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Abstract—The role of plasmon resonance on the optical efficiency
of nanoantennas for tip-enhanced Raman spectroscopy (TERS) is
reviewed. Technical details on surface plasmon polaritons (SPP),
localized surface plasmon resonance (LSPR), and the plasmon gap
mode are provided. Nanotechnology engineering is necessary to
adequate the nanoantenna’s size, shape and composition to match
resonance conditions with the exciting radiation source. Computa-
tional simulation guides the development of new types of plasmonic
nanoantennas with different materials and morphologies, specially
designed to reach target applications. An overview on a recently
developed nanoantenna composed by a truncated micropyramidal
body with a nanopyramid end is presented. The characteristic
length L of the nanopyramid tip is dimensioned to fine-tune LSPR
modes, giving rise to the so-called plasmon-tunable tip pyramid
(PTTP). The plasmonic properties of this type of probe were in-
vestigated by electron energy loss spectroscopy and computational
simulations, reveling that PTTPs act as monopole nanoantennas.
TERS results obtained with the PTTPs demonstrate the achieve-
ment of unprecedent levels of field enhancement mediated by LSPR
with excellent reproducibility rate.

Index Terms—Optical nanoantennas, tip-enhanced Raman
spectroscopy, plasmon resonance, LSPR, HIM, graphene,
nanopattern.

I. INTRODUCTION

O PTICAL nanoantennas are metallic structures specifically
designed to support dipole [1]–[3] or monopole [4], [5]
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localized surface plasmon resonance (LSPR) modes driven by
radiation fields with specific wavelengths (λligth). As for
any ordinary antenna, they are meant to convert propagating
far-field into localized near-field energy/information, and
vice-versa. Many applications benefit from the tunability of
the LSPR’s discrete energy modes, which is operated by
adjusting the nanoantenna shape and size [6], [7]. Examples
can be found in contrast agents for bio-imaging [8], colors
devices [9], biosensing devices [10] and cancer cell imaging
and photothermal therapy [11].

Tip-enhanced Raman spectroscopy (TERS) is a type of scan-
ning near-field optical microscopy (SNOM) specially adapted
to the vast field of Raman spectroscopy [12]–[17]. As for any
SNOM technique, the nanoantennas are firstly employed for
local illumination [12], [18]. The incident radiation field in-
teracts with the material system, and the product of this inter-
action gives rise to inelastically scattered radiation fields (the
frequencies are distinct from the incident field). The scattered
fields contain valuable local chemical and structural spectral
information on the material’s properties. The nanoantenna is
responsible for collecting near-field components of the scattered
radiation fields, transposing them into propagating radiation
that reaches a detector device located in the far-field range. By
employing the SNOM schema, TERS carries the advantage (over
usual Raman spectroscopy) to perform chemical and structural
analyses with spatial resolution ranging from tens to tenth of
nanometers [18]–[21]. The main drawback is the intrinsically
low yield of Raman scattering: TERS has to deal with extremely
weak fields, originated from tiny areas. The near-field infor-
mation coming from the probed area (≤100 nm2) competes
with the far-field signal coming from the whole focus area
(≥60,000 nm2). For this reason, a crucial quality factor in the
TERS technology is the optical efficiency of the nanoatenna,
which must be sufficiently high to guarantee optical contrast
between near-field and far-field signals.

To achieve this degree of quality, the nanoantenna should
support LSPR modes tuned to the incident laser used in the
TERS measurement. For radio and microwave antennas, the
matching occurs when the antenna’s characteristic length (L) is
an even multiple of λligth/2. However, within the visible spectral
range, metals are no longer perfect conductors, and the surface
plasmon’s effective wavelength (λeff ) becomes considerably
different from the wavelength of the light in free-space, with
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λeff < λligth [12]. Therefore, proper nanoantenna engineering
is necessary to adequate the nanoantenna’s size, shape and
composition to the wavelength of the incident laser light used in
the TERS experiment.

This manuscript presents an overall description of the rules of
surface plasmon resonances in different types of optical nanoan-
tennas used in TERS systems, approaching several technical
aspects such as modeling, engineering and characterization.
The recent creation of monopole TERS nanoantennas fabricated
thorough a high reproducible lithography process is revisited.
This monopole-type nanoantenna, denominated as plasmon-
tunnable tip pyramid (PTTP), is able to achieve extremely high
levels of field enhancements with spatial resolution beyond
20 nm. To illustrate the potential of the PTTPs as special probes
for TERS, near-field Raman images and analysis of 2D materials
are presented.

II. DEFINITIONS OF OPTICAL EFFICIENCY

There are several distinct ways to define and measure the
optical efficiency of a TERS probe. The most primary one is
the spectral signal enhancement, FTERS[14], also referred as
contrast [22], defined as the ratio between the Raman intensities
measured in the presence (Itip-down) and without the presence
(Itip-up) of the TERS probe. Because the former contains con-
tributions from both near-field (NF) and far-field (FF) signals,
FTERS is written on the form:

FTERS =
Itip-down

Itip-up
=

IFF + INF

IFF
. (1)

However, this quantity cannot be intrinsically addressed to
the probe because it also depends on the sample dimension,
becoming smaller as the sample’s dimension gets higher. For
example, the same probe provides lager FTERS considering the
TERS signal from a carbon nanotube (1D) than from a graphene
(2D), simply because the FF signal originates from the whole
focus area in the graphene case, boosting up IFF. To address this
problem, a most accurate definition should take into account
the area of the sample’s surface illuminated by the incident
laser field, defined here as AFF, and also the area under the
nanoantenna’s apex,ANF. This type of optical efficiency, known
as signal enhancement factor, MTERS, is defined on the form:

