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Abstract The spatial resolution in optical imaging is restricted
by so-called diffraction limit, which prevents it to be better
than about half of the wavelength of the probing light. Tip-
enhanced Raman spectroscopy (TERS), which is based on the
SPP-induced plasmonic enhancement and confinement of light
near a metallic nanostructure, can however, overcome this bar-
rier and produce optical images far beyond the diffraction limit.
Here in this article, the basic phenomenon involved in TERS
is reviewed, and the high spatial resolution achieved in opti-
cal imaging through this technique is discussed. Further, it is
shown that when TERS is combined with some other physical
phenomena, the spatial resolution can be dramatically improved.
Particularly, by including tip-applied extremely localized pres-
sure in TERS process, it has been demonstrated that a spatial
resolution as high as 4 nm could be achieved.

4 nm

Illustration of local deformation in an isolated carbon nanotube
due to the pressure applied through the apex of a nano-tip. By

sensing this local deformation by means of Raman shift in TERS,
the sample can be imaged with extremely high spatial resolution.
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1. Introduction

Optical imaging has been an inseparable part of human life
for centuries, where either reflecting surfaces were used as
mirrors or transparent materials with curved surfaces were
used as lenses to construct optical images. This technique
improved over the time as scientist developed various kinds
of microscopes and telescopes that enabled us to see an
object with very small size, such as a bacteria, or an object
that is too far, such as a star or a terrestrial planet. Even

with the fast and remarkable progress of optical imaging
techniques, observing a sample at a nanoscale resolution
with optical microscope always remained a dream of sci-
entists, because wave nature of light imposes an intrinsic
limit on optical imaging. It turns out that for lenses made
of glass, the resolution in optical imaging is limited to a
size comparable to half of the wavelength. That means,
when we talk about optical imaging with visible light, it
is impossible to resolve two objects that are separated by
a distance less than about 300 nm. This limit is known as
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the diffraction limit. If it is not possible to overcome this
diffraction limit, then the alternative is to reduce the wave-
length, so that the diffraction limit reduces to nanometer
scale, and hence imaging at nanoscale resolution becomes
possible. Incidentally, electrons, when considered as waves,
possess very short wavelengths, and hence could be uti-
lized for this purpose. This was demonstrated with the
invention of transmission electron microscope (TEM) [1]
and scanning electron microscope (SEM) [2], where it be-
came possible to image samples at nanometer resolution.
In fact, microscopy was revolutionized with inventions of
these and some other scanning probe microscopes (SPMs),
such as the scanning tunneling microscope (STM) [3] or
the atomic force microscope (AFM) [4], where it became
possible to achieve even atomic scale resolution in surface
topography. Even after the development of these wonderful
imaging techniques, optical imaging did not lose its charm
and importance, because the visible light (or the infrared
light) carries an energy that is comparable to the intrinsic
electronic band gap energies (or the vibrational energies) of
most of the naturally existing materials. This allows light to
actively interact with the sample at electronic or molecular
level and then carry the information related to their intrinsic
properties to the image. For example, an optical image of
a colored object will appear in true colors, while a TEM
or SEM image of the same object will lose the information
related to the color. Since the electronic systems of most
of the samples one can think about are insensitive to the
high energies associated with the probing waves with small
wavelengths, the samples do not interact actively with the
probing wave, and hence TEM or SEM images do not pro-
vide vital intrinsic information of the sample. Also, the
imaged formed by STM or AFM are limited to the topo-
graphic information. As a result, optical images turn out to
be much more informative, in comparison with the images
obtained from the SPMs. Further, as light can propagate
through air and water, it allows us to image living matters
in their unperturbed physiological conditions. This makes
optical imaging a very powerful tool to see a sample and to
study its basic properties. However, low resolution in opti-
cal imaging in comparison with SPM techniques puts some
big challenges on optical imaging of nanomaterials. One
would like to find an imaging technique that utilizes visible
light, but still is able to achieve a nano-scale resolution. In
this article, we will discuss how this goal can be achieved
by manipulating the probing light. A recent review on the
related subject can be found in [5]. We will also show how
the resolution in optical imaging can be further improved
by actively perturbing a sample and then optically sensing
the perturbation.

