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ABSTRACT: This review discusses a relatively new technique for optical nanoimaging at
visible wavelength, known as tip-enhanced Raman spectroscopy (TERS). This technique relies
on the enhancement and spatial conﬁnement of light in the close vicinity of the apex of a
plasmonic nanotip. The plasmonic nanotip can be positioned on the sample and controlled by a
suitable scanning probe microscopy, such as atomic force microscopy or scanning tunneling
microscopy. By raster scanning the nanotip, one can obtain nanoimages with high spatial
resolution. While enhancement helps measuring weak phonon modes from a tiny volume of the
sample, conﬁnement delivers extremely high spatial resolution in nanoimaging. We will discuss
the technique of TERS in more detail with several applications and review the recent advances.
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1. INTRODUCTION
This review discusses the technique of tip-enhanced Raman
spectroscopy (TERS), which combines Raman spectroscopy
with scattering (or apertureless) scanning near-ﬁeld optical
microscopy (s-SNOM) to realize Raman spectroscopy and
Raman imaging at the nanoscale, far beyond the diﬀraction
limit of the probing light. It utilizes the local mode of surface
plasmons of a sharp metallic nanotip to conﬁne and enhance
the light ﬁeld in the vicinity of the tip apex, which can be used
to excite Raman scattering from a nanoscopic volume of a
sample placed under the tip. By scanning the tip on the sample
surface, one can obtain a Raman image of the sample with a
nanometric spatial resolution. Therefore, TERS allows one to
optically analyze and image a sample with extremely high spatial
resolution. The technique of TERS has matured over the years,
improved spatial resolutions have been demonstrated, and new
applications have been proposed. Particularly, TERS imaging in
the recent past has shown vital insight into the spatial
distribution of chemicals, biomolecules, and physical or
electronics properties on the surface of a sample at a spatial
resolution that was unachievable by any other optical or
analytical methods. The motivation of this review is to revisit
the development of this technique and to encourage its further
applications in nanoanalyzing and nanoimaging various samples
ranging from materials to biomolecules.
2. BRIEF HISTORY
In most research ﬁelds of physics, chemistry, and biology, it is
of fundamental importance to characterize the physical
properties of the sample, the surface adsorbates and the
molecular distributions, and the bioactivities at the nanoscale
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ﬁeld, the Raman scattered light is also a near-ﬁeld light, which is
converted back to the far-ﬁeld by the same nanoparticles and is
measured by regular Raman measurement systems in the farﬁeld. If the plasmon resonance is broad enough to cover both
the incident and the Raman scattered wavelengths, both
incident and scattered light can be simultaneously enhanced,
delivering much larger enhancement to the measured signal in
comparison to the case when the plasmon resonance is narrow
and only one out of the two, either incoming or outgoing
signal, is enhanced. This mechanism of ﬁeld enhancement in
SERS is usually known as the electromagnetic (EM) or the
plasmonic enhancement,4−6 which is the primary mechanism of
enhancement and is argued to produce a massive enhancement
factor of about 108−1011. A good review on plasmonic
enhancement can be found in ref 28. The enhancement in
SERS is also enriched by another process known as the
chemical enhancement, usually interpreted by the chargetransfer (CT) mechanism,7,8,13 which contributes to the
enhancement by a factor of about 102−103. However, some
studies have indicated that under certain conditions, the
chemical enhancement can be much larger than what many
researchers have thought.29−32 Although the enhancement
mechanism of SERS has always remained under debate, it is
believed that CT is not the only factor that contributes to the
chemical enhancement. There are two more mechanisms that
contribute to the chemical enhancement in SERS, which arise
from the chemical interactions between the adsorbate and the
metal nanoparticle. One is the enhancement due to the ground
state chemical interactions between the adsorbate molecule and
the metal atoms that are not associated with any excitation. The
other is due to the resonance Raman eﬀect when the excitation
wavelength is in resonance with one of the molecular
transitions. Thus, under certain conditions, the chemical
enhancement can be much larger, resulting in a huge total
enhancement in SERS. A critical review on the enhancement
mechanism in SERS can be found in ref 33.
By delivering huge enhancement, SERS provides us an
opportunity to overcome the low Raman scattering crosssection of a small number of molecules or nanosized samples,
which found wide usage in detecting the vibrational and
chemical information from nanosized samples. With such a
massive enhancement, SERS can even make it possible to
measure Raman scattering from a single molecule, provided the
sample molecules are properly spread with low density. For
single molecule-SERS (SM-SERS),10,11 the nanogaps between
metallic nanoparticles, also known as the hot spots, play very
important roles, because the interaction between the local
plasmon modes of the two particles creates a gigantic ﬁeld
enhancement within the gap.34−36 If a single molecule is placed
in such a hot spot, the enormous ﬁeld enhancement makes it
possible to measure Raman scattering from that single
molecule. Although many researchers can precisely control
the adsorption of sample molecules within a hot spot, they can
only do so on a statistical basis.10−12 The presence of a single
molecule in a hot spot is usually conﬁrmed from the distinct
temporal ﬂuctuation of SERS intensity caused by the random
motion of molecules into and out of the hot spot, which can be
averaged out for a larger ensemble of molecules and thus
distinguishes a single molecule from a larger ensemble. In the
later years, SERS was also demonstrated for the infrared37,38
and the ultraviolet39−42 wavelength regions by selecting suitable
metals.

through an accurate and nondestructive technique. Optical
techniques, such as vibrational spectroscopy or optical
microscopy, are often adopted to nondestructively study the
intrinsic properties of a sample. Indeed, vibrational spectroscopy is a very powerful tool, because it can potentially show
vibrational modes of every single molecule present in the
sample and, thus, accurately reﬂects the chemical content of the
sample. For this reason, vibrational spectroscopy is widely used
in chemical and biological studies where one wants to obtain
the accurate chemical information on a sample. On the other
hand, optical microscopy, particularly combined with scanning
techniques, provides a mapping of the sample on a wider area.
When one combines spectroscopy with microscopy, a
technique termed as spectro-microscopy, it is possible to
obtain the chemical distribution over a large area of a sample. In
a typical spectro-microscopic technique, the sample is raster
scanned and vibrational scattering is measured from each point
of the sample during the scanning. This means that each pixel
in the scanned image contains full vibrational spectroscopic
information on the sample at that particular point from where
the image pixel was obtained. This tremendously strengthens
the information content of the image, because one can select
any particular vibrational mode in each pixel and construct an
image that shows the spatial distribution of that particular
molecule of the sample that is associated with the selected
vibrational mode. In this way, one can simultaneously construct
several images from various vibrational modes and by
overlaying these images, one can obtain full chemical
distribution over a large area of the sample. Tip-enhanced
Raman microscopy, which will be discussed in this review, is
one example of the spectro-microscopy at the nanoscale.
Although optical spectroscopy and microscopy techniques
are very convenient tools to study the intrinsic properties of a
sample with nondestructive approaches, they are usually very
weak and have a strong restriction on the spatial resolution that
is governed by the diﬀraction limit of light. Speciﬁcally, Raman
scattering is an extremely weak phenomenon, which becomes
even weaker when one talks about samples of nanometer size.
This brings in an inherent practical diﬃculty in utilizing
techniques based on Raman scattering to analyze samples at
nanoscale. The discovery of surface-enhanced Raman spectroscopy (SERS)1−3 in 1970s was a milestone in the ﬁeld of Raman
scattering, where researchers demonstrated enhancement of
Raman scattering by a factor of 1010−1014 and made it possible
to measure Raman scattering even from a single molecule. Soon
after its discovery, SERS was well recognized and has been
intensely studied and widely utilized in many areas.4−23
2.1. Surface-Enhanced Raman Spectroscopy

SERS utilizes either roughened metallic surface or clusters of
metallic nanoparticles, on which the sample molecules are
adsorbed.24−27 In fact, the nanometric roughness of a metallic
surface also acts as metallic nanoparticles placed close to each
other. Depending upon the variation in the shape and size of
these nanoparticles, the resonance of the localized surface
plasmons can have a particular wavelength and spectral width.
Therefore, when illuminated with a propagating light of suitable
wavelength, the localized surface plasmons can be resonantly
excited to produce a strongly enhanced evanescent or near-ﬁeld
light in the vicinity of these nanoparticles, where the sample
molecules are adsorbed. The strongly enhanced light produces
enhanced Raman scattering from the adsorbed sample
molecules. Since Raman scattering takes place in the near6448
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While SERS came as a revolutionary addition to Raman
spectroscopy due to its ability to immensely enhance the light
ﬁeld, it did not solve the restriction on the spatial resolution in
Raman measurement imposed by the diﬀraction limit of light.
Even though SERS is a near-ﬁeld phenomenon, the enhanced
ﬁeld is conﬁned only in the direction perpendicular to the
roughened metallic surface. Since the metallic surfaces used in
SERS are typically very large, the lateral conﬁnement of the
light is basically restricted to the focus spot, which is at least
about half of the wavelength, as commanded by the diﬀraction
limit. Thus, for visible light, the lateral conﬁnement is about
200−400 nm, which is not suitable for the investigation of a
sample at the nanoscale. In the case of SM-SERS, one had to
make sure, often by means of statistical estimations, that there
was only a single sample molecule present within the focus spot
to demonstrate the capability of single molecule detection by
SERS. One must not confuse between single molecule
detection and single molecule resolution. SERS could not
provide better spatial resolution than the usual confocal Raman
microscopy.

of information at the image plane. In order to avoid this loss, it
would be necessary to involve the evanescent part of light in the
process of image formation. This essentially means that the
process of image formation must be carried out in the close
vicinity of the source, including a secondary source such as an
optical component or a scattering point. This region of vicinity
is often known as the near-ﬁeld, where the intensity of the
evanescent ﬁeld can be considered signiﬁcant, usually extending
to a few tens of nanometers.
Raman scattering in SERS takes place in the near-ﬁeld;
hence, one would expect high spatial resolution in SERS
measurements. However, since the surface area of the SESR
substrate is often signiﬁcantly larger than the wavelength, the
evanescent wave extends to a large area in the lateral direction
and the resolution is deﬁned by the focal spot. Nevertheless, as
one can perhaps guess, if the lateral size of the metallic surface
used in SERS is reduced to a few nanometers, one would
achieve high spatial resolution in the lateral direction as well,
albeit, with a substantial loss in ﬁeld enhancement due to the
reduced volume of the metal.