MTERS = (FTERS − 1)
AFF

ANF
. (2)

Recently, a more robust way to measure the optical efficiency
of TERS probes was introduced. The method takes into account
the evolution of the TERS intensity as the nanoantenna (tip)
approaches the sample’s surface [23]–[25]. The measured TERS
intensity is plotted as a function of the tip-sample distance,
giving rise to the so-called tip-approach curve [26]. The field
enhancement factor fe, which scales with M

1/4
TERS, can be ex-

tracted from the fitting of the approach curves trough theoret-
ical functions that take into account geometrical factors (e.g.
sample’s dimensionality, nanoantenna apex’s radius), material
properties (e.g. symmetry of vibrational modes and respective
Raman tensors, correlation length of optical phonons), electro-
magnetic interactions between the incident or scattered fields
and the nanoantenna (antenna’s polarizability), and filed-field

Fig. 1. Conceptual illustrations of different types of mechanisms for electric
field enhancement at the apex of a sharp metallic tip. (a) Lightning-rod effect
(LRE). (b) Surface plasmon polariton (SPP). (c) Localized surface plasmon
resonance (LSPR). (d) Gap plasmon mode.

interactions giving rise to interference effects that resemble the
coherernce properties of the scattered fields and the material
system [23], [24], [27].

III. ENHANCEMENT MECHANISMS

The first probe reported in the literature used in a SNOM
experiment was a tapered optical fiber coated with a metallic film
containing an aperture on its apex [28]. The aperture was used for
both emission and collection of incident and scattered radiation,
respectively [29]. The metallic coating was responsible for gen-
erating enhancement of local fields. The sample’s surface was
raster scanned by the aperture, and the intensity of the collected
light was used to construct 2D images with lateral resolution
defined by the size of the aperture (∼50 nm) [12]. The main
disadvantage of this approach is the low optical efficiency, which
drastically drops as the aperture size becomes smaller. Besides,
the metallic coating is extremely sensitive to laser heating, and
low optical input is mandatory. All together, it becomes clear
that optical efficiency competes with spatial resolution in exper-
iments using aperture probes. Since TERS requires both, this is
not a good approach for TERS. It was not accidentally that the
first TERS experiments reported in the literature were performed
using solid (apertureless) metallic tips as nanoatennas [30], [31].
Nowadays, there are dozens of different designs of apertureless
probes for TERS [18]. In the following, we summarize the main
known enhancement mechanisms that can improve their optical
efficiencies.

A. Lightning Rod Effect

The non-resonant lightning rod effect (LRE) is a mechanism
that generates an enhanced electric field localized at the apex of
an illuminated sharp tapered metallic tip [12], [15], [32]. The
source of this secondary field is a high-local surface charge
density driven by the external electromagnetic radiation field.
The effect is stronger if the external field is polarized parallel to
the tip’s shaft [12], [32], [33]. Besides, polarization-dependent
spectral signal enhancement can be used to revel crystal domains
and ordered organic nanostructures [34].

For instance, a smooth, semi-infinite conical gold tip, such as
the one depicted in Fig. 1(a), is not able to support any type of
plasmon resonance. In such featureless probes, the only possible
mechanism of local electric field enhancement is the LRE. A
clear example that shows that LRE does not involve any type
of plasmon resonance is the occurrence of local electric field
enhancement in tungsten conical tips at optical frequencies [32],
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[35], [36]. Surface plasmons are forbidden in tungsten within
this frequency range, being limited to the near-infrared range.
However, since the plasma frequency occurs at the UV range,
non-resonant surface electron oscillations are allowed. There-
fore, the local field enhancement can only be due to LRE.

Because LRE is essentially non-resonant, the associated op-
tical efficiency depends primarily on the probe’s morphology
and electrical conductivity at the frequency of the radiation field
that drives the surface charge density [18]. The main geometrical
factors are the conical open semi-angle (α) and apex size (φ).
The optical efficiency increases as φ decreases and, for gold tips
with φ ∼15 nm, α ∼35◦ provides the optimal condition [32].
In terms of materials properties, the dielectric function ε plays
the most important role. Small imaginary components of ε
leads to better enhancement. In general, LRE provides moderate
spectral signal enhancement. For TERS experiments performed
in graphene, the best values reported in the literature indicate
FTERS ∼ 3 and MTERS ∼460 [5], [24], [37].

B. Surface Plasmon Polariton

Surface plasmon polariton (SPP) is an electromagnetic ex-
citation that propagates over the surface of a metal through
a longitudinal wave of conduction electrons [38]. It can be
obtained analytically from the solution of the Helmholtz’s wave
equation applied to a metal/dielectric interface. At low frequency
range - radio to microwave - SPP can be directly excited by elec-
tromegnetic radiation because, in this range, λligth ≈ λeff . This
condition does not stand for near-infrared and visible. Photon-
plasmon coupling is forbidden within this spectral range because
the photon’s associated momentum is considerable smaller than
the plasmon’s momentum. A common way to overcome this
problem is to provide extra momentum to the system by drawing
a one-dimensional grating at the metal surface, as shown in
Fig. 1(b). The periodicity of the grating can be designed to
provide the right condition for momentum conservation.