2. Optical imaging at high-resolution

2.1. The diffraction limit

Let us first discuss about the primary reason that prevents
nanoscale resolution in optical measurements. The diffrac-

tion limit of optical imaging is associated with the wave
nature of light that imposes the Heisenberg’s uncertainty
principle. According to this uncertainty principle, the mini-
mum measurable distance between two point sources
would depend on the uncertainty in the momentum of
the light, so that the minimum value of the product
is a non-zero finite quantity. This condition forces to
be a non-zero quantity for any finite value of . The min-
imum possible value of at which the two sources could
be unambiguously distinguished in an optical observation
is defined as the diffraction limit, and it depends on both
the wavelength of the light and the optical system used for
the observation. More than a century ago, Abbe [6] and
Rayleigh [7] independently derived the criterion for this
minimum distance . According to Abbe’s criterion,
can be defined as

(1)

where the numerical aperture of the optical system is de-
fined as , with as the refractive index of
the surrounding medium and the maximum collection
angle of the optical system, such as a lens. For a lens made
of glass with large value of collection angle, the practical
value of turns out to be about half of the wavelength.
The diffraction limit thus restricts the optical resolution
for a visible light to be about 300 nm, which is not good
enough for optical imaging or analysis of nanomaterials.
The optical resolution, however, can be extended beyond
Abbe’s limit to a certain extent in some cases, for exam-
ple, by utilizing the nonlinear effects or by saturating the
light-matter interaction. Even then, it is not easy to achieve
a nanometric resolution far beyond the diffraction limit.

The phenomenon of diffraction limit imposes a loss of
information at the image plane, because a point source at
the object plane can only be imaged as a diffused spot with
a size comparable to the diffraction limit, thus losing the
information of its structural shape. This can be understood
by recalling that light field is composed of two components,
the homogeneous propagating radiation and the inhomoge-
neous non-propagating evanescent waves. In the mathemat-
ical treatment, the evanescent waves are solutions of the
Helmholtz equation in the free space, resulting in an expo-
nentially decaying wave that can yield infinite energy at a
distance far from its origin, which is physically impossible.
Thus, they cannot exist in a free space and remain restricted
to the boundaries of its source. Consequently, evanescent
waves do not propagate to participate in the process of im-
age formation, though they exist near the source, resulting
in the loss of information at the image plane.

In order to restrain this loss, one would need to involve
the evanescent component of light in the process of image
formation. Which would essentially mean that the imag-
ing process must be carried out in the close vicinity of the
source, for example, a scattering point that can act as the
source. This gave rise to a new area of research, known as
the near-field optics that deals with electromagnetic inter-
actions at extreme subwavelength scale. Near-field region
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is defined as the space close to the source where the evanes-
cent field cannot be neglected, usually extending to the
scale of a few tens of nanometers. In the near-field region,
where we consider the non-propagating evanescent waves,
the restriction over or no longer follows the same
condition as in the free space for propagating radiation. In-
stead, depends on the size of the probing source, rather
than on the wavelength of the corresponding propagating ra-
diation.

2.2. Slow light for nano-imaging

An ideal imaging system would be the one which can
achieve high resolution and at the same time images the
intrinsic properties of the object. In other words, what one
needs is a probing wave that has energy (or frequency) sim-
ilar to that of a visible light, but wavelength comparable to
that of x-ray or electron-wave. Since the wavelength and
the frequency of a wave are related through the speed of
the wave, the above requirement can be achieved in visible
light, if the speed of light is significantly reduced. Thus,
by utilizing slow light, it should be possible to achieve
high spatial resolution in optical imaging that can also
have rich information about the intrinsic properties of the
object. Indeed, this technique is widely used in classical
optical imaging by filling up a high refractive index mate-
rial, such as immersion oil, in the free space between the
object and the lens, so that the speed of light is reduced in
this space and a better resolution is achieved, though this
improvement is only marginal. This brings us back to our
earlier discussion, where we noted that, in order to obtain
high resolution in optical imaging, one needs to involve the
evanescent wave in the imaging process. Since evanescent
waves are non-propagating, they are nothing but slow light,
with negligible speed in the ideal case.

Evanescent waves exist in the close proximity of a light
source, which can either be a primary source, such as an
oscillating dipole, or a secondary source, such as a scatter-
ing point in the form of a tiny aperture or a tiny particle.
While it is practically difficult to bring a primary point-
source very close to an object that needs to be imaged, it
is comparatively easy to create and control a secondary
point-source in the close proximity of an object. This is
the foundation of near-field optical imaging, which we will
discuss later in more details. Indeed, the idea of utilizing a
tiny aperture or a tiny particle to obtain higher resolution
was conceived long ago in 1928 by Synge [8], though it
was reconsidered and experimentally demonstrated only in
the recent past [9–11].