2.2. Issue of Spatial Resolution in Optics

2.3. Tip-Enhanced Raman Spectroscopy

The issue of spatial resolution in optical measurements dates
back in history. It arises from the implication of the
Heisenberg’s uncertainty principle, which is applicable on
waves. According to this uncertainty principle, the spatial
resolution Δx, which is deﬁned as the minimum distance at
which two sources could be unambiguously distinguished in an
optical observation, would depend on the uncertainty in the
momentum of the light Δk, in such a way that the minimum
value of the product Δx · Δk is nonzero. This condition forces
Δx to be a nonzero quantity for any ﬁnite value of Δk. The
practical value of the spatial resolution therefore depends on
both the wavelength of the light, which is related to Δk, and the
measurement system used for the observation. Abbe43 and
Rayleigh44 independently derived the criterion for this spatial
resolution in the 19th century. According to Abbe’s criterion,
Δx can be deﬁned as

Realizing the shortcomings of SERS, several researchers
attempted to extend this technology in the form of singlepoint SERS, where, instead of a roughened metallic surface, a
metallic nanoparticle was used to enhance the light ﬁeld. In
1985, Wessel proposed this idea where a single metallic
nanoparticle could be controlled by scanning probe microscopy
(SPM) technologies for single-point enhancement.45 In this
case, the author proposed that the enhanced light could be
three-dimensionally (3D) conﬁned to the vicinity of the
metallic nanoparticle, which could be utilized to measure
Raman, two-photon, or second-harmonic spectrum from the
nanometric volume of a sample placed right under the
nanoparticle. A larger surface area of the sample was suggested
to be measured by raster scanning the nanoparticle over the
surface of the sample. High spatial resolution together with
reasonably strong enhancement was hinted. In fact, the idea of
utilizing a nanoparticle or a nanoaperture to obtain higher
resolution was conceived much earlier in 1928 by Synge,46
though researchers did not pay much attention on this for a
long period. Later in 1994, Kawata’s group demonstrated
SNOM measurements by optically trapping a single metallic
nanoparticle47 and by raster scanning a metallic nanotip48 over
the surface of a sample. Five years later the same group
measured Raman nanospectroscopy through s-SNOM technique using a metallic nanotip that worked as a point enhancer.49
A year later in 2000, Zenobi, Kawata, Anderson, and Pettinger
independently published results on Raman measurements at
nanoscale by combining Raman spectroscopy with SPM
techniques where metallic nanotips were utilized to enhance
and conﬁne the light ﬁeld.50−53 Since the light ﬁeld was
enhanced by a tip rather than a surface, Zenobi’s group coined
the name tip-enhanced Raman spectroscopy (TERS) for this
technique. It was demonstrated that TERS can provide a spatial
resolution of about 20−30 nm, together with an enhancement
factor of about 103−106, which is much weaker than what was
earlier reported for SERS, but still good enough to
experimentally measure extremely weak Raman signal that
was not observable otherwise. The mechanism of ﬁeld
enhancement in TERS is the same as in SERS, which can be
basically considered with two contributions: the electromagnetic enhancement and the chemical enhancement.

Δx = 0.61λ /NA

(1)

where the numerical aperture of the optical system, NA,
depends on the refractive index of the surrounding medium, n,
and on the maximum collection angle of the optical system,
θmax, and is deﬁned as NA = n sin θmax. For the best practical
conditions, the experimental value of Δx turns out to be about
half of the wavelength. The diﬀraction limit imposed by the
wave nature of light thus restricts the optical resolution for a
visible light to be about 200−400 nm. This is, however, the case
of linear measurements, which can be improved a little by
nonlinear eﬀects or by saturating the light-matter interaction.
The diﬀraction limit of light enforces a loss of information at
the image plane, because an object much smaller than the
wavelength would be imaged in defused shape with a size
comparable to the diﬀraction limit, losing the information on its
structural shape. Therefore, a nanosized object cannot be
imaged correctly by optical methods. This loss of information
in optical imaging of a nanosized object can also be understood
by recalling that light is composed of the propagating radiation
and the nonpropagating evanescent waves. The evanescent
waves cannot exist in the free space and they remain restricted
only to the vicinity of their sources. Consequently, if the image
is formed at a distant plane, the evanescent component of light
cannot participate in image formation, which results in the loss
6449
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restoration forces. This collective oscillation of free electrons
on a metal surface creates an oscillating EM ﬁeld in the close
proximity of the surface, which inﬂuences back the very
electrons that created it. As a result, there is a coexistence of
plasmon oscillation and an oscillating EM ﬁeld near the metal
surface, which is known as the surface plasmon polaritons
(SPPs) or simply the polaritons.

However, since the tip in TERS behaves like a single antenna or
a point enhancer, it lacks huge gap-mode enhancement due to
the multiple hot spots between neighboring nanoparticles,
which is the dominating factor of electromagnetic enhancement
in SERS. Also, since the sample molecules are often adsorbed
on the metal nanoparticles in SERS, which is not the case with
TERS, the chemical enhancement in SERS is also larger than
that in TERS. Therefore, we often see much larger enhancement in SERS in comparison to TERS. Scanning tunneling
microscopy (STM),54 atomic force microscopy (AFM)55 and
shear force microscopy (SFM) techniques were utilized to
position and raster scan the metallic nanotip over a sample
surface. TERS was demonstrated with diﬀerent conﬁgurations,
which will be discussed later in this review. Figure 1a shows one

3.1. Conﬁned Light near a Metal Nanoparticle

Since the plasmons as well as the EM ﬁeld created by them
exist only near the metal surface, the SPPs are strongly conﬁned
at and bound to the surface of the metal. In fact, they are the
quantum form of nonpropagating light, analogous to the
photons, which are quantum form of propagating light. These
SPPs propagate along the surface and their wavelength is much
shorter than that of corresponding propagating photons at a
given frequency. Since SPPs are also EM ﬁelds, they can
interact with an external EM ﬁeld, such as the propagating light,
and can be resonantly excited under suitable conditions of
coupling for energy transfer. However, due to the large
mismatch of the momentum between the SPPs and the
propagating light, the two usually do not couple eﬃciently for a
bulk metal. On the other hand, if the metallic structure is much
smaller than the wavelength of the propagating light, the
conservation laws are relaxed, and the localized SPPs of a
metallic nanoparticle can be resonantly excited by a propagating
light, which would result in strongly enhanced evanescent light
in the close proximity of the metallic nanostructure. This was
ﬁrst demonstrated independently by Otto70,71 and Kretschmann72 for thin metallic ﬁlms, which are two-dimensional
nanomaterials. Apart from the conﬁnement near the metal
surface, there is also a huge enhancement of this conﬁned ﬁeld
due to the resonant energy transfer from the propagating light
to the localized SPPs. The interaction between metal
nanoparticle and propagating light therefore has a great
contribution in understanding the utilization of enhanced and
conﬁned evanescent light in both SERS and TERS.

Figure 1. (a) Illustration of an AFM-based TERS measurement
system. The incident light is focused on a sample placed on a
transparent glass substrate, through a high-NA objective lens. When a
silver-coated nanotip is brought in the diﬀraction-limited focus spot, a
strongly enhanced and conﬁned nanolight-source is created in the
close vicinity of the tip apex. This nanolight-source is utilized to excite
Raman scattering from a tiny volume of the sample right under the
apex of the tip. (b) A SEM image of a silver-coated AFM cantilever tip.
After the silver metal is coated via thermal evaporation, a thin granular
silver layer is deposited on the body of the tip. The size of the tip apex
is usually about 20 nm.

3.2. Metallic Nanotips for TERS

As discussed above, when excited with a propagating light of
suitable wavelength, a metallic nanostructure can produce an
enhanced and 3D conﬁned light in the near proximity of the
nanoparticle. It can therefore behave as a nanolight-source for
optical measurements, such as Raman scattering in TERS. In
order to perform nanoimaging in TERS, it is required to raster
scan the metallic nanoparticle over the sample by means of a
SPM technique, such as the STM, AFM or SFM. The spatial
resolution in TERS can thus be comparable to the size of the
nanolight-source, which is the same as the size of the metallic
nanostructure. The metallic structures could be of any shape,
such as a sphere, a nanorod, or a nanocone. The SPMs use tips
(in the shapes of nanocones) as scanning probes, which are
either made of a metal or can be covered with a thin layer of
metal for their utilization in TERS. When the apex of a metallic
or a metal-coated nanotip is illuminated with focused laser, the
localized surface plasmons around the tip apex are excited,
resulting in the creation of a nanolight-source at the tip apex
that produces localized evanescent light. This nanolight-source
works as the incident light to generate Raman scattering from a
sample placed right under the tip apex. The process of Raman
scattering takes place in the near-ﬁeld and the spectral signal is
scattered and converted back to the far-ﬁeld by the tip apex,
which is then collected by usual optics and spectrometer in the
far-ﬁeld. As the tip scans over the sample surface, the scattered

of the conﬁgurations for AFM-based TERS. The tip was
prepared by thermal evaporation of silver on a silicon
cantilever, a SEM image of which is shown in Figure 1b. By
combining Raman spectroscopy with SPM techniques, TERS
has the ability to simultaneously measure topography and
obtain corresponding spectral information from a sample with
nanometric spatial resolution and high sensitivity. It provides a
powerful tool for the nanocharacterization of materials. Since
its ﬁrst demonstration in 2000, TERS has attracted a great deal
of interest and eﬀorts from researchers working in various ﬁelds
of physics, chemistry and biosciences. Great results have been
published over the years and both sensitivity and spatial
resolution of TERS have improved with demonstration of its
applications in various ﬁelds of science.56−69

3. METAL FOR ENHANCED SPECTROSCOPY
Metal surfaces have abundant free electrons that move around
on the surface under the inﬂuence of the forces applied by the
electric ﬁelds of the neighboring electrons. At the same time,
they also experience restoration forces due to their displacements under these EM forces. The free electrons usually form
groups, called the plasmons, and keep oscillating collectively on
the surface under the combined inﬂuence of EM and
6450
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signals from tiny parts of the sample right under tip apex can be
collected for each point during the scan, and a spatial resolution
of the order of the size of the tip apex could be obtained in the
resulting image. In fact, it has been repeatedly demonstrated
that much better spatial resolution than the size of the tip apex
can be obtained in TERS microscopy. We will discuss the
spatial resolution in TERS imaging later in this review.

4. TECHNIQUE OF TERS
Raman spectroscopy deals with both the electronic and the
vibrational states of a sample and extracts rich information
about the intrinsic properties of the sample. By combining the
analytical strength of Raman spectroscopy and the conﬁnement
and enhancement of light near a metallic nanotip, TERS
established itself as an imperative technique for nanoscale
optical investigation of a variety of samples.