Ropers et al. showed that the formation of SPP can be medi-
ated by the presence of a grating-coupler (milled by focused ion
beam, FIB) on the smooth surface of a gold tip’s shaft, located
10μm away from its apex [39]. Berweger S. et al. successfully
applied this type of probe to perform TERS on a malachite
green sample [40]. Due to the geometrical constraints needed
to couple the incident light with the SPP, this schema requires
two objective lenses: one to illuminate the tip at an specific
angle of incidence, and the other to collect the generated TERS
signal. The advantage of such a schema is the acquisition of a
clean NF spectrum, since no FF signal is collected by the second
objective lens. The most critical aspect is the surface smoothness
of the taper gold tip along the 10μm portion adjacent to its apex.
Starting from the milled grating, the SPP propagates through this
length, and any defect along the way can generate damping or
scattering, compromising the optical efficiency.

C. Localized Surface Plasmon Resonance

When electromagnetic radiation is focused on a metallic
nanostructure with subwavelength dimensions, the excited elec-
tron surface plasma undergoes a collective coherent oscillation
that polarizes the nanostructure with the same frequency as the

incident light [41]. This is schematically illustrated in Fig. 1(c)
for an elongated tip with dipolar polarization. This process is res-
onant at a particular set of frequencies known as electric dipole or
monopole resonance modes, which give rise to the well-known
bright intense colors of metal nanoparticles - described here as
resonant optical nanoantennas [6], [9], [41]. This phenomenon is
termed localized surface plasmon resonance. The main attribute
of this type of schema is that the wavelength of the resonant
plasmon modes can be tuned by changing the nanoantenna
shape and size. As in classical example, the wavelength of the
first LSPR dipolar mode – LSPR(1) – supported by a ∼20 nm
thick gold nanorod can be tuned from 650 nm to 1100 nm by
changing its length from L = 50 nm to L = 130 nm [8]. This
first dipolar mode is activated when the nanoantenna’s length
matches half of the effective wavelength of the charge oscilla-
tions inside the material’s system, that is,L = λeff/2. The LSPR
effective wavelength’s λeff depends on the nanoantenn’as shape
and composition, and is related to the associated wavelength of
the free-space radiation that couples with the first dipolar mode,
λ
(1)
LSPR, as [42]

λeff = n1 + n2 · λ
(1)
LSPR

λp
(3)

where λp is the metal plasma’s wavelength (λp= 138 nm for
gold), n1 and n2 are coefficients with dimension of length
that depends on the nanostructure’s geometry and dielectric
properties [42]. For the specific empirical case of gold nanorods
cited above, n1 = −197 nm and n2 = 63 nm. Thus, the relation
between the wavelength of the incident radiation that activates
LSPR(1) and the nanoanetenna’s size is given by λ

(1)
LSPR (nm) =

431 nm + 4.37 · L (nm), assuming a gold nanoantenna’s thick-
ness of 20 nm.

Equation (3) is a generic relation that can be analytically
shaped for distinct morphologies, such as ellipsoids [42] and
cones [43], by solving the Laplace’s equation [6], [41] within the
electrostatic approximation. Besides, similar procedures can be
extended to more complex structures by computer simulations,
providing information about the LSPR modes’ energies as a
function of its complex dielectric function, size and shape, as
well as the dielectric function of the surrounding medium. This
subject is covered in more details in Section IV-D.

At early stages, the application of LSPR-based nanoantennas
on TERS was attempted with the construction of dielectric
probes with metallic nanospheres attached to their apex. The
diameter of the nanospheres was designed to match the right
condition for LSPR(1), leading to spectral signal enhancement
of MTERS ∼80 [44], [45]. Latter on, more complex nanostruc-
tures were designed and applied on TERS experiments, such as
gold nanocones leading to MTERS ∼1,200 [46] and aluminum
nanorods leading to MTERS ∼3,000 [47]. Generally speaking,
the LSPR effect achieves greater spectral signal enhancements
than the LRE alone. It is important noticing that high values
of field enhancement can increase the local temperature for
hundreds of Celcius degrees, affecting the tip’s morphology
which, in turn, can shift the plasmon resonance away from the
excitation laser energy [48], [49]. Therefore, if the laser power
density is not carefully adjusted, the spectral signal enhancement
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can be weakened during a TERS experiment due to local tip or
sample heating.

Although λeff < λLSPR at near-infrared and visible spectrum
range, the LSPR modes can be directly excited by light, regard-
less the wavevector mismatch [6], [41]. This is an important
advantage over the SPP schema.

D. Gap Plasmon

Another type of resonant optical nanoantenna can be ob-
tained in the gap-mode configuration, in which the sample is
“sandwiched” between a metallic tip and a metallic substrate, as
illustrated in Fig. 1(d). When the tip is irradiated with an electric
field polarized parallel to its shaft, an oscillating electric dipole
is created at its apex and, in turn, an image dipole with opposite
charge is produced at the metallic substrate (Fig. 1(d)) [18].