2.3. Light-metal interaction

The development of optical nanoimaging has great contri-
bution from the understanding of interaction between light
and metal. On the surface of a metal, there are always abun-
dant free electrons, which experience electromagnetic (EM)

forces from the neighboring electrons as well as a restora-
tion force due to their displacements under this EM force.
As a result, they keep oscillating collectively on the surface
of the metal. This collective oscillation creates an oscillat-
ing EM field in the close proximity, which influences back
the very electrons that created this field. Thus there is a
co-existence of collective oscillation of free electrons at the
surface and an oscillating EM field close to the surface of
the metal. This coupled co-existence is known as the sur-
face plasmon polaritons (SPPs). Since the free electrons as
well as the EM field exist only at or near the metal surface,
these SPPs are strongly confined at the surface of the metal.
In fact, they are quantum form of non-propagating light,
analogous to the photons, which are quantum form of prop-
agating radiation in free space. These SPPs are nonradiative,
they propagate along the surface and their wavelength at
a given frequency is shorter than that for a corresponding
photon in the free space. At the frequency of their natural
oscillation, the wavelength ideally goes down to zero. Thus
we always have a non-propagating evanescent light close
to the surface of a metal, though it is extremely weak in
intensity for any practical use. One way to increase the
oscillation strength of these SPPs is to provide external
energy, for example, by means of resonant interaction with
a propagating light that oscillates with frequency close to
the natural oscillation frequency of the SPPs. However,
due to the extreme mismatch of the momentum between
propagating light and the SPPs of a bulk metal, propagat-
ing light does not couple with SPPs of a bulk metal. On
the other hand, for a nano-sized metallic structure that is
much smaller than the wavelength of the incident light,
the conservation laws are relaxed, and it becomes possible
to resonantly excite the SPPs through a propagating light,
which can result in strongly enhanced evanescent light in
the close proximity of the metallic nanostructure. In two
independent studies, Otto [12, 13] and Kretschmann [14]
demonstrated that SPPs in a thin metal plate can be excited
by a propagating light that goes under total internal reflec-
tion near the metal film, so as the propagating radiation does
not penetrate through the metal. In these two-dimensional
metallic film systems, the evanescent field is confined in the
direction perpendicular to the metal film. However, instead
of a thin film, if one considers a metal nanoparticle that has
a size much smaller than the wavelength of propagating
radiation used for excitation of the localized SPPs in the
nanoparticle, the resulting enhanced evanescent field would
be confined close to the nanoparticle in all three dimensions,
thus providing us with a nano-light source that generates
strong and confined evanescent light, an ideal probe for
high resolution optical imaging. Apart from the confine-
ment of the light field, there is also a huge enhancement
of the field in the close proximity of the metallic nanos-
tructure, which is essentially related to the confinement
of photons in a small volume. Indeed, the phenomenon of
confinement and enhancement of light field near a metallic
nanostructure, such as a nano-rod, can facilitate the nanos-
tructure, when arranged in optimum geometry, to act as a
nanolens, which can construct subwavelength images [15].
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Figure 1 (online color at: www.lpr-journal.org) A
schematic of TERS experimental set-up. The left inset
shows a SEM image of an AFM tip, which was coated
with silver under vacuum evaporation. The tip apex is
about 30 nm. The right inset shows more details of the
tip-sample arrangement.

The enhancement of light near a metallic nanostructure
brings in additional benefit in observation of nanomateri-
als, especially through an optical phenomenon, because
the weak optical response of a nano-sized sample could be
greatly enhanced.

2.4. Metallic nanostructure as nano-light source

As discussed above, a metallic nanostructure, the localized
SPPs of which are excited resonantly with propagating light,
can act as a nano-light source, because the light field is con-
fined in all three dimensions in the close proximity of this
nanostructure. In order to utilize this nano-light source for
optical imaging, it is required to scan the nanostructure over
the sample, by means of a technique similar to other SPMs.
For this reason, very often the scanning probes of STM and
AFM, or tuning fork type probes, after proper metallization,
are used as the scanning metallic nanostructure [11,16–21].
Since the STM probe is made of metal, it can be used in its
original form [22], while the AFM probe, which is made
of semiconductor, needs to be coated with thin metallic
layers [23–25]. The tuning fork type probes are prepared
from thin metallic wires either by chemical etching or by
milling through the focussed ion beam [18–20]. In addition,
attaching a metallic nanoparticle, such as a mesosphere, to
the apex of one of these scanning probes will also serve the
purpose [26, 27]. Silver- or gold-coated AFM cantilevers,
however, are the most commonly used scanning metallic
nanoprobes for this purpose. The metal coating is usually
done by vacuum evaporation [16,23–25] or electroless plat-
ing [28, 29]. The left inset of Fig. 1 shows a SEM image
of the tip apex of a silicon AFM cantilever coated with sil-
ver by vacuum evaporation process [30]. As seen from the
image, the surface of tip is rough with small silver grains
deposited all over the surface. The size of the tip apex after
silver deposition is about 30 nm. These silver grains de-
posited at the tip apex work as metallic nanostructure for
the confinement of light. Theoretical as well as experimen-

tal results show that the confinement of light near such a
metal-coated tip is as large as the size of the tip apex, and
the light field enhancement for resonant excitation is as
high as several orders of magnitude.