Figure 3. Some common conﬁgurations for TERS measurements. (a)
Back illumination transmission mode with backscattering geometry,
often used for AFM-based TERS, (b) side illumination, often used for
STM-based TERS, but can also be used for AFM-based TERS, (c) top
illumination, often used for AFM-based TERS with tilted tips, and (d)
transmission mode for SFM-based TERS.

conﬁgurations, namely the bottom illumination that is often
used in the transmission mode together with AFM controllers
(Figure 3a), the side illumination (Figure 3b), and the top
illumination (Figure 3c), both of which are usually utilized in
the reﬂection mode but can be conﬁgured for transmission
mode as well. In order to avoid shadow created by the
cantilever, top illumination requires a titled tip, as illustrated in
Figure 3c. The side illumination can be used with both AFM
and STM controllers. Both side and top illuminations require
objective lenses with long-working-distance. Figure 3d
illustrates the bottom illumination conﬁguration for SFMbased TERS. However, it is possible to use any of these
conﬁgurations for any SPM-based TERS. Here in this review,
we would mostly discuss the bottom illumination transmission
mode with backscattering collection and AFM controller
(Figure 3a). In this conﬁguration, as also illustrated in the
inset of Figure 2, the sample is illuminated from the bottom
through an inverted microscope, the tip is placed at the top
surface of the sample, and Raman scattered signal is collected in
the backscattering geometry through the same microscope
objective, which is then directed to the spectrometer. The
sample is illuminated through an evanescent mask that blocks
the central part of the laser beam and therefore cuts the lowNA component of the incident light, so that only high-NA
component of the incident light at large incident angle reaches
the sample. The size of the mask is adjusted in such a way that
the incident angle is larger than the critical angle and hence the
incident light goes through a total internal reﬂection (TIR) at
the sample plane. This assures that no transmitted light falls on
the tip and both the sample as well as the tip apex are
illuminated only by the evanescent light. This reduces the
unwanted background signal from the transmitted propagating
light and also allows localized illumination of the tip apex, even
when the length of the tip is usually of the order of tens of
micrometers. The Raman scattered light is collected in the lowNA region through an apertured mask, which helps in rejecting
any possible component of the reﬂected laser light from the
high-NA regions. As the tip apex approaches the sample within
the focal spot, a nanolight-source is created at the apex, which is
used for the near-ﬁeld measurements. TERS measurement is
completed in two steps. First, Raman signal is collected by
approaching the tip to the sample by means of the SPM control
in the vertical direction. In this step, an enhanced Raman signal
is generated from a tiny volume of the sample right below the
tip excited by the nanolight-source created at the tip apex,
which we refer as the near-ﬁeld signal. At the same time, Raman
signal is also generated from the entire focus spot due to the

4.1. Optical Set-Up for TERS

A schematic of the experimental setup for TERS measurement
is illustrated in Figure 2, which, as in a typical Raman

Figure 2. Illustration of a typical AFM-based TERS measurement
system that consists of a laser, a high-NA inverted objective, several
optical and electronic components, a spectrometer, and a CCD
detector. Inset shows the details of the sample illumination process. A
mask is used in the path of the expanded incident laser so that the lowNA component at the center of the beam is blocked and only high-NA
component goes through the objective to create a total internal
reﬂection at the sample substrate. This conﬁrms that the incident light
does not transmit through the substrate and the tip apex is illuminated
only by the evanescent light, which drastically reduces the unwanted
background signal from the propagating light. Since the evanescent
light decays within a few tens of nanometers, it also assures that only
the apex of the tip is illuminated to create a nanolight-source. The
Raman scattered signal is collected by the same objective, and any
possible reﬂected light is rejected by another apertured mask, that
allows only the low-NA component to enter the spectrometer.

spectroscopy setup, consists of an excitation laser, a microscope
objective usually equipped with a high-NA lens for tight
focusing, a sample stage, a spectrometer, and a CCD detector.
In addition, the sample stage is equipped with a SPM controller
(in this case, it is a contact mode AFM) to position a metallic
nanotip on the sample surface within the laser focus. Since the
intensity distribution within laser focus is not uniform, it is very
important to lock the relative position of laser focus and the
tip.73,74 Imaging is therefore performed by scanning the sample
stage by means of Piezo controllers. There are various
conﬁgurations to illuminate a sample and collect Raman signal.
Figure 3 shows schematic diagrams for commonly used
6451
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observing samples at low temperature. Further, one can easily
control the incident polarization to either parallel or
perpendicular to the tip axis, if the incident light is at a grazing
angle. On the negative side, since the sample is placed on a
reasonably thick metallic substrate, which is opaque to the
incident light, it is not possible to use the transmission mode
with backscattering conﬁguration in STM. One therefore needs
to utilize the reﬂection mode with side illumination and side
collection conﬁguration, as illustrated in Figure 3b. Since this
conﬁguration requires a lens with long working distance, it is
not possible to use objective lenses with high-NA, and hence it
is not possible to tightly focus the incident light on the tip apex.
Some groups have used an interesting optical system for STM,
where, instead of a lens, they use a parabolic mirror to focus the
incident light to the tip apex as well as to collect the Raman
signal.75,76 This conﬁguration allows them to slightly improve
the size of the focus spot.
4.2.2. AFM-Based TERS. The scanning probes used in
AFM are semiconductor cantilever tips and the apex of these
tips are usually very sharp with an apex diameter of about 5 nm
or less. These tips are covered with metal, commonly by
thermal evaporation under high vacuum77 or electroless
plating78 techniques. It is possible to choose the coating
material from a variety of metals ranging from tungsten, gold,
silver, to aluminum, which enables one to control the range of
plasmon resonance. One can control the thickness of the
coated metal and the size of the tip apex, which is usually kept
at about 20 nm. AFM tips can be used in either bottom
illumination (Figure 3a) or in side/top, illumination (Figure
3b,c) conﬁgurations, however, the former being more common.
One major diﬀerence between AFM tips and STM tips is that
the surface of the tip for AFM-based TERS is rough because the
coating process deposits nanoparticle-like structures on the
surface of the semiconducting tip. These nanostructures are
much smaller than the wavelength and are thus suitable for the
resonant excitation of SPPs. The tip alone creates a strong hot
spot near the apex and a metal substrate is not required for the
same. However, a thin metal substrate can be optionally used to
further enhance the ﬁeld in the nanogap, which can be thin
enough to be transparent.79 The nanostructure attached right at
the tip apex during metal deposition process plays the most
important role in ﬁeld enhancement. Unlike in the STM tips,
here it is possible to control the resonance wavelength by
adjusting the size of the nanoparticles, which can be
advantageous when one needs to tune the resonance in certain
experiments. Researchers have devoted a reasonable amount of
eﬀort in optimizing the deposition process to obtain the best
results in resonant enhancement and strong conﬁnement of
light. Since a metallic substrate is not necessary, the sample can
be placed on a glass substrate and the tip apex can be
illuminated in the transmission mode geometry, as shown in
Figure 3a. The major advantage of this conﬁguration is that one
can use short-working-distance high-NA objective lenses to
tightly focus the incident light and to collect the Raman
scattered light. High-NA objectives also allow one to use the
evanescent illumination to ensure that only the metal
nanostructure attached at the apex of the tip is selectively
illuminated, as in the inset of Figure 2.
The ﬁeld distribution within the focus spot depends on the
polarization of the incident light.73 When the incident light has
radial polarization, the light intensity at the focus spot has a
Gaussian distribution with maximum intensity at the center. On
the other hand, when the incident light has linear polarization,

incident light, which we call as the far-ﬁeld signal. Therefore,
the signal collected in the ﬁrst step is a combination of both
near- and far-ﬁeld Raman signals. In the second step, the tip is
vertically retracted from the sample, usually by several hundred
nanometers, and the Raman signal from the same area of the
sample is collected. Since the tip in the second step stays far
from the laser focus, there is no nanolight-source created at the
tip apex. Even if the TIR of the incident light is not perfect and
some leaked transmitted light generates a nanolight-source at
the tip apex, it is reasonably far from the sample to excite
Raman signal. Therefore, Raman signal collected in the second
step contains only the far-ﬁeld scattering from the focus spot of
the incident light. By subtracting the signal measured in the
second step from that measured in the ﬁrst step, one can obtain
the pure near-ﬁeld Raman scattered signal. These two steps are
repeated for each scanning point and a pure near-ﬁeld Raman
image is constructed in TERS microscopy.
As one can easily guess, the strength of TERS measurement
depends on two prime characteristics of the probe tip−the
abilities to enhance and to conﬁne the light ﬁeld at the apex. A
major fraction of TERS research has therefore been devoted to
the design and control of the tip, where researchers have tried
various SPM techniques, various metals, and various deposition
conditions and have tried to ﬁnd the best possible design of the
metallic structure on the tip apex.
4.2. SPM Techniques for TERS

As stated earlier, there are three major SPM systems used in
TERS, which are based on STM, AFM, or SFM techniques.
These techniques utilize diﬀerent kinds of tips as the scanning
probes. There are no reports on evident comparative results to
clearly rank these techniques for better TERS results; however,
each of them have certain advantages over the others, and the
researchers have selected a particular SPM either by their
expertise or by the availabilities of the systems. As discussed
earlier, Figure 3 shows illustrations of typical TERS set-ups
based on the three SPM technologies. The conﬁgurations in
Figures 3a−c can be used for AFM, the conﬁguration in Figure
3b can be used for STM, and that in Figure 3d can be used for
the SFM controllers.
4.2.1. STM-Based TERS. In STM systems, the probe tips
are made of solid metal, usually gold. It also utilizes gold
substrate to control the tunneling current and the tip−sample
separation. The apex of the tip is typically about 20 nm, the
length is several tens of micrometers, and the tip surface is fairly
smooth. Therefore, a STM tip can be best considered as a long
smooth nanocone, which is not the best nanostructure to
enhance visible light, because it is too long compared to the
wavelength of the excitation light. However, the proximity of
gold substrate in STM creates a metallic nanogap between the
tip apex and the substrate, and a strongly enhanced hot spot is
created within the nanogap.34−36 Thus, a strong enhancement
is achieved in STM-based TERS, which is also beneﬁtted from
the high spatial resolution associated with the STM technique.
The tip plays dual roles by enhancing the light ﬁeld and by
controlling the tunneling current, which in turn controls the
tip−sample separation, however, within the range of a few
nanometers. This is not bad for usual TERS measurements, but
in some applications, it might be necessary to control the tip−
sample separation with larger values, which will be discussed
later in this review. The recent advances of STM techniques
also allow high-vacuum and low-temperature measurements,75
which is advantageous for better stability as well as for
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can be used and the tip−sample separation is maintained
through the shear-force feedback controller, which is typically
of the order of a few nanometers. Apart from these, all other
properties of SFM-based TERS system are similar to those for
the AFM-based TERS system.
In addition, some groups have also tried to attach a metallic
nanoparticle to the apex of the scanning probes or to fabricate a
small nanostructure right at the tip apex.98−100 This is suitable
for the experiments where one needs a narrow and sharp
plasmon resonance. Later in this review, we will discuss some
tips with small metal structure fabricated at the tip apex.