The proximity of the tip to the metallic substrate is the key
parameter to control the matching between the gap plasmon
mode and the excitation radiation field, as well as to improve
the lateral resolution of the TERS image beyond the size of the
tip’s apex [20], [21], [50]. For a given wavelength of incident
light, λeff decreases with the tip-sample separation distance
(t) [51]. Weak enhancements can be observed at t � 10 nm,
and relatively high values are achieved at t � 1 nm [18], [20].
The signal enhancement factor (MTERS � f4

e ) is expected to
be improved up to 16 times (Au tip and Ag substrate) with
λlaser = 633 nm, and up to 64 times (Ag tip and Ag substrate)
with λlaser = 532 nm, both at a tip-sample distance t = 1 nm,
where the gap plasmon effect becomes predominant [52]. The
lateral confinement (w) of the enhanced field’s hot spot scales
with t in the form w ∝ √

R t, where R is the radius of the
apex [20], [53]. Due to the onset of the quantum tunneling,
ultimate lateral confinement is expect to happen at t ∼0.3 nm,
corresponding to w ∝ 2.7 nm for R = 10 nm [20]. However,
TERS images with higher levels of spatial resolution have been
reported in the literature [21], [54]–[57]. In this quantum regime,
whereas the cavity-field-driven signal would be expected to
drop by about two orders of magnitude, the Raman scattering
intensity grows by about two orders of magnitude [57]. In
addition, atomic-scale subnanometer structures can be produced
at the tip apex, leading to picocavities stabilized at cryogenic
temperatures. This configuration is known to generate optical
confinement at the angstrom scale [58].

Because the substrate must be metallic and the sample has to
be placed in the closest distance as possible from the tip, gap plas-
mon resonances are usually achieved in TERS experiments per-
formed in scanning tunneling microscopy (STM) mode. TERS
images with ∼1.7 nm of lateral resolution of carbon nanotubes
sitting on a gold substrate have been obtained in an ambient
STM-TERS conjugated system using gold tips as nanoanten-
nas working in gap plasmon mode [55]. To push further the
spatial resolution, low-temperature ultrahigh-vacuum (UHV)
STM-based TERS systems can be used. Liao et al. reported
the use of silver tips and substrates to perform TERS imaging
of carbon nanotubes with sub-nanometric resolution (� 0.7 nm)
under base pressure of ∼1 × 10−10 Torr at ∼79 K [56]. Using
the same equipment and conditions, Zhang et al. reported the

TERS analysis of single molecules with lateral resolution of
0.5 nm, which was considered as the record of optical spatial
resolution at that time [54]. To achieve this condition, the authors
adjusted the tip-sample separation t to spectrally tune the gap
plasmon mode with the Raman Stokes peak frequencies. Most
recently, Lee et al. used similar setup and configurations, with Ag
tip-Cu sample, to visualize vibrational normal modes of single
molecules [57]. The spatial resolution achieved in this case was
0.17 nm, with tunnelling gap of t = 0.2 nm, which may be the
current record.

It is important noticing that low-temperature UHV-STM-
based TERS systems are complex equipment that require special
sample preparation, thus not being a lab-routine tool for daily
nanomaterial’s characterization yet. Ordinary, STM-based or
AFM-based TERS systems designed for ambient conditions are
considerably simpler to operate. However, in the case of AFM,
special attention must be paid if the metallic substrate presents
topography flaw in the nanoscale. For instance, by decreasing
the tip-sample distance in a conventional AFM-based setup, the
field enhancement mediated by gap plasmon may overcome
the signal enhancement by other mechanisms, such as LSPR
or LRE. If in one hand this means better signal enhancement
and possible improvement in spatial resolution, on the other, it
can generate artifacts. In the case of a rough metallic substrate,
the gap-plasmon between the tip and the substrate can lead to
artificially-generated ultra-high spatial resolution, as observed
by H. Miranda et al. [50]. By performing TERS experiments on
monolayer graphene sandwiched between the apex of a gold tip
and a substrate composed of a set of spherical gold nanoparticles,
the authors observed artificial super-resolution, beyond the size
of the tip apex’ diameter [50].

IV. TERS OPTICAL NANOANTENNAS ENGINEERING

The first aspect to be considered during the design and fabri-
cation of optical nanoantennas for TERS is the material compo-
sition. Morphology should also be taken into account to provide
of the right conditions for the occurrence of plasmon resonance
modes in nanoantennas, necessary for obtaining enough signal
enhancement in TERS experiments. Another important aspect
to be observed is the type of scanning probe microscopy (SPM)
feedback mechanism used in the TERS setup. These subjects
will be discussed in the following sections.

A. Material Composition

As described in Section III, except for the non-resonant LRE,
the other field-enhancement mechanisms commonly employed
in TERS (SPP, LSPR, and gap plasmon) require the metallic
nanostructure to support surface plasmon (SP) resonances in
the visible range. However, for nano-particles, SP resonance is
only allowed within the range for which the real part of the
dielectric constant is < −2 [12]. This upper limit lies in the
infrared range for most metals. The few exceptions include gold
(λ ∼500 nm), silver (λ ∼365 nm), copper (λ ∼350 nm), plat-
inum and aluminum (both occurring in the UV range) [60]–[62].
Additionally, if the incident radiation carries sufficient energy,
interband electron transitions can occur, increasing plasmon
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damping. Thus the wavelength of onset for interband tran-
sition (λint) becomes an extra virtual limit, given the rapid
increase of the imaginary part of the dielectric function. This
is specially important for gold (λint ∼530 nm) and copper
(λint ∼590 nm) [63].