3. Tip-enhanced Raman spectroscopy

Raman spectroscopy is a powerful optical tool to study the
basic physical, chemical or biological properties of a sam-
ple, because it deals with both the electronic and the vibra-
tional energy states of the sample, extracting large amount
of intrinsic information about the sample. Raman scattering
is therefore frequently utilized in optical microscopy to
construct Raman images of samples. However, Raman scat-
tering is a weak optical process that requires long measure-
ment time, particularly for nanomaterials that have small
scattering volumes. The utilization of nano-light-source
created at the apex of a nano-sized metallic tip as the ex-
citation light source in Raman spectroscopy is therefore
of tremendous advantage, both for the enhancement of the
weak Raman signal and for obtaining extremely high spa-
tial resolution. This is done by the so-called tip-enhanced
Raman spectroscopy (TERS), where a metallic nano-tip is
added to the experimental set-up of conventional Raman
spectroscopy [16–18, 31–35]. Fig. 1 shows a schematic of
a typical experimental set-up for TERS, which consists of
an excitation laser, an inverted microscope equipped with a
high-NA oil-immersion objective lens, an AFM head that
controls and positions silver-coated nano-tip, a spectrome-
ter and a CCD detector. The sample is illuminated through
an evanescent mask and Raman signal is collected in the
backscattering geometry. The function of an evanescent
mask is to block the central part of the incident beam, so
that only high-NA component of the light focusses through
the lens. This focussed light falls on the glass substrate at
angles larger than the critical angle and gets totally inter-
nally reflected at the substrate, creating only evanescent
field at the focal spot. In such an arrangement, the tip apex
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is locally illuminated by only the evanescent field and the
possible background signal from the transmitted incident
light is completely avoided. As the tip apex comes close to
the sample within the focal spot, as illustrated in the right
inset of Fig. 1, a nano-light-source is created at the tip apex
due to the collective oscillation of the localized SPPs, pro-
vided the laser utilized in the experiment is resonant with
the natural oscillation of the SPPs in the metallic tip. This
process enhances Raman scattering by several orders of
magnitude. The enhancement mechanism in TERS is anal-
ogous to that in the surface-enhanced Raman spectroscopy
(SERS), where Raman scattering is enhanced near a rough
metallic surface due to the resonant excitation of SPPs at
the metallic surface. The enhancement mechanism involv-
ing SPPs is also known as the EM enhancement. While EM
interaction provides the dominant enhancement mechanism
in SERS and TERS, chemical and mechanical interactions
can also play important roles, which we will discuss later.
The important difference in SERS and TERS is that SERS
can provide only enhancement, while TERS can also pro-
vide scannable strongly localized confinement of light field
at the tip apex, which is useful for obtaining high resolution
in corresponding imaging process. By scanning the metallic
tip over the sample in TERS measurement, Raman image
with extremely high resolution can be constructed.

Fig. 2 shows examples of TERS measurements for two
different samples- nano-cluster of carbon-60 in Fig. 2a and
adenine nanocrystal in Fig. 2b [31, 32]. The lower curves
for both samples correspond to the situation where the
tip is far from the sample, while the upper curves corre-
sponds to the situation where the tip is in the close vicinity
of the sample. When the tip is far from the sample, the
spectra represent usual far-field Raman scattering, which is
significantly weak due to the small volume of nano-sized
samples. As soon as the tip comes close to the sample,
a nano-light-source is created at the tip apex, which en-
hances Raman scattering from the sample right under the

Figure 2 (online color at: www.lpr-journal.org) TERS spectra
for (a) C-60 molecules and (b) adenine nanocrystal. The lower
spectra correspond to the far-field Raman scattering obtained from
the diffraction-limited focal spot when the tip was far away from
the sample, while the upper spectra correspond to the near-field
Raman scattering obtained from the sample volume right under
the tip apex, when the tip was close to the sample. The near-field
spectra also contain the far-field component.

tip. As one can see from the upper curves in Figs. 2a and b,
near-field Raman scattering is strongly enhanced for both
samples [31,32]. While the far-field Raman scattering is ex-
cited from the sample volume within the diffraction-limited
focal spot, the near-field Raman scattering is excited from
a rather small volume of the sample that is immersed into
the confined field at the tip apex, which is comparable to
the size of the tip apex itself. A calculation taking the ex-
citation volume into account reveals that the enhancement
factors for both samples are of the order of several thou-
sands. A simple visual comparison between the lower and
the corresponding upper curves in Figs. 2a and b enlight-
ens the importance of TERS for the observation of Raman
scattering from nano-sized samples.