the intensity distribution at the focus spot has a doughnut
shape with two maxima along the diameter. In order to get best
results, it is extremely important to position the tip apex at the
point where the intensity is maximum, and lock the relative
position of the focus and the tip apex. Owing to the large
incidence angle for high-NA objective lenses, one can create a
polarization parallel to the tip apex, in addition to the in-plane
linear and radial polarizations, which is suitable for polarizationdependent TERS measurements. This is usually done by
utilizing a certain arrangement of polarizers, such as in z-pol.80
AFM has two modes of operation, namely the contact mode
and the tapping mode. Since the tip mostly remains away from
the sample in tapping mode, the contact mode is most
commonly used for TERS measurements. In contact mode
operation, the tip is always in contact with the sample making
the tip−sample separation zero. This is good for better
enhancement. However, in some experiments, it is interesting
to precisely control the tip−sample separation over a wide
range. By utilizing the tapping mode operation and time-gating
technique, it is possible to precisely control the tip−sample
separation from a few angstroms to more than 100 nm.81,82
This method of controlling tip−sample separation will be
discussed later in this review. Although there are several reports
on tip−sample separation dependent TERS with STM- and
SFM-based systems,83−87 such a high precision has only been
demonstrated for AFM-based TERS.
With recent developments in the AFM technique, it has
become possible to operate AFM in liquid environment, where
the entire tip, the cantilever, and the sample are immersed in a
liquid. This is an interesting development, particularly for
biological samples, because it allows the nanoinvestigation of
native biomaterials in aqueous environment under physiologically pertinent conditions. Following this, some researchers
have reported TERS measurements in liquid environment,
particularly in water,88−90 which is suitable for biological
samples to remain alive and continue their physiological
activities during the measurement. On the other hand, TERS in
liquid for STM-based system would require a suitable coating
on the tip so that the Faradaic current does not interferes with
the tunneling current and also a suitable liquid is required to
maintain the tunneling current. Although a few reports on
electrochemical TERS (EC-TERS) in STM-based system have
been reported,91−94 where STM tip was immerged in liquid
chemicals suitable for the function of STM, the liquid used may
not be suitable for maintaining physiological activities of
biological samples. Perhaps for this reason, no TERS image of
biological sample in STM-based liquid TERS has been reported
so far. Thus, AFM-based TERS appear to have an edge over
STM-based TERS for the measurements of live biosamples.
However, currently it is not possible to have a high-vacuum and
low-temperature environment for AFM-based TERS, where the
STM-based TERS gets an upper edge.
4.2.3. SFM-Based TERS. The third scanning technique,
namely SFM, is also one kind of AFM, where the tip is attached
to one of the prongs of a quartz tuning fork that vibrates
parallel to the sample substrate (Figure 3d). Although a very
few research groups use SFM-based TERS, they have shown
remarkable results.95−97 SFM-based TERS also utilizes a probe
tip made of a solid metal, which are usually fabricated by
chemical etching of metallic nanowires. Often gold or silver
nanowire have been used to fabricate SFM tips and the typical
size of the tip apex is of the same order as in the other TERS
techniques. Both bottom and side illumination conﬁgurations

4.3. Controlling Plasmon Resonance of the Tip

As discussed above, there are various kinds of tips used in
diﬀerent TERS conﬁgurations. Here, we will focus on the AFMbased TERS systems and will discuss about a variety of tips that
researchers have utilized in AFM-based TERS measurements.
The choice has been mostly driven from the need of precisely
controlling the plasmon resonance and improving the enhancement factor.
4.3.1. Choice of the Metal. The tips for AFM-based TERS
are typically fabricated by thermal evaporation of gold, silver, or
aluminum on a commercially available silicon AFM cantilever
tip. The choice of metal depends on the requirement of the
plasmon resonance wavelength. While gold shows strong
enhancement for longer wavelengths in the red spectral region,
silver shows better results in the blue-green spectral region, and
aluminum shows promising results for the enhancement in the
UV and deep UV spectral regions. Since gold is very stable
under the ambient condition, gold-coated tips can survive for a
long time. On the other hand, silver can easily get oxidized and
hence the silver-coated tips can lose the plasmonic enhancement within a few hours. There have been several attempts to
protect the silver-coated tips from oxidation by storing them in
either inert environment or in a suitable chemical environment.
However, they still get oxidized during the measurement
process and hence can be used only for a few hours. There have
also been some attempts to cover silver-coated tips by coating a
thin layer of a transparent material, such as silicon dioxide or
aluminum oxide, so that they can last long during the
measurement process.101 Aluminum also gets oxidized quickly,
however, oxidization stops after a thin layer (about 2 nm) of
aluminum oxide is formed on the tip surface, and hence
aluminum-coated tips are naturally protected and survive much
longer than the silver-coated tips.102 Nevertheless, due to
strong enhancement in the blue-green spectral region, which is
the favorite spectral region of Raman spectroscopists, silvercoated tips are the most commonly used tips in AFM-based
TERS experiments. STM-based TERS often uses a solid gold
tip.
4.3.2. Choice of the Base Material. AFM cantilever tips
are usually made of semiconductors, mostly silicon. One can
also play around with the base material of the cantilever to
control the refractive index and hence the plasmon resonance.
This can be done by, for example, preoxidation of the silicon
cantilever by heating the cantilever tip to a high temperature
(∼1000 °C) in the presence of water vapor. This process
converts the base material of cantilever into silicon dioxide with
lower refractive index than silicon, resulting in a blue shift of the
plasmon resonance.103 One can very precisely control the
plasmon resonance in a wide spectral region by regulating the
oxidation time, which determines the thickness of the oxidized
layer. In the early days of TERS, Fischer’s group employed a
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piece of sharp edged glass as the base material,104,105 and Levis
et al. used tips made of glass.106 These tips also have lower
refractive indices than silicon and show better plasmon
resonance in the shorter wavelength region.
4.3.3. Structure of Evaporated Metal. The plasmon
resonance wavelength as well as the enhancement factor of a tip
strongly depends on the structure or the morphology of
evaporated metal on the tip surface. It has been realized both in
simulation and in experiment that a tip coated with smooth
metal ﬁlm does not show strong enhancement in the visible
region. This is because the resonance wavelength of SPP
oscillations in a long and smooth tip would also be long, which
would have a weak plasmon-photon coupling in the visible
region. It should be noted that even without a strong plasmon
resonance, a smooth and sharp tip can still have reasonable
amount of enhancement due to the lightning rod eﬀect, which
is basically independent of the incident frequency.
Several authors have been using tips with roughened or
corrugated metal coated surfaces for better results, but not
many investigated the extent up to which the rough surfaces
with metallic nanostructures are better than smooth surfaces.74,107 A recent report discusses this issue in a great detail,
where the authors investigated the eﬀect of multiple metal
grains on the enhancement of TERS signal.108 The authors
compared the enhancement for a tip that had smooth surface
with that for a tip that had nanostructured surface, both in
experiment and in simulation. A noticeable diﬀerence in
enhancement factor was observed, which conﬁrmed that
granular morphology of the surface of a tip is necessary for
obtaining good resonance in the visible range. The metal
nanostructures or the grains on the surface of a tip work as
resonant dipole antennas, which eﬃciently couple the optical
radiation between far-ﬁeld and near-ﬁeld. The resonance
wavelength of these optical antennas is predominantly
determined by the size of the grains, where the grain size is
comparable to the wavelength of SPPs. Note that the
wavelength of the SPPs is much shorter than that of the
propagating light for a given frequency.109
The authors considered a silver-coated tip that was
corrugated with hemispherical silver grains with a diameter of
40 nm. In the simulation, they considered only a certain
number of such silver grains attached at and around the tip
apex. The result showed that the enhancement strongly
depended on the number of grains and there was an optimal
number of grains for best enhancement. The other important
observation was that when the grains are disconnected with a
grain to grain separation of about 4 nm, the enhancement was
signiﬁcantly larger compared to the case were the grains were
connected to their neighboring grains. In addition to larger
enhancement, a noticeable spectral broadening was observed
for disconnected grains, which is beneﬁcial for simultaneous
enhancement of both incident and Raman scattered light.
These results were also conﬁrmed experimentally.
Although multiple metal grains near the tip apex provide
good enhancement, it is observed that even a single
nanoparticle attached to the tip apex works well. Several
authors have shown interest in fabricating a tip with a single
metallic nanoparticle attached to the tip apex.97,110 Since tips
with long and smooth metal surface behave like a long antenna
and are not suitable for resonant enhancement in the visible
region, researchers got motivated to try smaller antennas, of the
order of 100−200 nm in length. Attaching a metal nanoparticle
to the tip apex was one such attempt. In a diﬀerent approach,

the authors used photochemical technique to grow a silver
nanospheres right at the tip apex (Figure 4a) and showed a 20

Figure 4. Nanosized metal particle at the tip apex. (a) A silver
microsphere is directly grown at the end of the tip apex using
photochemical technique. (b) The size of the photochemically grown
spheres can be controlled down to sub-100 nm size. (c) A silicon tip
was ﬁrst milled to a mushroom shape by FIB milling, and then silver
was thermally evaporated. As a result, and small metallic particle was
deposited at the tip apex. The size of metal particle can be easily
controlled. Reproduced with permission (a) and (b) from ref 111.
Copyright 2012 The Japan Society of Applied Physics and (c) from ref
112. Copyright 2015 The Japan Society of Applied Physics.

times better enhancement compared to the regular TERS
tips.111 They could easily control the size of the nanoparticle by
adjusting the growth parameters. Figure 4b shows a SEM image
of a silver particle grown on the tip apex with size under 100
nm. In another report, the authors utilized the techniques of
focus ion beam to ﬁrst mill the base material to control the size
of the region where metal could be deposited, and then they
evaporated silver on the milled structure.112 This created a
small silver nanostructure at the tip apex, as shown by the SEM
image in Figure 4c. The authors demonstrated a ﬁne control
over the plasmon resonance wavelength by controlling the
length of the nanostructure.
In another interesting attempt to improve the signal-to-noise
ratio in TERS, some authors proposed to utilize the
phenomenon of plasmon nanofocusing.113−115 In this technique, the laser is focused on the upper area of the tip, far from
the apex, and hence far from the sample, usually at a distance of
about 10 μm. A light-plasmon coupler in the form of a grating
is fabricated at this spot, where the focused propagating light
can get coupled with the local plasmons of the tip. The excited
plasmons then travel toward the tip apex through the process of
adiabatic compression and create a huge conﬁned ﬁeld at the
tip apex.113 This process is known as the plasmon nanofocusing. Since the incident laser and the nanolight created by
adiabatic compression are spatially separated, there is no farﬁeld background. Near-ﬁeld imaging can therefore be done
with high signal-to-noise ratio.115
Nevertheless, the most commonly used tips for AFM-based
TERS are the tips that have disconnected metal nanoparticles
evaporated on a semiconductor cantilever. Every group
optimizes the evaporation parameters in their own way to
obtain best possible results, both in enhancement and in
controlling the plasmon resonance wavelength. Figure 5a shows
the SEM image of such a tip that has disconnected silver
nanostructures deposited on its surface. The inset shows an
illustration of the concept.108

