the tip
apex.

index of the base material is better suited. For this reason,
we ﬁrst oxidized the tip to convert the base material from
Si (reﬂective index = 4.4 at λ = 488 nm) to SiO2 (reﬂective
index = 1.5 at λ = 488 nm). We then milled out a ring
shape on the tip at a desired distance from the apex, using
FIB that was directed perpendicular to the tip axis around the
tip surface, as illustrated in Fig. 1(a). This process removed
silicon dioxide from the outer part of the tip in the milled
region, leaving silicon dioxide only near the axis. In the
present study, the ring shape was milled out at distances
of 100, 200, and 300 nm from the apex for three diﬀerent
tips. The width of the ring of about 100 nm, which created a
mushroom-shaped apex, as can be seen in Fig. 1(a), produced a discontinuity on the surface of the tip that separated
the apex from the rest of the tip surface. The advantage of this
shape is that when metal is evaporated from the bottom, the
mushroom-shaped apex creates a shadow and the metal is not
deposited in the milled area, as illustrated in Fig. 1(b). This
separates the metal on the apex from the metal deposited
on the rest of the cantilever. The width of the milled area,
which is about 100 nm, is suﬃciently large to guarantee no
plasmonic interaction between the metal on the apex and the
metal on the rest of the cantilever,17) making it a true ﬁnitesize tip of desired length. The tip therefore behaves similarly
to a ﬁnite-size metallic antenna, whose length is selected
during FIB milling. FIB images of the milled tips can be seen
in Fig. 2(a).
We then thermally evaporated a silver layer on the milled
AFM tips. The evaporator was set to evaporate a 60-nm-thick

032401-1

© 2015 The Japan Society of Applied Physics

Appl. Phys. Express 8, 032401 (2015)

I. Maouli et al.
(a)

Fig. 2. (a) FIB images of FIB-milled AFM tips with diﬀerent lengths,
(b) SEM images of antennas with diﬀerent lengths after the silver deposition.

silver layer at a rate of 1 Å=s under a high vacuum of 10−6 Pa.
This thickness corresponds to a layer deposited perpendicular
to the evaporation direction. However, in the case of sharply
tapered tips, the actual deposited layer is much thinner. In
the present case, the cone angle of the tip apex is 28°, and
the thickness of the evaporated silver layer on the tip is
about 15 nm. The radius of curvature at the tip apex before
the evaporation is 5 nm, which, after evaporation, becomes
20 nm. We fabricated three antennas with lengths of 100,
200, and 300 nm, the SEM images of which are shown in
Fig. 2(b). The fabrication method used has high precision
and reproducibility, and it allows us to tune the plasmon
resonance to a desired wavelength by selecting the size of the
mushroom-shaped apex in the milled tips. From previous
numerical and experimental studies,12,13) we expect that a
longer antenna will show a redshift in plasmon resonance.
In order to estimate the resonance wavelengths of the
fabricated optical antennas, we applied dark-ﬁeld scattering
measurements. The dark-ﬁeld microscope, illustrated in
Fig. 3(a), was constructed using a xenon lamp that served
as the incident white light source. The light was collimated
and focused on a glass substrate via an objective lens
(100×, NA = 1.49, oil immersion). A mask was introduced
in the excitation path to cut the low-NA components so
that the illumination light with only larger incident angles
would approach the glass substrate and get totally internally
reﬂected. The antenna, which was set on the other side of
the glass substrate, was therefore illuminated by only an
evanescent ﬁeld. The antenna was positioned at the focus
by an AFM feedback system. In order to avoid the strong
background from the incident light, the scattered signal was
collected only in the low- NA region by the same objective
lens. The scattered light was introduced to a spectrometer and
detected by a CCD camera. In order to remove any remaining
background from the light source, the detected spectrum was
normalized by the xenon lamp spectrum. The experimental
results showed that the fabricated antennas with lengths of
100, 200, and 300 nm had resonances at 450, 510, and 590
nm, respectively. Figure 3(b) shows scattering spectra of the
three fabricated optical antennas.
In order to conﬁrm that the enhancement in TERS can be
tuned with the length of the antenna, we performed TERS
imaging of carbon nanotubes (CNTs) using our fabricated
antennas. It is well known that CNTs show high Raman
intensities when measured near the resonance condition. In
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Fig. 3. (a) Schematic diagram of the experimental setup. (b) Scattering
spectra of fabricated antennas with diﬀerent lengths (L).