Amongst many other nanomaterials, single-walled car-
bon nanotubes (SWNTs) provide an interesting sample for
TERS measurements. Due to their ideal one-dimensional
structure with remarkable chiral, mechanical, thermal and
electronic properties, SWNTs have attracted great atten-
tion in both scientific and industrial communities. Since
these unique structural and physical properties are reflected
in their vibrational behavior, Raman spectroscopy plays
an important role in studying and analyzing SWNTs. The
dominant Raman features of SWNTs are the radial breath-
ing mode (RBM), the tangential stretching mode, known
as the G-mode, and a defect-induced mode, known as the
D-mode [36]. The frequency position of the RBM is in-
versely proportional to the diameter of the nanotube [37],
which provides a direct assessment of the diameters of
the nanotubes present in the sample. The G-mode is sen-
sitive to the electronic properties of the nanotube, which
can be used to distinguish between the semiconducting and
metallic nanotubes. Both RBM and G-mode are also re-
lated to the chirality of the nanotube. The D-mode (and
also its second-order overtone, known as the G -mode) can
be used to quantify the defects in the regular structure of
the nanotubes. Thus it is interesting to explore the strength
of TERS measurements on SWNTs.

One of the most important features of TERS measure-
ment is the spatial resolution, and SWNTs are one of the
best samples to explore this feature. For example, for par-
tially dispersed SWNTs, the conventional confocal Raman
measurement would detect an average Raman signal from
all SWNTs present in the focal spot (usually about 300 nm),
while TERS would detect only those SWNTs, which are
directly under the tip within an area of about 20 nm. Fig. 3a
shows a schematic of such TERS measurement, while
Fig. 3b shows the experimental results. When the tip is far
from the sample, the RBM in far-field spectrum shows the
presence of SWNTs with at least three different diameters,
as can be understood from three distinct peaks in the RBM.
On the other hand, when the tip is brought close to the
sample, the near-field spectrum shows that only one peak
is distinctly enhanced, while the other two peaks remain
the same. Since the far-field signal is also present in the
near-field measurements, the selective enhancement of just
one peak confirms the presence of only one SWNT directly
under the tip. This demonstrates the strength of TERS mea-
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Figure 3 (online color at: www.lpr-journal.org) (a) A schematic of the sample containing several SWNTs. (b) TERS measurements of
the sample showing that the peak at 161.5 cm 1, corresponding to a nanotube with the diameter of 1.54 nm, was selectively enhanced.
(c) High-resolution TERS imaging of dispersed SWNTs. The image in (c) is reproduced with permission from [20] © 2003 APS.

surements, which can selectively detect only one SWNT di-
rectly under the tip apex. The high-resolution sensitivity of
TERS has its obvious application in high-resolution imag-
ing, for which isolated SWNTs are one of the best samples.
Fig. 3c shows an example of high-resolution TERS image
of isolated SWNTs dispersed on a glass substrate [20]. This
TERS image was constructed by scanning the sample at
G -mode mode (2615 cm 1). The spatial resolution of this
image, as estimated from the line profile across the nan-
otubes (indicated by white dashed line), was as high as
25 nm, which is about 25 times smaller than the wavelength
of the excitation light used in the experiment. In later years,
TERS image of SWNT with even better spatial resolution
was reported, which was about 35 times smaller than the
probing wavelength [38].

Another important application of TERS to nano-analyze
SWNTs is to probe local features along an isolated individ-
ual SWNT [20, 31, 39–41]. It has been demonstrated [41]
that TERS measurements of different Raman modes along
the length of an isolated SWNT can clearly show a variation
of Raman-frequency for both the RBM and the G-mode,
revealing the variation of chirality along the length of an
isolated SWNT. The analysis of spectral shapes of the G-
mode along the nanotube in the same experiment showed
that the electronic properties of the nanotube changed from
semiconducting towards one end to metallic towards the
other end of the nanotube. The chirality variation along the
length was imaged with a spatial resolution of a few tens of
nanometers. In another study, the ratio between the intensi-
ties of the D-mode and the G-mode was utilized to quantify
the local defect density in an isolated SWNT [39]. In some
cases, even subsurface TERS imaging of isolated SWNTs
overcoated with a dielectric thin layer was possible [40].

In addition to the nano-analysis of isolated nanotubes,
TERS can be a very strong tool to map the distribution of
nanotubes within bundled SWNTs [42]. Fig. 4a shows a
far-field Raman spectrum of bundled SWNTs in the RBM
vibrational range. A schematic of the sample containing dif-
ferent kinds of nanotubes in the bundled sample is shown
in Fig. 4b. Presence of several peaks in RBM spectrum
indicates that the bundle contains SWNTs with different

Figure 4 (online color at: www.lpr-journal.org) (a) TERS spec-
trum of a SWNT bundle in the RBM frequency region. Various
distinct peaks indicate existence of SWNTs with different diam-
eters. TERS images in (b), (c), and (d) were constructed from
the three shaded peaks in TERS spectrum, which correspond to
the SWNTs with diameter 0.85 nm, 0.97 nm, and 1.23 nm, respec-
tively.

diameters. Three RBM peaks, marked by the shaded ar-
eas, which correspond to nanotubes with three different
diameters, were selected for TERS imaging. Corresponding
TERS images obtained from the same area of the sample
are shown in Figs. 4c–e, which reveal how the nanotubes
with different diameters are spatially distributed within the
bundled sample. Corresponding nanotube diameters are
also indicated in TERS images. This is an example of imag-
ing the distribution of nanotube diameters within a bundled
sample. Similar imaging for the spatial distribution of other
physical or electronic properties of SWNTs, such as the
defect or the chirality, is also possible by TERS. Obviously,
this kind of information cannot be obtained by conventional
confocal Raman spectroscopy due to both the diffraction
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limit of the probing light and the weak Raman efficiency of
nano-sized samples.