5. APPLICATIONS OF TERS
Since TERS extends the sensitivity as well as the spatial
resolution to a completely diﬀerent level in comparison to the
conventional Raman measurements, it immediately found its
utilization in the investigation of a variety of nanostructured
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far-ﬁeld Raman scattering together with the near-ﬁeld Raman
scattering generated from a nanometric volume of the sample
that is immersed into the conﬁned ﬁeld at the tip apex.
Subtraction of the lower spectra from the upper spectra would
provide the intensity of the pure near-ﬁeld Raman scattering.
Enhancement factor in TERS is deﬁned as the ratio between
pure near-ﬁeld and far-ﬁeld Raman intensities per unit volume.
Taking the near-ﬁeld and the far-ﬁeld excitation volumes into
consideration, one can calculate the enhancement factor from
the intensity ratio. The enhancement factors in Figure 5 are of
the order of 103−105. A simple comparison just by looking at
the lower and upper spectra in Figure 5b−d highlights the
importance of TERS technique for the optical investigation of
nanosized samples.
5.1.1. Nanoimaging of SWNTs with TERS. Due to their
ideal one-dimensional structure, SWNTs are attractive samples
for the demonstration of the potentials of TERS measurements.
SWNTs have remarkable chiral, mechanical, thermal, and
electronic properties with nanometric structure, which has
attracted great interest in TERS community. Since one of the
most signiﬁcant features of TERS is the high spatial resolution,
SWNTs with one-dimensional structure are the best samples to
explore the extent of this feature. Figure 6a shows a high
resolution TERS image of a thin bundle of SWNTs, and Figure
6b shows simultaneously obtained AFM image for comparison.108

Figure 5. (a) SEM image of the silver-evaporated nanotip, where the
deposited silver particles are disconnected, as illustrated in the inset.
TERS spectra measured from (b) carbon-60, (c) single-walled carbon
nanotubes, and (d) graphene. Upper red curves in b−d represent the
near ﬁeld spectra when tip was in contact with the sample, while the
blue curves represent the far-ﬁeld spectra when the tip was retracted.
Panels a, c, and d are reproduced from ref 108 by permission of The
Royal Society of Chemistry. Panel b is reproduced with permission
from ref 116. Copyright 2006 APS.

materials, ranging from organic and chemical substances to the
biological samples. TERS has provided an insight into the
structure and chemistry of these sample at nanometer scale that
is not possible to obtain by any conventional optical or
analytical methods. We will discuss a few examples to underline
the applications of TERS.
5.1. TERS for Carbon Materials

Among many other nanomaterials, carbon materials, such as
carbon 60 (C60), single-walled carbon nanotubes (SWNTs),
and graphene provide interesting samples for TERS measurements. Figure 5b−d show examples of TERS measurement
from a nanocluster of C60,117 thin bundles of SWNTs, and a
graphene sample,108 respectively, which were measured with
tips similar to the one shown in Figure 5a. The lower spectra
for all samples correspond to the far-ﬁeld measurement where
the tip was retracted from the sample, while the upper spectra
correspond to the near-ﬁeld measurements where the tip was in
contact with the sample. When the tip is retracted from the
sample, there is no conﬁned light near the sample and thus no
enhancement is observed in the lower spectra. These spectra
represent usual far-ﬁeld Raman scattering, which is quite weak
due to the small volume of the samples. When the tip comes in
contact with the sample, the tip apex enhances both incident
and Raman scattered light from the sample right under the tip
(upper spectra). The far-ﬁeld Raman scattering in the lower
spectra are generated from the sample volume within the
diﬀraction-limited focal spot. On the other hand, the enhanced
scattering in upper spectra represents the combination of this

Figure 6. (a) Example of TERS image of a sample that contained two
thin bundles of SWNTs. This image was constructed from the
intensity of the G-mode. Inset shows the intensity line-proﬁle along
the white dotted line, conﬁrming the spatial resolution of about 14 nm.
(b) A corresponding AFM image measured simultaneously with the
TERS image. (c) An illustration of lateral dragging of a SWNT with a
silicon tip. (d) AFM image of a manipulated SWNT after it was
dragged along the yellow arrows. The points marked by the letters A,
B, and C had smallest curvatures after the nanotube was manipulated.
(e) Color-coded TERS image of the same sample, constructed from
the shift in G-mode frequency, where color indicates shifts and
represents the variation of strain along the length of the nanotube. (f)
Shift in the G-mode frequency along the red dotted line in (d). Panels
a and b are reproduced from ref 108 by permission of The Royal
Society of Chemistry. Panels c−f are reproduced with permission from
ref 117. Copyright 2013 NPG.
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High spatial resolution in optical imaging is of tremendous
importance, because it does not only image the topography of
the sample, but also its intrinsic properties. For example, one
can scan the tip along the length of an isolated SWNT and
investigate any intrinsic property of the SWNT along its length.
Yano et al. demonstrated the measurement of localized strain
along the length of an isolated SWNT.117 The authors casted
an isolated SWNT on a glass substrate, and dragged the
nanotube laterally by means of a silicon AFM tip, as illustrated
in Figure 6c. They could fold the nanotube into many diﬀerent
shapes by applying lateral force at diﬀerent locations. One such
example is shown by AFM image of a manipulated SWNT in
Figure 6d, where the nanotube was dragged along the yellow
arrows. The dragging process has two eﬀects on the nanotube,
rolling and elongation, which create localized torsional and
tensile stress, respectively. Which out of the two dominates,
depends on the location of the tip that drags the nanotube and
on the strength of adhesion of the nanotube on the substrate.
Interestingly, the torsional and the tensile strains result in a
shift of the G+-mode of SWNT in opposite directions.
Therefore, by looking at the shift of the G+-mode in TERS
measurement along the length of a manipulated SWNT, one
can estimate the variation in the strain along the length. This is
shown by the color-coded TERS image in Figure 6e, where the
color represents shift in the G+-mode. The authors measure
TERS along the red dotted line in Figure 6d and observed the
variation in the G+-mode frequency, which is plotted in Figure
6f. The regions with small curvatures, marked by the points A,
B, and C, show larger shifts than the regions with large
curvatures. The authors also manipulated an isolated SWNT in
the shape of the letters “CNT”, and discussed the strain
developed along the nanotube due to elongation and rolling. In
a similar fashion, one can also image various other properties,
such as the chirality or the defects, along the length of an
isolated SWNT at high spatial resolution. Obviously, this study
can be extended to other samples to construct nanoimages of
any physical or chemical properties in one or two dimensions.
This interesting work demonstrates the strength of TERS that
can optically image an intrinsic property of a sample at
nanoscale.
In another example of imaging the physical property of a
carbon canotube sample at nanoscale, the authors demonstrated mapping of diameter distribution of nanotubes in a
sample that contained bundled SWNTs.118 Figure 7a shows a
confocal far-ﬁeld Raman spectrum of a sample that contains
various kinds of SWNTs in a bundled form. The spectral range
corresponds to the radial breathing mode (RBM) of SWNTs.
Since the position of RBM is inversely proportional to the
diameter of the nanotube, the appearance of several peaks in
this spectral region conﬁrms that the bundle contains
nanotubes with diﬀerent diameters, as schematically shown in
Figure 7b. The authors selected three distinct RBM peaks,
marked by three colored bars in Figure 7a, which correspond to
nanotubes with the diameter of 1.23, 0.97, and 0.85 nm,
respectively. TERS images constructed from the intensity of
these three peaks are shown in Figure 7c−e, which reveals how
the diameter of nanotubes, indicated in each ﬁgure, is
distributed within the bundle. It can be even better visualized
in the overlapped image shown in Figure 7f, where the colorcoded diameter distribution can be observed with nanoscale
resolution. Similar nanoimaging for a spatial distribution of any
other physical or chemical properties of a sample could be

Figure 7. (a) Far-ﬁeld Raman spectrum of a bundle of SWNT in the
RBM spectral region. Each peak in the spectrum corresponds to a
speciﬁc diameter of the nanotube present in the bundle. (b) A
schematic representation of diﬀerent kind of nanotubes constituting a
bundle. (c−e) TERS image of the SWNT bundle constructed from the
intensities of three diﬀerent RBMs indicated by three color bars in
panel a, respectively. The corresponding diameters are indicated in the
ﬁgures. These TERS images represent the distribution of the
corresponding diameters in the sample. (f) TERS image constructed
by merging the images in panel c−e. This color-coded TERS image
shows the variation of the diameter of nanotubes within the bundle at
nanoscale, where the color variation represents the variation in
diameters. Reproduced with permission from ref 118. Copyright 2006
IOP.

realized by TERS. Clearly, this kind of information at nanoscale
resolution is not possible by conventional Raman spectroscopy.
5.2. TERS for Biological Materials