For the reasons explained above, both real and imaginary
parts of the dielectric function, ε′(λ) and ε′′(λ), respectively,
are important figures of merit for the indication of quality in
plasmonic properties. While ε′′(λ) is related to the surface plas-
mon damping, ε′(λ) indicates if SP resonances are allowed to
happen. Empirically, the quality factor can be defined as the ratio
between the enhanced electric local field and the incident electric
field. However, a more specific definition that includes ε′(λ) and
ε′′(λ) must also take into account morphological aspects. For
example, the quality factor for LSPR (QLSPR) in an ellipsoid
is given by QLSPR = ε′(λ)2/ε′′(λ) [63]. Although evaluated
from a different definition, the same result holds for SPP [63],
[64]. For λlaser = 632.8 nm, QLSPR ∼110 for gold, ∼670 for
silver, and ∼70 for copper [60]. For aluminum, QLSPR ∼140,
but the imminent formation of an alumina layer over the metallic
surface strongly degrade its optical properties [62]. Platinum
shows higher damping at this frequency range due to interband
electron transitions, thus presenting much lower quality fac-
tor [65]. Judging from the quality factor, silver would be the
best material to compose a resonant optical nanoantenna for
TERS, if it was not for its high chemical instability in ambient
conditions. For presenting the best compromise between quality
factor and chemical stability, gold is still the most used metal
for plasmonics, although its application is limited to longer
wavelengths considering the spectrum of visible light (from
yellow to red).

B. Fabrication Methods

1) Contact- Or Tapping-Mode AFM-Based TERS: A
contact- or tapping-mode AFM-based TERS system requires
cantilever-based probes. For that purpose, commercially
available standard silicon oxide or silicon nitride cantilever tips
can be covered with a thin layer of gold or silver by pulsed
electrodeposition [66] or physical vapor deposition [16], [18].
The counterintuitive idea is not to create a smooth metallic
coating, but a non-uniform film composed by nanoparticles.
This schema is based on the expectation that an isolated
nanoparticle located at the apex of the tip will have the right
size and shape to support LSPR that matches the wavelength
of the incident laser used in the TERS experiment [16]. For
example, Taguchi et al. compared signal enhancement factors
using SiO2 AFM tips coated with smooth and rough Ag layers.
The signal enhancement factor was derived from the TERS
signal obtained from a graphene sample. The wavelength of
the incident laser used in this experiment was λlaser = 488 nm.
The authors found MTERS ∼65 and 3,500 for the smooth
and rough Ag-coatings, respectively. In the smooth-coating
case, the enhancement mechanism was solely addressed to
the LRE. In the rough-coating case, the enhancement was
addressed to LSPR combined to gap plasmon [67]. This
method has been proved feasible, providing TERS images with

sub-30 nm spatial resolution [68], [69]. The main drawback is
the low-rate of reproducibility of the optical performance, since
the metallic nanoparticles formed in rough Ag films present
broad distributions of size and shape.

2) STM-Based TERS: As explained in section III-D, field
enhancement in STM-based TERS systems is usually mediated
by gap plasmon modes. For that, any type of clean gold or silver
tips with small apex sizes are suficient [21], [68].

3) Shear Force AFM-Based TERS: In the shear force AFM-
based TERS, the probe is attached to a quartz tuning fork.
The feedback mechanism is based on the tuning fork’s reso-
nance frequency. This schema was created at the early stage
of SNOM’s developement, and was firstly employed to use an
elongated optical fiber as a SNOM probe, without distorting the
topographic image [70]. It opened the possibility of creating a
broad range of tip designs, keeping good tip-sample separation
control.

The most common fabrication process reported in the liter-
ature for nanoantennas used in shear-force AFM-based TERS
is the electrochemical etching of gold wires [71]. For that, a
wire of � 50 μm of diameter, acting as an electrode, is dipped
into an etching solution, usually fuming HCl, at the center of
a platinum counter electrode ring. An applied AC+DC volt-
age between the electrodes induces an etching process at the
meniscus, until the bottom part of the wire is droped, leaving a
nanometer sized to a sharp gold tip at the remaining part [72].
This process is hardly reproducible due to random variations
in the etching parameters [16]. Nevertheless, smooth solid gold
tips with apex diameters of �30 nm can be fabricated with this
method, as shown in the scanning electron microscopy (SEM)
images depicted in Fig. 2(a)–(e).

As mentioned before, a smooth gold tip – as the one illustrated
in Fig. 2 – provides signal enhancement through the LRE, for
which relatively weak field enhancement is expected. However,
relatively high signal enhancement factors have been reported
in the literature for TERS experiments using this type of gold
tip – e.g. MTERS ∼1,015 [73] and MTERS ∼1,145 [13], for
TERS experiments performed on carbon nanotubes. The most
probable explanation for the low-yield achievement of such high
signal enhancement factors lies on a fortuitous formation of
surface flaws close to the tip apex, which may act as plasmon’s
confinement sites, leading to LSPR mode-matching with the
wavelength of the excitation radiation field. Counterintuitively,
the greater the roughness or flaws on the tip’s surface, the greater
the chance of matching the LSPR condition, thereby resulting
in better TERS image quality.