4. Technological improvement in TERS

With the growing expertise and understanding about the
mechanism involved in near-field spectroscopy and imag-
ing, we have witnessed tremendous advances in the ex-
perimental and technological aspects that address specific
issues and provide better understanding as well as better
control over the expected results at nanoscale. For example,
controlling the polarization of the enhanced field or con-
trolling the distance between the tip apex and the sample
can allow one to focus on some specific issues that can be
addressed in TERS. In this section, we will discuss some
of these advances in the experimental techniques that has
made TERS much more important and inevitable tool for
nano-analysis and nano-imaging of various materials.

4.1. Polarization effects

Polarization dependent studies in TERS are interesting, par-
ticularly for SWNTs, which, due to their one-dimensional
structure, are highly sensitive to the incident polarization.
Apart from possessing the one-dimensional structure, the
two important vibrational modes of SWNT, the RBM and
the G-mode, have different sensitivities to mutually per-
pendicular polarizations, because the RBM corresponds
to the radial vibrations of the carbon molecules, while the
G-mode corresponds to the tangential vibrations of the car-
bon molecules in the tube. Thus SWNT is a good sample
to study the polarization effects. The probing excitation
in TERS has a different polarization in comparison with
the far-field measurements, because the polarization of the
enhanced field at the tip apex is governed prevailingly by
the axis of the tip, rather than depending directly on the po-
larization of the propagating light that excites the enhanced
field. Nevertheless, the polarization of the enhanced field
can be somewhat controlled by controlling the polarization
of the excitation light. Since most common experimental
set-ups for TERS are based on illumination parallel to the
tip axis and involve focusing of light via high-NA objective
lens, it is not possible to achieve either fully parallel (p)
or fully lateral (s) polarization of the incident light at the
tip. Thus the confined field at the tip apex is also partially
p-polarized and partially s-polarized. The ratio between p
and s components could be controlled up to certain extent
by using proper combinations of polarizers. Without use
of a polarizer, the p-polarized component in the enhanced
field is usually much stronger than the s-polarized compo-
nent, because the s-component is dominantly rejected by
the evanescent mask, which is a common component in
the optical set-up for TERS measurement. In the far-field
measurements of SWNTs, Raman intensity is strongest
when the polarization of the incident light is parallel to

Figure 5 (online color at: www.lpr-journal.org) Polarization
dependent TERS measurements of SWNT in (a) RBM and (b) G-
mode spectral regions. The RBM is efficiently enhanced under
dominant p-polarization (red line) conditions while the G-mode
is more efficiently enhanced under a dominant s-polarization
(blue line).

the nanotube axis and it vanishes when the polarization is
perpendicular. However, since the confined field at the tip
apex is mostly p-polarized, TERS measurements of ran-
domly oriented SWNTs show a rather uniform intensity
contrast [20]. This can be advantageous in detecting Raman
signal from a sample that contains randomly oriented nan-
otubes. On the other hand, one can control the polarization
of the enhanced field at the tip apex by utilizing proper
combination of polarizers, which can be beneficial in some
other measurements [43].

Fig. 5 shows a comparison of TERS intensities of the
SWNT, where the sample is measured under either domi-
nant p- or s-polarization conditions. The spectra in Fig. 5
correspond to the pure near-field components, which means
they are obtained by subtracting the spectra obtained when
the tip was far from the sample, from the corresponding
spectra obtained when the tip was close to the sample.
Red lines indicate the spectra measured under dominant
p-polarization condition while the blue lines indicate those
measured under dominant s-polarization conditions. Un-
der the p-polarization condition, the RBM is efficiently
enhanced but the G-mode exhibits weak enhancement. In
contrast, under the s-polarization condition, the G-mode
exhibits higher enhancement while the enhancement of
RBM is weak. This demonstrates selective enhancement of
a particular vibrational mode in TERS by controlling the
polarization. This method is also useful for high-resolution
TERS imaging, especially when two vibrational modes
with different polarization responses lie in close proximity
in Raman spectrum, where one can selectively enhance
only one mode out of the two.