While carbon nanotubes and other carbon materials are
probably the most investigated samples by TERS, lately various
biological materials and biomolecules have also received great
attention. Several biological samples, such as speciﬁc molecules,119 viruses,120 bacteria,121 erythrocytes,122 and cellular
systems123 have been studied and nanoanalyzed by TERS.
There are some interesting studies on the nucleic acids, such
as the DNA and RNA.124 The earlier TERS investigations of
DNA base nanocrystals125−128 demonstrated that it was
possible to distinguish the respective nucleobases, which then
led to the successful TERS investigation of a single RNA strand
of a cytosine homopolymer.124 Deckert’s group recently
demonstrated TERS measurement of an insulin ﬁbril, where
the authors revealed direct molecular distinction of selected
amino acids.129 They measured TERS spectra along an insulin
ﬁbril with a step size of 0.5 nm between two consecutive tip
locations and demonstrated that the spectra were distinct with
characteristics of diﬀerent amino acids. From this result, the
authors also claimed a spatial resolution of 1−2 nm in their
TERS measurement, although, they did not construct any
image.
Another interesting biological sample for TERS investigation
are the pathogens, such as bacteria and viruses. TERS can
deliver nanoscale chemical information from the surface of
pathogens, which can provide localized composition of speciﬁc
components. Several biological processes, such as the bacterial
adhesion, bacterial pathogenesis, or the formation of bioﬁlms
can be well investigated through TERS at the nanoscale.120,121
Neugebauer et al.121 reported TERS measurements from a
bacterial surface for the ﬁrst time, where they could enhance
the ﬁngerprint Raman modes of peptides and polysaccharides.
By identifying the temporal variation in TERS intensity at the
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research was dedicated to push this limit. It was predicted from
the theory that the size of the conﬁned light near the tip apex is
typically of the same size as the tip apex, thus the best
achievable spatial resolution was expected to be the same as the
size of the tip apex. In the early days of TERS, Novotny’s group
demonstrated a spatial resolution of 25 nm for a SWNT
sample, which was comparable to the size of the tip apex.96
However, later as the TERS technique matured, the value of
spatial resolution achievable by this technique also improved.152−155 Figure 6a shows an example of high spatial
resolution TERS image from a recent publication where the
authors used a sample that contains two thin SWNTs
bundles.108 This image was constructed from the intensity of
the G-band vibrational mode of SWNT, where a high spatial
resolution of 14 nm was observed, as seen from the intensity
line proﬁle along the dotted line in the inset, while the tip apex
was larger than 20 nm. For a comparison, Figure 6b shows a
corresponding AFM image obtained simultaneously with the
TERS measurement. In fact, there were several other reports
demonstrating a spatial resolution much smaller than the size of
the tip apex. Though, in many cases the origin of this super
resolution remained debated. Yu et al.82 showed a spatial
resolution of 8 nm, however, with a special technique of
tapping mode AFM, where they could in situ remove the farﬁeld background and measure pure near-ﬁeld. Recent
publications have often shown a spatial resolution around 10
nm, thus one can safely say that it is possible to achieve a high
spatial resolution of about 10 nm in modern TERS. Although,
there have been a few reports claiming extremely high
resolution of molecular or even submolecular size. For example,
Deckert’s group investigated amyloid ﬁbrils with TERS using a
step size of 0.5 nm, and found pronounced spectral changes,
which they assigned to the spatial variation in sample
composition.156 The authors claimed a spatial resolution of
about 1 nm.156−158 In a recent report, Zhang et al.
demonstrated chemical mapping of a single molecule using
STM-based TERS and claimed a subnanometer spatial
resolution.159 The same group also claimed subnanometer
resolution for carbon nanotubes in another publication.160
These recent experimental demonstrations clearly show that a
spatial resolution of molecular and submolecular level can be
achieved; however, the origin of this super high resolution is
still under debate. In a very recent publication, Deckert’s group
discussed that a molecular size protrusion on the tip apex
maybe responsible for such a high resolution.161 A technique
combining TERS and tip-applied localized pressure was
demonstrated a few years ago, where a spatial resolution of
3−4 nm was claimed for CNT81,162 as well as for DNA162
samples. Here, the mechanism of achieving super high
resolution was well explained through the eﬀect of tip-applied
localized pressure, which will be discussed in more details later
in this review. Even though there have been discussions on
some of these claims, it is not surprising if TERS established
itself as a technique for true nanoscale optical measurement
with high reproducibility in the near future.

same location, the authors claimed detecting the protein
dynamics at the cell surface. This demonstrates the possibility
of studying complex biological systems at the nanoscale using
TERS.
Furthermore, it was demonstrated that TERS can be applied
to probe hemozoin crystals. Wood et al. showed the
characteristic hemozoin bands by measuring the digestive
vacuole of a sectioned malaria parasite infected red blood
cell.122 TERS also shows promising results from lipids,90 which
are the fundamental building blocks of biological cell
membranes. Lipids also facilitate the interaction of a cell with
its external environment such as pathogens or drugs. TERS
provides label-free chemical imaging of phase-separated lipid
domains and could be used for the nanoscale investigation of
cell membranes.130−132
The application of TERS in studying biological samples has
recently been rapidly increasing. However, in order to fully
exploit the potentials of TERS, further reﬁnement of the
technique is necessary. For example, TERS measurements in
liquid is a boon for studying biological samples under their
native physiological conditions, which is still in its premature
stage. Also, since these samples are usually soft, TERS based on
noncontact mode of AFM would avoid tip-related damages to
these samples. Tips with much higher enhancements would
better suit the biological samples that need to be measured with
low laser intensities.
5.3. TERS for Various Other Materials

Apart from carbon materials and biological samples, full
advantages of TERS has also been taken to study catalysts,
polymers, organic solar cells, semiconductors, and other
materials.133−139 Many chemical and biological activates are
often conﬁned to nanometric sites, and hence, they can be best
revealed with TERS.
For example, the whole process of photophysics in an
organic solar cell depends on the nanoscale morphology of the
active material that determines the eﬃciency of the charge
transport. Researchers have successfully utilized TERS for the
chemical mapping of the organic components and their
morphologies in solar cells.140 Several polymers and polymer
blends have also been successfully studied with TERS at
nanoscale.
Similarly, catalysts have versatile usage in our lives and thus
have been important subject of study for the chemists. It is wellknown that the catalytically active surfaces are heterogeneous at
nanoscale, and hence the identiﬁcation and measurement of
their local properties at high spatial resolution is of great
interest. TERS naturally stands out as one of the best tools to
investigate the chemical reactions and to monitor the molecular
dynamics occurring at catalytically active sites. In an interesting
report,141 authors utilized a silver-coated nanotip as both, a
catalytic site where the photocatalytic reduction took place at
the apex, as well as a TERS tip to enhance Raman scattering at
the same time.
These are just a few examples of the application of TERS in
understanding and visualizing some interesting science at the
nanoscale. TERS has recently seen its application in several
interesting ﬁelds.142−151

6. ADVANCED TECHNOLOGIES IN TERS
With extensive experiences, growing expertise, improved
instrumentations, and enriched understanding about TERS
mechanism, we have witnessed remarkable advances in the
application of TERS that addresses speciﬁc issues and provides
better understanding and control over the expected results at
nanoscale. For example, controlling polarization of the conﬁned

5.4. Super Spatial Resolution in TERS

As discussed so far, one can achieve extremely high spatial
resolution in TERS, far beyond the diﬀraction limit of the
probing light. Naturally, the researchers were interested in
ﬁnding the best possible resolution and a fair amount of
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light at the tip apex would allow nanoscale investigation of the
polarization dependence for those samples that are sensitive to
the polarization. Similarly, controlling precisely the tip−sample
distance or the tip-applied localized pressure on the sample
surface would allow one to focus on some speciﬁc issues that
can be addressed only in TERS. Here in this section, we will
discuss some interesting additions to the established technique
of TERS that brings TERS to a new level as an indispensable
technique for nanoinvestigation of various materials.
6.1. Polarization in TERS

Polarization-dependent TERS investigation allows one to study
highly directional intrinsic properties of a sample at the
nanoscale. However, unlike in the far-ﬁeld illumination where
one can use a set of polarizers to control and measure
polarization, neither evaluation nor control of the polarization
properties of the near-ﬁeld light in TERS is as straightforward.
This is because the metallic nanostructure attached to the tip
apex, which is responsible for generating the near-ﬁeld light and
hence its polarization, is usually random in shape, size, and
orientation. One can still control the near-ﬁeld polarization, up
to certain extent, by precise control on the polarization of the
incident light.74,163 SWNT is one of the best samples to study
polarization eﬀects because, it not only has a one-dimensional
structure, but also because its two prominent Raman modes,
namely the RBM and the G-mode are in the radial and axial
directions, respectively. It was demonstrated a few years ago
that one can selectively enhance either RBM or G-mode by
switching the incident polarization parallel to the mode
oscillation.80,164 Figure 8a,b shows selective enhancements of
RBM and G-mode vibrations of a SWNT sample under
dominant p- and dominant s-polarizations, respectively, where
p-polarization means incident polarization parallel to the tip
axis and s-polarization means incident polarization in-place with
the sample. Although the near-ﬁeld polarization is not purely
governed by the incident polarization, it can still be controlled
up to certain extent by controlling the incident polarization.
Since RBM vibrations are in the radial directions, they can be
selectively enhanced by the p-polarization, and on the other
hand, the G-mode vibrations are parallel to the nanotubes,
hence they can be selectively enhanced by the s-polarization.
This is a nice demonstration of selective enhancement of a
particular vibrational mode in TERS by controlling the incident
polarization. This method is useful for high-resolution TERS
imaging, particularly when two or more vibrational modes with
diﬀerent responses to polarization lie in close proximity, where
it is possible to selectively enhance only one mode out of
several modes.
In a more detailed study, the authors considered the role of a
metallic nanostructure attached right at the tip apex and
demonstrated the eﬀect of near-ﬁeld polarization in TERS.165
In this study, the polarization of the incident light was ﬁxed,
and the role of the nanostructure at the tip apex was studied.
They assumed that the illumination of this metallic
nanostructure generates a single dipole, where the oscillation
direction of the generated dipole determines the polarization of
the near-ﬁeld light near the tip apex. The best way to evaluate a
tip is to measure its scattering pattern. The direction of dipole
oscillation can be determined from the asymmetry in the
scattering pattern, because the light emitted from a dipole in
the direction perpendicular to the dipole is stronger than that in
the parallel direction, resulting in an asymmetry in the
scattering pattern.166,167 Figure 8c shows the schematic of the

Figure 8. (a,b) Polarization dependent TERS spectra of SWNT in
RBM and G-mode spectral regions, respectively. While the RBM is
selectively enhanced under p-polarization (red line), the G-mode is
selectively enhanced under s-polarization (black line). (c) Near-ﬁeld
polarization depends on the dipole moment generated at the tip apex.
The schematic shows the spatial coordinate system at the tip apex and
the deﬁnition of tilt and twist angles (Θ, Φ) for the dipole orientation.
(d−g) Calculated defocused image patterns for several dipole
orientations. The location and the size of the black crescent deﬁnes
the near-ﬁeld polarization around the tip apex. (a) and (b) are
reproduced with permission from ref 164. Copyright 2010 John Wiley
& Sons, Inc. Panels c−g are reproduced with permission from ref 165.
Copyright 2014 American Chemical Society.

dipole generated at the tip apex. The x−y plane is deﬁned as
the sample plane and the z-axis as the direction of propagation
of the incident light, which is perpendicular to the sample
plane. Vector D shows the direction of the dipole oscillation
and is described by the tilt angle Θ, which is the angle between
the dipole axis and the z-axis, and the twist angle Φ, which is
the angle between the x-axis and the in-plane component of the
dipole (Dx + Dy). The authors investigated the direction of
oscillation of the dipole generated at the tip apex by using socalled defocused imaging technique.168 This is because the
directional information is lost when the scattered light is well
focused. On the other hand, this information remains intact at a
plane away from the focal plane. For Θ = 0, which means the
dipole is in the z-direction, the defocused pattern has a
doughnut shape with a dark center, as can be seen in Figure 8d.
For increased values of Θ and Φ, the dark area in the center
moves to the side and takes the shape of a crescent (Figure 8e−
g). The size and locations of this dark crescent determines the
direction of near-ﬁeld polarization.
The authors fabricated three diﬀerent tips and evaluated the
direction of near-ﬁeld polarization for each from the
corresponding defocused images of the scattering patterns.
After evaluating the polarization, they measured TERS images
from SWNTs and conﬁrmed that the image contrast depended
on the direction of the dipole oscillation, verifying that the
polarization of the near-ﬁeld was quantitatively estimated by
their technique. Later, the authors combined both the
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Figure 9. (a) Schematic of modiﬁed TERS system using a tapping-mode AFM and acousto-optic modulator for time-gated illumination. (b)
Illustration of a sinusoidal oscillation of the tip and the synchronized opening of the time gate. The tip−sample separation d and the resolution in the
distance can be selected by choosing certain values of τ and Δ. (c) Raman spectra of an adenine nanocrystal at various tip−sample separations,
indicated in the corresponding insets. The peaks marked by ω0 and ω1 represent the unperturbed and the frequency-shifted components RBM,
respectively. Reproduced with permission from ref 81. Copyright 2009 APS.