Indeed, instabilities during the etching process can generate
deformations on the tip’s surface, as shown in Fig. 2(b). Besides
that, grain boundaries can create surface discontinuation due to
the anisotropy of the etching rate, which strongly depends on
the crystal’s orientation. Fig. 2(c) shows an electron backscatter
diffraction (EBSD) image superposed to an SEM image of an
etched gold tip. The image reveals the presence of grain bound-
aries defining sites with distinct orientations. This phenomenon
can be used to improve the optical efficiency of etched gold tips.
By annealing the gold wire prior to the electrochemical etching
process, its polycrystalline structure can be turned into a mosaic
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Fig. 2. Morphology, microstructure and plasmonic features of pristine and nano-patterned electrochemical etched gold tips. (a) and (b) are SEM images showing
a regular smooth sharp tip and a slightly deformed tip, respectively. (c) EBSD microstructural image overlaying the corresponding SEM image of an etched gold
tip. The color scale renders distinct crystal orientations. (d) TEM image of a FIB-modified tip. (e) 2D-EELS map of the same tip as in (d), recorded within the
2.1 eV energy window, corresponding to the LSPR 1st mode. Reproduced with permission from ref. [3]. (f) SEM image of a HIM-modified etched gold tip and its
(g) 3D-reconstructed EELS map at the LSPR 1st and 2nd modes (left and right, respectively). (h) Corresponding EELS simulation via MNPBEM code. Reproduced
with permission from ref. [59].

of well defined nano-crystal domains [74] able to support LSRP
modes.

Energy-loss spectroscopy (EELS) performed in a transmis-
sion electron microscope (TEM) is a powerful technique to
investigate the tip’s ability to support LSPR modes. EELS
spectra acquired at the vicinity of the tip apex can reveal the
presence of LSPR-related absorption peaks. Moreover, EELS
maps spectrally-tuned to those peaks indicate the energy of the
LSPR dipolar mode [3].

C. FIB and HIM Applied to Nanoantenna Design

A possible route to control LSPR modes in optical nanoan-
tennas is the application of a focused Ga-ion beam (FIB) to
directly design plasmonic features on the metallic surface. We
have demonstrated that a single transversal groove, milled by
FIB in a position near the apex of an etched gold tip, acts as an
obstacle that defines a plasmonic cavity capable of supporting
LSPR in the visible and near-infrared ranges [3]. This structure
is illustrated in Fig. 2(d). EELS performed on a TEM was used to
obtain highly spatially- and spectroscopically-resolved electron-
loss energy maps that reveal LSPR dipolar modes of the milled
gold tip (Fig. 2(e)). Similar measurements were performed on
different milled probes, whose grooves were drawn in different
distances, L, measured from the tip’s apex [3]. The results were
used to define a linear relation between the energy of the 1st

LSPR dipolar mode – LSPR(1) – and the characteristic length
L. By changing the distance L between the groove and the apex
of the probe, the LSPR(1) can now be fine-tuned to match a
desired absorption channel.

The grooved nanoantenna was tested in a TERS experiment
performed on a graphene sample. The TERS signal was first
measured with a smooth etched gold tip. The same tip was FIB-
milled, and a groove was drawn 240 nm far from its apex, which

was the optimal length defined by the EELS measurements to
reach the match between LSPR(1) and the wavelength of the
incident HeNe-laser used in the experiment (λlaser = 632.8 nm).
The optical efficiency improved ∼5.5 times in the presence
of the milled groove, compared with the original smooth tip.
The result demonstrates the advantage of incorporating LSPR
to conventional TERS tapered gold tips.

Later on, Archanjo et al. showed the possibility of improv-
ing the quality of the milling process by using a helium-ion
microscope (HIM), instead of a Ga-FIB (Fig. 2(f)) [59]. Using
this high-precision tool, the original conical shape of the apex
was redesign, turned into a pyramid tip with sharper apex, and
a well-defined groove few hundred nanometers far from the
apex. Furthermore, the LSPR features were analyzed through
the 3D-reconstruction of a set of 2D-EELS maps, showing that
the LSPR hot spots are located at the pyramid’s lateral edges
and corners (Fig. 2(g)).

D. Modelling and Simulation

Theoretical analysis can be used to understand the plasmonic
properties of nanostructures, as well as to guide the develop-
ment of new types of plasmonic nanoantennas with different
materials and morphologies, specially designed to match the
target applications. The major difficulty in this field is related
to the fact that most of the calculations do not have analytical
solution. In this scenario, computer simulations prove to be a
good alternative for finding structural vs. resonant energies, or
to simulate field enhancement tendencies. The main drawback
is the relatively high computational cost. The simulation of
plasmonic nanoantennas usually relies on solving Maxwell’s
equations for complex structures, where the object’s morphol-
ogy and dielectric function are the code inputs. The most
used methods are: finite difference time domain (FDTD) [75],
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[76], discontinuous Galerkin time-domain (DGTD) [77], [78],
discrete dipole approximation (DDA) [3], [77] and boundary
element method (BEM) [59], [79], [80].

In comparison with DDA and FDTD simulations, the BEM
approach is less flexible, but still useful for optical nanoantennas
in most of the cases, which involve homogeneous dielectric
media and abrupt boundaries. BEM performs faster and de-
mands less RAM memory than DDA and FDTD, because the
former uses boundary discretization (number of elements grows
with area), which is lighter in comparison with the volume
discretization of DDA and FDTD (number of elements grows
with volume). Additionally, the development of potential-based
BEM [79] has a linear gain, since the size of the matrices
have a number N of surface elements, smaller than the 3N
elements present in field-based BEM schemes [80]. Reducing
the number of discretization elements is important for keeping
the feasibility of simulations involving plasmonic nanoantennas
for TERS, given that they have typical sizes in the order of
a few hundred nanometers, which is much larger than other
conventional plasmonic nanostructures.