4.2. Tip-sample distance control

A recent noticeable technological development [44] in
TERS is to achieve an angstrom-level precise control on the
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tip position with respect to the sample, which can address
some important physical and chemical issues involved in
TERS process. The EM enhancement plays an important
role in TERS, both for signal sensitivity and spatial res-
olution. However, EM effect is not the only interaction
mechanism between the tip and the sample. Indeed, for
very short distances between the tip and the sample, par-
ticularly at molecular distances, chemical and mechanical
interactions between the metallic tip and the sample be-
come significant. When silver atoms at the tip apex come
very close to the sample molecules, a chemical interaction
between the two can become important. Similarly, when
tip apex starts to press against the sample molecules, a me-
chanical interaction between the tip and the sample starts
to perturb vibrational properties of the sample. An exper-
imentally observed TERS spectrum is usually a complex
combination of the contributions from these three inter-
actions, which makes it difficult to interpret experimental
TERS spectra. Therefore, elucidation and discrimination
of the tip-sample interactions are of scientific and practi-
cal importance. Since the interaction ranges of these three
mechanisms are very different from one another, it is possi-
ble to measure them distinctly, if the tip-sample distance in
a TERS measurement could be accurately controlled.

For this purpose, a precise control of the longitudinal
distance (along the tip axis) between the tip and the sample
is necessary. Amongst several possible schemes proposed
for controlling the tip-sample distance [20, 33, 45], the tap-
ping mode AFM has an advantage in wide range controlla-
bility and long time stability of the distance. In this scheme,
tip position with respect to the sample varies periodically
from the contact region ( Å) to no-interaction region
( Å) under a feedback control. The feedback system
can control the tip position with an accuracy of angstrom
level. Tip-sample distance-dependent TERS can be mea-
sured by opening up a narrow time gate synchronized with
the tapping oscillation, and then sweeping the time gate
across the oscillation period. Based on this concept, two
different TERS systems were developed for the tip-sample
distance controlled measurements. One of them time-gates
the detection for measurements involving a single Raman
mode [46], while the other system time-gates the illumi-
nation for the measurement of entire spectrum [44]. The
former could be utilized when one needs to analyze a par-
ticular Raman mode that does not shift under the experi-
mental conditions, while the latter could be utilized when
one needs to analyze the spectral changes by measuring the
entire spectrum. Both these methods have their respective
advantages. Nonetheless, here we will discuss the latter in
more details.

Fig. 6a schematically shows the configuration of this
scheme. An acousto-optic modulator is utilized to switch ex-
citation laser intensity such that the tip-sample arrangement
is selectively illuminated only for a particular tip-sample
distance. Fig. 6b illustrates the time course of the sinusoidal
oscillation of the tip and the synchronized opening of the
time-gate. By selecting a particular value of the time delay
( ) of the time gate, one can preselect a desired tip-sample

Figure 6 (online color at: www.lpr-journal.org) (a) TERS sys-
tem with time-gated illumination, utilizing an acousto-optic mod-
ulator (AOM). (b) Time course of the sinusoidal oscillation of
tip-sample distance and the time gates for the excitation laser
intensity. Reproduced with permission from [44] © 2009 APS.

distance. The accuracy in the tip-sample distance can be
determined from the gate-width . TERS spectra corre-
sponding to a desired tip-sample distance can be recorded
with high accuracy. By sweeping the value of , one can
acquire a distance-dependent dataset of TERS spectra.

A self-assembled adenine nanocrystal [47, 48] was em-
ployed as a sample to verify the distance control with high
accuracy. The lateral size of the nanocrystal was about 80

80 nm2 and the thickness was 7 nm. Adenine has a strong
affinity to silver, resulting in Raman spectral change due
to chemical interaction between the silver tip and adenine
molecules [49]. It is also possible to compress adenine
nanocrystals by slight push of the tip, making it easier to
see spectral change due to mechanical interaction.

TERS was excited with a 488 nm laser and the pulse
generator was set in such a way that the temporal width
of the time-gate, , was 0.2 s, which was approximately
1/40 of tapping period (8.0 s) of the cantilever. The maxi-
mum tip-applied force on adenine nanocrystal during the
oscillation of the tip was about 0.4 nN, which was estimated
from the experimental parameters [50]. A simple calcula-
tion showed that the adenine nanocrystal was compressed
by 1.0 nm under this maximum tip-applied force. Since the
tip-sample distance, , is measured from the upper surface
of the sample, takes a negative value when the sample is
compressed under tip-applied pressure in the present exper-
iment.