time gate that is accurately synchronized with the tapping
oscillation. By sweeping the time gate across the entire
oscillation period, one can cover the entire region of tip−
sample separation within the tapping amplitude. This can be
done either by time-gating the detection signal172 or by timegating the illumination.81 Figure 9a schematically shows the
conﬁguration of the later scheme where one can time-gate the
illumination. An acousto-optic modulator is employed to gate
excitation laser such that the tip and sample are selectively
illuminated only for a certain tip−sample separation. Figure 9b
shows the sinusoidal oscillation of the tip and the synchronized
opening of the time-gate. By selecting a particular value of the
time delay (τ) of the time gate, one can select any desired tip−
sample separation. The accuracy in the tip−sample separation
is determined from the gate-width Δ. TERS spectra
corresponding to a desired tip−sample separation can be
recorded with high accuracy. By sweeping the value of τ, one
can obtain a tip−sample-separation-dependent data set of
TERS spectra.
Since the tip apex in TERS measurement is excited by a
propagating light, the near-ﬁeld signal is always accompanied by
a far-ﬁeld propagating light. Therefore, the near-ﬁeld TERS
signal is always combined with a far-ﬁeld Raman scattering
originating from the propagating light, which constitutes a farﬁeld background in TERS.155,173 For weakly enhanced samples,
the enhanced signal can be buried in the far-ﬁeld background,
and thus the usual TERS technique may not be suitable for
such samples. Pure near-ﬁeld Raman signal in TERS can only
be obtained by subtracting this far-ﬁeld background, which is
usually done by measuring Raman images twice: once by
bringing a metallic nanotip close to the sample and once by
retracting the tip away from the sample. In this method, while
one can get pure near-ﬁeld image, it is time-consuming as well
as there is a possibility of spatial shift between the two images,
which can result in poor quality of the subtracted image. On the
other hand, one can simultaneously measure both far- and nearﬁeld signals by opening two suitable time gates during the
oscillation of the tip. One gate would correspond to the
situation when the tip is on the sample, and the other gate
would coincide with the situation when tip is far from the
sample. Raman signal can be measured through both time gates
in each oscillation cycle at every scanning point. In this way,
one can perform dynamic in situ far-ﬁeld background removal

estimated near-ﬁeld polarization from the scattering pattern of a
tip and the polarization control by controlling the incident
polarization, to realize the best possible understanding of the
polarization in TERS.163
A more detailed discussion on polarization in TERS can be
found in a recent mini-review by Schuck et al.,169 where the
authors discuss the recent progress and provide a perspective
on the emerging directions for utilizing and controlling in-plane
optical polarization and highlight some key applications.
6.2. Tip−Sample Separation Control

In the recent past, we witnessed a noticeable technological
development 81 in TERS, where the authors achieved
subnanometer control on the tip−sample separation. Since
the tip−sample interaction in TERS strongly depends on their
separation, a precise control on the tip−sample separation can
address important chemical and physical issues involved in
TERS process.
Researchers have often payed attention only to the
electromagnetic interaction between the tip and the sample.
However, when the tip−sample separation is small, particularly
of the order of molecular distances, the chemical and
mechanical interactions between the metal atoms on the tip
and the sample atoms becomes important. When silver atoms
of the tip come in contact with the sample molecules, a
chemical bonding or charge transfer can signiﬁcantly modify
the Raman scattering. Similarly, if any silver molecule on the tip
apex presses against the sample molecule, Raman modes can be
modiﬁed from the perturbed sample molecules. Therefore, in
the contact-mode AFM-based TERS measurements, the
enhanced Raman signal can be a complex mixture of
electromagnetic, chemical, and mechanical interactions, which
can potentially make it diﬃcult to precisely interpret TERS
data. Therefore, understanding and separating diﬀerent eﬀects
of tip−sample separation on TERS is of scientiﬁc as well as
practical importance. Fortunately, the interaction ranges of
these three interactions are very diﬀerent from one another;
therefore, it is possible to distinctly measure them, if the tip−
sample separation can be precisely controlled.
Among a few others,170,171 the tapping mode AFM has
advantage in precision and stability in controlling the tip−
sample separation.81,172 In this scheme, the tip−sample
separation-dependent TERS can be measured through a narrow
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extremely interesting and useful, as it can address some critical
issues at a very precise tip−sample separation control of
angstrom level.

during the imaging process and obtain a pure near-ﬁeld TERS
image.82
Apart from dynamic background removal, as mentioned
earlier, one can also study diﬀerent kind of tip−sample
interactions individually by precisely controlling the position
of the time gate. For example, when the tip is retracted away
from the sample by a few tens of nanometers, the EM
interaction would start to lose its signiﬁcance. On the other
hand, if the tip−sample separation is less than a nanometer, the
metal atoms on the tip apex can chemically interact with the
sample molecules and a strong chemical eﬀect can be observed
in TERS measurement. Similarly, if the tip applies a pressure on
the sample, or in other words, when the tip−sample separation
takes a negative value, sample can be locally and temporarily
distorted by the tip-applied force and a signiﬁcant mechanical
eﬀect starts to play a role in TERS. These three coexisting
eﬀects can be distinctly separated in TERS if one can control
the tip−sample separation at subnanometer precision.
In an interesting work, the authors have demonstrated how
the three tip−sample interactions can be individually observed
in one experiment.81 A self-assembled adenine nanocrystal with
the size of about 80 × 80 × 7 nm3 was used to demonstrate the
tip−sample separation control with high accuracy. Adenine has
a strong aﬃnity to silver,and it therefore shows strong chemical
eﬀects in Raman scattering.174 Adenine nanocrystal also shows
spectral shift when compressed by the tip, making it easier to
see spectral change due to mechanical interaction. Figure 9c
shows the TERS spectra measured from the adenine sample at
diﬀerent tip−sample separation by properly controlling the
time gate. The inset on the right illustrates the tip−sample
separation for each spectrum. In this experiment, the temporal
width of the time-gate was set to 0.2 μs, which was about 1/40
of the tapping period (8.0 μs) of the cantilever. The maximum
tip-applied force on the sample was set to about 0.4 nN. The
authors calculated that the sample was compressed by 1.0 nm
under this tip-applied force. The tip−sample separation, d, was
measured from the upper surface of the sample, hence d takes a
negative value when the sample is compressed under tipapplied pressure. The spectra shown in Figure 9c are in the
spectral range of the ring-breathing mode (RBM) of adenine,
with a prominent peak at about 721 cm−1. The spectrum taken
for the maximum tip−sample separation (far-ﬁeld) shows only
one peak. The other spectra, which were measured when the tip
was in the close vicinity of the sample, show an additional peak
(shown in red) that shifts depending upon the tip−sample
interaction. As the tip came near the sample at a separation of
0.1 nm, some adenine molecules of the sample started to
chemically interact with silver atoms on the tip. This chemical
interaction shifted the RBM mode by 10 cm−1, and it appeared
at 731 cm−1 as a new peak. When the tip−sample separation
was further reduced to zero, more adenine molecules came
under chemical interaction, resulting in increase in the intensity
of the new peak. Finally, when the tip-applied force was
increased to 0.4 nN, adenine nanocrystal was compressed with
a negative valued of the tip−sample separation and the red peak
went under signiﬁcant changes in both frequency and intensity.
These drastic changes are due to an additional eﬀect of
mechanical interaction. The peak further shifted by 5 cm−1 to
appear at 736 cm−1. The increase in intensity can be attributed
to the increased number of adenine molecules in contact with
the tip. Thus, one can see from Figure 9c that the three eﬀects
clearly show up when the tip−sample separation is precisely
controlled. This technological improvement in TERS is