In previous studies, we have used both DDA [3] and BEM
(MNPBEM-metal nanoparticle BEM approach) [5], [59], to
understand the relation between the LSPR energy modes and
the nanoantenna’s morphological parameters, including material
composition, shape (opening angle), and size. We have found
that sharp tips (low opening angle) suppress LSPR modes in
the visible range [59]. Additionally, 3D LSPR information was
recorded from simulations of 2D EELS maps for pyramidal tips
rotated at different angels, and the theoretical results (Fig. 2(h))
have excellent agreement with the experimental 3D EELS re-
construction (Fig. 2(g)) [59].

E. Plasmon-Tunable Tip Pyramid

The major drawback of producing nanoantennas through
electrochemical etching is that the reproducibility rate is ex-
tremely low, being unsuitable for large-scale batch production.
A viable alternative was recently presented with the production
of template-stripped gold micropyramids, specially adapted to
be used as nanoantennas in a shear-force AFM-based TERS
setup [37]. The process starts with the formation of micropyra-
midal cavities on a silicon substrate via lithography. Then, the
cavities are used as templates for shaping the gold micropyramid
tip. The method is based on two pillars [81]. The first is the
low adherence of gold to silicon, which permits the lift-out
process of the evaporated gold micropyramid from the silicon
cavity without causing structural damage. The second is the
highly anisotropic chemical etching of silicon along different
crystallographic planes, which permits the formation of the
pyramidal-shaped cavities. The etching process is mediated by a
KOH aqueous solution (30% wt.) at 70 ◦C, and takes place over
circular-shaped etching masks defined by optical lithography
over Si3N4 cover layer. The walls of the pyramidal cavities
are made of [111] crystal planes, and the summit has an open
semi-angle of φ ∼35.2◦.

The nanoantennas made of template-stripped gold mi-
cropyramids present moderate signal enhancement fac-
tor (MTERS ∼150 [37], MTERS ∼460 [5]) with high-
reproducibility rate [37]. However, because the pyramidal gold
walls are smooth and featureless, they are not able to hold
any type of plasmon resonance. In this case, the only possi-
ble mechanism of field enhancement is the LRE. To improve
this aspect, a new template-stripe method based on a two-step
lithography process that generates a micropyramidal body with
a nanopyramid end was introduced in Ref. [5]. The resulting
structure is shown in Figs. 3(a)–(c). The length L of the nanopy-
ramid tip (Fig. 3(c)) is dimensioned to fine-tune LSPR modes,
giving rise to a plasmon-tunable tip pyramid (PTTP) [84]. The
plasmonic properties of this probe were studied by EELS and
MNPBEM simulations, reveling that PTTPs act as monopole
nanoantennas [5]. In short, the nanopyramidal part is electrically
grounded on a flat plateau that acts as a mirror that provides the
monopole’s image, as illustrated in Fig. 3(d).

Several PTTPs with distinct nanopyramid characteristic
lengths, L, were tested in TERS experiments performed on
a graphene monolayer excited with a HeNe laser source
(λlaser = 632.8 nm). The results showed a MTERS ∼5,100 for
L ∼470 nm, which matches the LSPR 2nd monopole mode
(L = 3

4λeff ) [5]. This gain is at least 11-fold larger than the
maximum gain reported for bare template-stripped gold mi-
cropyramids [5], showing that LSPR is a powerful mechanism
to achieve high levels of signal enhancement with excellent
reproducibility rate.

Fig. 4 presents the results of TERS experiments performed
on mechanically exfoliated graphene samples, using PTTP
nanoantennas tuned with the incident HeNe laser (L ∼470 nm
for λlaser = 632.8 nm). In Fig. 4(a), the Raman spectra were
acquired with and without the PTTP to evaluate the signal
enhancement factor at the center of the monolayer graphene
flake. The measured values of spectral signal enhancement
were FTERS = 72 for the two-phonon totally symmetric 2D
band (occurring at ∼2,700 cm−1), and FTERS = 24 for the
first-order bond-stretching G band (occurring at ∼1,580 cm−1).
The difference in the signal enhancements observed for these
two bands is due to coherence effects related to the symmetries
of the associated vibrational modes [23]. To the best of our
knowledge, the 72-fold spectral signal enhancement achieved
in this experiment is by far the greatest TERS enhancement
achieved in a 2D material to date.

Fig. 4(b) shows the TERS results extracted from a 1.28μm-
long hyperspectral scan line taken across the edge of a monolayer
graphene. The graphic depicts the intensities of the 2D and
D peaks recorded along the scan line, as well as for another
unknown peak observed at 1,146 cm−1. The signal of the 2D
peak (dark blue) is roughly constant inside the flake, abruptly
dropping when moving across the edge (� position). The drop
was used to estimate a lateral spatial resolution of∼10 nm (10%
to 90% of signal variation). The D band occurs at ∼1350 cm−1,
and is activated by the presence of structural defects. Its TERS
intensity profile (green line) presents two features near the
edge, each of them with ∼10 nm of full width at half maxi-
mum (FWHM). An extra par of peaks (spectrally centered at
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Fig. 3. Illustration of plasmon-tunable tip pyramid (PTTP) monopole nanoantennas’ fabrication and characterization. (a) Illustration of a cross-section view of
the template-stripe method used to fabricate the PTTP’s (color scale: silicon - gray, gold - yellow and epoxy glue - cyan). Reproduced with permission from ref. [5].
(b) SEM image showing the whole pyramid body of a PTTP nanoantenna fixed on a tungsten wire after been template-striped from the silicon substrate. (c) Zoomed
SEM image showing details of the nanopyramid on the top of the PTTP’s plateau. The edge’s dimension L is indicated. (d) Schematics (left) and simulated EELS
map (right) showing the monopole character of the LSPR in the PTTP. The schematics illustrates the relation between L and the plasmon effective’s wavelength.
The inset is the result of a MNPBEM simulation map, considering the 2nd LSPR monopole mode. Hot colors indicate strong field enhancement.