order to have a CNT sample that shows a near-resonance
condition for a broad-wavelength region, we prepared our
sample by mixing CNTs of several chiralities. These mixed
CNTs were casted in the form of bundles on a glass substrate.
The G-mode (1590 cm−1) of our sample did not show any
strong dependence on the incident wavelength used in the
present work.18) The CNT sample was illuminated with a
p-polarized CW laser via an oil-immersion objective lens
with NA equal to 1.49. The scattered signal was collected by
the same objective lens, dispersed by a spectrometer, and
recorded by a CCD camera. The antennas were positioned
on the focus spot, and the CNT sample was scanned using
the contact-mode feedback operation of the AFM system. We
used three diﬀerent illumination wavelengths, which were
473, 532, and 561 nm. The 473 nm illumination was in nearresonance with the antenna of 100 nm length, the 532 nm
illumination was in near-resonance with antennas of 200 and
300 nm lengths, and the 561 nm illumination was in nearresonance with the antenna of 300 nm length. The results are
presented by TERS images shown in Fig. 4, which were
obtained for three diﬀerent excitation wavelengths using the
fabricated antennas of 100, 200, and 300 nm lengths.
Interestingly, TERS images show that we obtain higher
enhancements for Figs. 4(a), 4(e), 4(f ), and 4(i), where the
incident wavelengths are in near-resonance with the antennas.
The maximum enhancement factor of 1436 was estimated for
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Fig. 4. TERS images (320 × 320 nm2) of CNT samples, constructed from the G-band intensity. The exposure time for each pixel was 0.5 s. The
abbreviations EF, L, and λ indicate the enhancement factor, the length of the antenna, and the illumination wavelength, respectively.

Fig. 4(i). The enhancement factor was estimated from the
intensity ratio between the near-ﬁeld and far-ﬁeld measurements per unit area.11) When the illumination wavelengths are
far from the plasmonic resonances of the antennas, such as
in Figs. 4(c), 4(g), and 4(h), TERS intensities are extremely
low. This conﬁrms that our fabricated antennas of diﬀerent
lengths can selectively show high enhancements for illumination near their plasmon resonance, which can be precisely
controlled by choosing the length of the metal on the tip apex
in our FIB fabricated tips.
Since nanosized samples have an extremely weak Raman
scattering, it is advantageous to use an incident light with an
energy close to the band energy of the sample for resonant
Raman eﬀects. This means that one would prefer to select a
particular wavelength of the incident light for a given sample.
Our fabrication technique comes very handy in such a case,
because it can produce an antenna with the desired length that
would selectively enhance a preferred incident wavelength.
This precisely controlled tunability of Raman enhancement
would be of tremendous advantage for samples with a weak
Raman scattering.
In conclusion, we have demonstrated a fabrication method
for optical antennas using FIB and thermal deposition of
silver on AFM tips. We fabricated three antennas with
diﬀerent lengths of 100, 200, and 300 nm, and conﬁrmed
via scattering spectrum measurement that their plasmonic
resonance wavelengths increased with increasing antenna
length. The fabricated antennas were used for TERS imaging
where we demonstrated that a high enhancement could be
obtained when the illumination wavelengths were near the
plasmonic resonance of a given antenna. Our technique can
be used to fabricate antennas for TERS where one can very
precisely control the antenna length and hence tune the
plasmon resonance for better spectroscopic and imaging

measurements. This would prove to be an important work
where controlling a reproducible enhancement in TERS is
still a challenge.
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