6.3. Mechanical Eﬀects in TERS

The mechanical interaction between tip and sample in TERS
can bring in some very interesting results; one of them is about
achieving much higher resolution than in usual TERS. When
the probe tip comes in contact with the sample molecules
during TERS experiments, it can apply localized force or
pressure on those sample molecules that are directly in contact
with the tip. Since the contact area depends on the amount of
pressure applied by the tip, it can be much smaller than the size
of the conﬁned ﬁeld at the tip apex. The sample molecules
which are pushed by the tip apex can be deformed and hence
have a perturbed vibrational response, which can aﬀect the
TERS spectrum.116,175 In general, this tip-applied pressure is
unavoidable and uncontrollable in TERS experiments. However, with a precise control over the tip-applied pressure, it can
be utilized to beneﬁt the spatial resolution in TERS
measurements. This is because the localized deformation of
sample molecules can show up in Raman spectral changes such
as peak-shift and intensity variation, and address the nanomechanical and nanoelectronic properties of the deformed
sample. By precisely controlling the tip-applied force, it is even
possible to make sure that a single or a very few molecules of
the sample undergo a mechanical perturbation. By sensing the
modiﬁed TERS response of these few sample molecules, one
can potentially achieve a resolution as high as of molecular
level. The eﬀect of tip-applied pressure in TERS can be found
in literature for several samples, such as C-60, SWNT, and
adenine molecules.116,175 Yano et al. have demonstrated high
spatial resolution in TERS where they utilized the tip-applied
pressure to achieve the same for SWNT.162
Figure 10a shows some TERS spectra of an isolated
semiconducting SWNT in the G-mode spectral region, taken
under diﬀerent tip-applied forces, which are indicated in the
ﬁgure. An isolated SWNT can be locally deformed under this
tip-applied force, as illustrated in Figure 10b. One can notice
that TERS spectra can be deconvoluted into two peaks at
increased values of the tip-applied forces. The new peak,
indicated by red dotted line (ω1), shows up when the tipapplied force is about 1.5 nN and shifts by about 10 cm−1 as the
tip-applied force increases to 2.4 nN. This new peak is the
perturbed G-mode originating from the deformed part of the
SWNT. The other peak, indicated by blue dashed line (ω0),
relates to the part of the SWNT that is unpressurized but still
falls within the conﬁned light at the tip apex. This peak remains
at its original position as it is unaﬀected by the tip-applied force.
The large shift of 10 cm−1 conﬁrms that it is easily possible to
distinguish the pressurized part of the SWNT, even when the
amount of compression is very little, under a tip-applied force
of about 2.4 nN.
Figure 10c shows a 3D AFM image of an isolated SWNT,
overlaid with illustration of a tip that is scanned over the
SWNT along the white dotted line under a constant tip-applied
pressure of 2.4 nN. The spectral changes initiating from the tipapplied pressure are relatively more localized than that due to
the plasmonic enhancement. Therefore, a nanoimaging based
on tip-pressurized TERS has a potential to achieve much better
spatial resolution compared to the normal TERS. While the
major spectral change due to the plasmonic eﬀects is high
enhancement in Raman scattering, the tip-applied pressure
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7. SUMMARY AND OUTLOOK
In this review, we have discussed the diﬀraction limit that
prevents us from obtaining nano scale resolution in optical
imaging. It is, nevertheless, possible to overcome this diﬀraction
limit if the evanescent component of light is involved in the
imaging process. This has been shown with plasmonics-based
TERS microscopy, where it was demonstrated that TERS can
achieve a high spatial resolution, far beyond the diﬀraction
limit, much smaller than the wavelength of the probing light. A
spatial resolution as high as 10−15 nm has been achieved by
several groups. The inclusion of mechanical interaction has
been shown to further improve the spatial resolution down to
3−4 nm. In the recent years, a few groups have claimed to
obtain molecular or even submolecular resolution in TERS
imaging. This is a remarkable value of spatial resolution one
could obtain in any optical imaging. In addition to the high
spatial resolution, other beneﬁts of plasmonic, chemical, and
mechanical interactions have been realized at the nanoscale.
This technique is slowly becoming more popular as new
research groups are getting involved and demonstrating further
reﬁnement and improvement in the technique with several new
and interesting applications. For example, recent TERS imaging
experiments have demonstrated the capability of obtaining
spatially resolved chemical information, which may lead to
answer some important scientiﬁc questions about the chemical,
physical, and biological properties of a sample. The recently
demonstrated utilization of ultrafast pulses in TERS may lead to
probing the nonlinear response at the nanoscale and will
provide site-speciﬁc information about the dynamics of the
molecular system.177 As TERS progresses to establish itself as a
tool for nanoinvestigation, it is likely to play an important role
in the characterization of electronic and optoelectronic devices,
because these devices are now shrinking to nanometer size.
Even after this impressive development of TERS over the
years, there are still some important shortcomings remaining
today, which we hope would ﬁnd some practical solutions in
the coming years. One of the biggest issues in TERS, which got
noticed a lot, is the low controllability of the surface
morphology and the reproducibility of the tips. Although the
success rate of producing good tips with strong enhancement
has increased from about 30% to almost 100%,77,178 it is still
not possible to grow two identical tips with same surface
morphologies. Therefore, even after reproducing strong
enhancement, some other phenomena, such as the polarization
of the near-ﬁeld light, cannot be well controlled or reproduced.
Good reproducibility and mass production of tips would help
TERS become a standard tool for nanoscale analysis of various
materials, which is still challenging.
Due to the inherent weak nature of Raman scattering, one of
the noticeable disadvantages of TERS imaging is the sensitivity
or the contrast in comparison with other optical methods, such
as the conventional SNOM, which involves relatively stronger
Rayleigh scattering,179 or the newly emerging nano-IR
imaging,180 which is based on IR absorption.
Although TERS and nano-IR can be considered as
complementary techniques with diﬀerent strengths, nano-IR
has an advantage that it can directly detect light absorbed by
the sample to sense the absorption coeﬃcient via thermal
expansion and hence can image optical properties of the sample
with better sensitivity. Particularly, it excels for soft matter
studies because these materials usually have high thermal
expansion.

Figure 10. (a) TERS spectra of an isolated SWNT in the G-mode
spectral range at indicated tip-applied forces. The deconvoluted
spectra show that a new peak (shown in red) starts to appear and shifts
as the tip-applied force increases. This new peak corresponds to the
perturbed G-mode that originates from the pressurized volume of the
sample. The original peak (shown in red) originated from the
unpressurized volume of the sample, remains at its initial position. (b)
An illustration of local deformation of an isolated SWNT under tipapplied force. (c) AFM image of an isolated SWNT, overlaid with an
illustration of tip scanning across the SWNT along the white dotted
line with a tip-applied force of 2.4 nN. (d) Shift of the G-mode peak as
a function of the lateral position of the tip during the line scan. The
shift is largest when the tip is exactly above the SWNT. The best ﬁtting
curve shows a spatial resolution of 4 nm in this one-dimensional
imaging. Reproduced with permission from ref 162. Copyright 2009
NPG.

predominantly induces shifts in Raman modes. Therefore,
unlike normal TERS imaging, tip-pressurized TERS imaging is
performed by sensing the amount of peak shift. Figure 10d
shows the result of a one-dimensional imaging of the isolated
SWNT shown in Figure 10c, where the peak-shift of the Gmode is plotted with respect to the tip position.162 The peakshift was measured at the intervals of 1 nm, as the tip was raster
scanned across the SWNT. The experimental data are shown
by the full circles and the best ﬁtting to the experimental data is
shown by the red curve. The spatial resolution obtained from
the fwhm of ﬁtting curve in Figure 10d is 4 nm. Similar special
resolution was also demonstrated for adenine sample.162 This is
an extremely high value of spatial resolution that the authors
demonstrated by combining the mechanical eﬀect of tip-applied
pressure with the plasmonic eﬀect of TERS microscopy.
Apart from the extremely high spatial resolution in TERS
imaging, the inclusion of such a mechanical eﬀect in TERS also
has other beneﬁts in understanding some basic physical and
electronic properties of a sample, and thus making practical
usage of those properties. For example, when locally
pressurized, the electronic band gap of a sample can change
within a nanometric volume, which can show up in the
variation of Raman intensity in a TERS spectrum. Therefore,
tip-pressurized TERS has a potential to provide a new insight
into the band gap engineering at nano scale. In another
example, one can see in situ phase transition of a SWNT from
semiconducting to metallic and vise-versa.176 Obviously, this
technique is not limited only to SWNT, and one can imagine
several other useful applications of tip-applied pressure
combined with the enhancement of TERS.
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Another issue that has hindered the acceptance of TERS as a
regular tool for nanoscale investigation is the strong inherent
far-ﬁeld scattering background originating from the diﬀractionlimited focus spot, as it drastically deteriorates the contrast in
TERS images. In order to overcome this problem, two
techniques have been suggested. One utilizes the so-called
plasmon nanofocusing, where the light is coupled to the surface
plasmons of the tip at a location far from the tip apex, so that
the focus spot and the near-ﬁeld light are physically separated
and hence the background scattering is eliminated.113−115 The
other technique is based on in situ removal of the far-ﬁeld
background by utilizing time-gated tapping mode operation of
AFM controller.82 Both these methods are highly technical and
need special skill. It remains interesting to see if there are easier
solutions to get rid of the far-ﬁeld background in TERS
imaging, which will help eﬃcient nanoimaging of samples with
small Raman cross sections, such as biosamples.
Since TERS involves highly conﬁned light ﬁeld near the apex
of the probe tip, one disadvantage of TERS is that it cannot
measure a sample three dimensionally, and remains as a surface
technique so far. It will be interesting to see if some researchers
come up with an idea to eﬀectively image the intrinsic
properties of a sample three dimensionally at nanoscale using
TERS.
As mentioned before, molecular and submolecular spatial
resolution in TERS imaging have been experimentally
demonstrated. The mechanism and the physics behind such
super resolution is still under debate and is not fully understood
yet. Further research is required to solve the mystery of such a
high spatial resolution, which cannot be explained by the
existing knowledge of the conﬁnement mechanism.
It is more than one and a half decades since TERS was ﬁrst
demonstrated. Within this short period, TERS has continuously
evolved and matured with impressive applications in various
ﬁelds. Even though there are still many challenges and
debatable underlying science behind the unexpectedly high
spatial resolution, TERS has already been recognized as one of
the best and strongest techniques to optically study a sample at
nanoscale. It will be interesting to see the direction of
upcoming research in TERS and its new and interesting
applications in the future.
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(144) Opilik, L.; Dogan, Ü .; Li, C.-Y.; Stephanidis, B.; Li, J.-F.;
Zenobi, R. Chemical Production of Thin Protective Coatings on
6465

DOI: 10.1021/acs.chemrev.6b00821
Chem. Rev. 2017, 117, 6447−6466

Chemical Reviews

Review

Optical Nanotips for Tip-Enhanced Raman Spectroscopy. J. Phys.
Chem. C 2016, 120, 20828−20832.
(145) Tallarida, N.; Rios, L.; Apkarian, V. A.; Lee, J. Isomerization of
One Molecule Observed through Tip-Enhanced Raman Spectroscopy.
Nano Lett. 2015, 15, 6386−6394.
(146) Freedman, K. J.; Crick, C. R.; Albella, P.; Barik, A.; Ivanov, A.
P.; Maier, S. A.; Oh, S.-H.; Edel, J. B. On-Demand Surface- and TipEnhanced Raman Spectroscopy Using Dielectrophoretic Trapping and
Nanopore Sensing. ACS Photonics 2016, 3, 1036−1044.
(147) Hartman, T.; Wondergem, C. S.; Kumar, N.; van den Berg, A.;
Weckhuysen, B. M. Surface- and Tip-Enhanced Raman Spectroscopy
in Catalysis. J. Phys. Chem. Lett. 2016, 7, 1570−1584.
(148) Zaleski, S.; Wilson, A. J.; Mattei, M.; Chen, X.; Goubert, G.;
Cardinal, M. F.; Willets, K. A.; van Duyne, R. P. Investigating
Nanoscale Electrochemistry with Surface- and Tip- Enhanced Raman
Spectroscopy. Acc. Chem. Res. 2016, 49, 2023−2030.
(149) Sonntag, M. D.; Klingsporn, J. M.; Garibay, L. K.; Roberts, J.
M.; Dieringer, J. A.; Seideman, T.; Scheidt, K. A.; Jensen, L.; Schatz, G.
C.; van Duyne, R. P. Single-Molecule Tip-Enhanced Raman
Spectroscopy. J. Phys. Chem. C 2012, 116, 478−483.
(150) Wickramasinghe, H. K.; Chaigneau, M.; Yasukuni, R.; Picardi,
G.; Ossikovski, R. Billion-Fold Increase in Tip-Enhanced Raman
Signal. ACS Nano 2014, 8, 3421−3426.
(151) Liao, M.; Jiang, S.; Hu, C.; Zhang, R.; Kuang, Y.; Zhu, J.;
Zhang, Y.; Dong, Z. Tip-Enhanced Raman Spectroscopic Imaging of
Individual Carbon Nanotubes with Subnanometer Resolution. Nano
Lett. 2016, 16, 4040−4046.
(152) Najjar, S.; Talaga, D.; Schué, L.; Coffinier, Y.; Szunerits, S.;
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