Fig. 4. TERS experiemnts performed on a exfoliated graphene sample using PTTP optical nanoantennas. (a) Representative tip-up (black) and tip-down (blue)
Raman spectra using a PTTP nanoantenna. The inset shows details on the tip-up Raman spectrum. (b) Hyperspectral line profile recorded across the edge of the
graphene flake. The lines render the intensities of the 2D band (dark blue), the D band (green), and the unknown 1,146 cm−1 band originated from a contamination
spot (ligth blue). (c) Raman spectra recorded at the positions indicated by the respective symbols in panel (b). (d) TERS image rendering the 2D band intensity
of a graphene flake formed by two different regions: a bilayer (BL) and a monolayer (ML). (e) Conventional confocal far-field Raman image and (f) TERS image
rendering the D Raman band intensity of a graphene sample nano-patterned by HIM. The bright area is a defective spot shaped with the Inmetro’s logotype. The
image in (f) was obtained using a PTTP resonant nanoantenna with L = 460 nm. Details about the experimental apparatus can be found in [82], [83].

1,146 cm−1 and 1,466 cm−1), probably related to a local con-
tamination spot, were observed at a specific position (�) inside
the graphene area, located approximately 300 nm far from the
edge. The intensity line profile related to the 1,146 cm−1 feature
(light blue) presents a sharp spike with FWHM of ∼10 nm,
corroborating with the lateral resolution measured from the 2D
band line profile. Fig. 4(c) presents the TERS spectra acquired
in three specific regions: the edge of the graphene flake (�), the
contamination spot on the grapehen area (�), and the pristine
graphene (�).

Next, we evaluate the signal enhancement factor for the PTTP
used in the experiment shown in Fig. 4. The radius of the area
below the tip can be estimated from the lateral resolution

achieved in the experiment, which is RNF = 10 nm. The radius
of the area measured without the tip is defined by the incident
laser focus area, being RNF � 275 nm for this specific optical
system [5]. Finally, a signal enhancement of FTERS = 72 was
obtained for the TERS signal of the 2D band. By inserting
these values in Eq. (2), we obtain a signal enhancement factor
MTERS = 53,690. This value is two orders of magnitude higher
than the values typically achieved with non-resonant nanoan-
tennas. Such a high optical efficiency provides the possibility
of performing TERS images of two dimensional systems with
outstanding near-field to far-field contrast. Fig. 4(d) shows a
TERS image of a graphene sample, where the color scale renders
the 2D band intensity. The image was obtained using a PTTP
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with L = 490 nm, and a HeNe laser as the incident light source.
Besides the sharp graphene edges, one can clearly distinguish
the monolayer (ML) region from the bi-layer (DL) region.

Finally, the capability of the PTTPs to perform optical imag-
ing with high spatial resolution was tested in a mechanically
exfoliated few-layer graphene that underwent a nano-patterning
process by HIM. We have used a focused He ion beam to drawn a
defective area that reproduces the logo of the Brazilian Institute
of Metrology (Inmetro). The pattern was produced with a low
dose (1× 1016 ions/nm2) to create fine defects lines, avoiding
intense erosion regions. Fig. 4(e) and (f) show Raman spectral
images of the intensity of the D band without (confocal Raman)
and with (TERS), respectively, the presence of a PTTP resonant
nanoantenna with L = 460 nm.

V. CONCLUSION

A summary of applications of optical nanoantennas as effi-
cient probes for TERS was presented. The probes are responsi-
ble for both emission and collection of incident and scattered
radiation. Because TERS involves extremely week scattered
fields originated from tiny areas, the optical efficiency of the
nanoantenna is a crucial quality factor in the TERS technology.
To achieve a satisfactory degree of quality, the nanoantenna
should support plasmon resonances tuned to the incident laser
used in the TERS measurement. The main resonant mechanisms
are the surface plasmon polaritons (SPP), the local surface plas-
mon resonance (LSPR), and the plasmon gap mode. To activate
one of these mechanisms, nanoantenna engineering is necessary
to adequate the nanoantenna’s size, shape and composition to
the wavelength of the incident laser light used in the TERS
experiment. Computational simulation is an important tool to
guide the development of new types of plasmonic nanoantennas
with different materials and morphologies, specially designed
to match the target applications. A complete overview on the
recently developed nanoantenna composed of a micropyramidal
body with a nanopyramid end was presented. The length L of
the truncated nanopyramid tip is dimensioned to fine-tune LSPR
modes, giving rise to a plasmon-tunable tip pyramid (PTTP). The
plasmonic properties of this probe were studied by EELS and
MNPBEM simulations, reveling that PTTPs act as monopole
nanoantennas. TERS results obtained with PTTPs demonstrated
the achievement of unprecedented levels of field enhancement -
mediated by LSPR - with excellent reproducibility rate. While
the high optical efficiency allows for new applications with
versatility (faster imaging), the reproducibility raises the reli-
ability of TERS to the level of becoming a metrological tool for
nanomaterials science and technology.
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