Fig. 7 shows a dataset of TERS spectra for the tip-
sample distances indicated in corresponding illustrations.
The spectra are shown in the spectral range of the ring-
breathing mode (RBM) of adenine, which shows a promi-
nent peak at about 721 cm 1. Spectrum i was taken for the
maximum distance between the tip and the sample, which
represents the far-field Raman scattering. The other spectra
were measured when the tip was in the close vicinity of
the sample. Spectrum ii was taken when the tip was very
close to, but not in contact with the sample, spectrum iii
was taken when the tip was in contact with the sample,
but the average force applied by the tip on the sample was
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Figure 7 (online color at: www.lpr-journal.org) Raman spec-
tra of an adenine nanocrystal at tip-sample distances indicated
in corresponding illustrations. The peaks marked by and
represent the unperturbed RBM and the frequency-shifted RBM,
respectively. Deconvoluted Lorentzian peaks for each spectrum
are also shown by the dotted curves. Reproduced with permission
from [44] © 2009 APS.

negligible, and spectrum iv was taken when the sample was
compressed under a tip-applied force of 0.4 nN.

In order to understand the spectral changes, all mea-
sured spectra were deconvoluted with Lorentzian curves.
The far-field represented by spectrum i could be well fitted
with only one Lorentzian function, whereas spectra ii–iv
could be best fitted with two Lorentzian functions, showing
the presence of two underlaying Raman peaks. The peak ap-
pearing in spectrum i at 721 cm 1 was commonly observed
in all the spectra at the same frequency (termed as ),
which is attributed to the unperturbed RBM of adenine. The
other peak, termed as , appeared at 731 cm 1 in spectra ii
and iii, and at 736 cm 1 in spectrum iv. Due to the large tip-
sample distance of 155 nm, spectrum i represents Raman
scattering from adenine molecules free of all the kinds of
tip-sample interactions. As the tip came closer to the sam-
ple at a distance of 0.1 nm, some of the adenine molecules
started to chemically interact with silver metal on the tip.
This chemical interaction influenced the RBM vibrations
of those molecules to shift their frequency to 731 cm 1.
At the same time, there are many other adenine molecules
within the focal spot, which are not close enough to the tip,
and hence they continue to have their RBM frequency at
its original position of 721 cm 1. As a result, spectrum ii
shows two Raman modes, and . When the tip-sample
distance was further reduced to in spectrum iii, some
more adenine molecules came under chemical interaction
with the metal on the tip, resulting in slight increase in
the intensity of the mode and slight decrease in the

intensity of the mode. When the adenine nanocrystal
was pushed by the tip to a value of nm in spec-
trum iv, significant changes in both frequency position and
peak intensity for the mode could be observed. These
drastic changes can be explained by additional effects of
mechanical interaction due to the uniaxial pressure applied
by the tip [32, 51]. As the tip compresses the nanocrystal,
the contact area between the tip and the nanocrystal in-
creases, resulting in an increase in the number of sample
molecules in contact with the tip. These molecules undergo
chemical as well as mechanical interactions at the same
time. The chemical interaction provides a shift of 10 cm 1

as before, and the mechanical interaction induces an addi-
tional 5 cm 1 shift to the RBM of the same molecules. As
a result, mode undergoes a shift of 15 cm 1 to appear at
736 cm 1. The increased number of sample molecules in
contact with the tip is one of the dominant reasons for an
increase of the intensity of mode in spectrum iv. Further,
as also noticed in earlier study [51], the tip-applied pressure
can modify the resonance condition, resulting in a possible
increase of Raman intensity. The experimentally observed
increase of Raman intensity for the mode in spectrum
iv could be explained by a possible combination of the two
effects. This new technological improvement of TERS in-
strumentation is extremely interesting and useful, as it can
address some important issues at a very precise tip-sample
distance control of angstrom level. Without such precise
control of the tip position, it is not possible to separate out
the three different mechanisms of tip-sample interaction in
TERS measurements.

5. Beyond plasmonics

Undoubtedly, optical nano-imaging with visible light be-
came possible through the interaction of light with metallic
nanostructures, namely the plasmonic effects. However,
due to some physical restrictions, it turns out that plasmon-
ics has its own limitations and it is not possible to improve
the spatial resolution any further beyond a certain value.
In such a situation, where plasmonic effects alone cannot
improve the imaging resolution any further, it is necessary
to think beyond the plasmonics. One of the possible ways
to do that is to combine TERS with some other mechanism
in such a way that the combination results in better reso-
lution in optical imaging. In this section, we will discuss
two different such combinations, which improve the results
obtained in TERS.

5.1. Nonlinearity in TERS

For further spatial confinement of photons and improve-
ment of enhancement, utilization of higher-order nonlin-
ear optical effects is one of the applicable options. When
higher-order nonlinear optical effects are excited by a tip-
enhanced near-field, spatial distribution of the signal emis-
sion becomes narrower than the intensity distribution of
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Figure 8 (online color at: www.lpr-journal.org) An example of
spatial confinement of higher order optical effects, simulated by
FDTD calculations. (a) Distribution of local electric field intensity
around a silver tip set at a distance of 2 nm from a glass sub-
strate, expressed by . (b) Distribution of under similar
conditions corresponding to generation of a second-order optical
signals. It can be seen that the second-order field is confined in a
narrower space and also has much lower background.

the excitation field because the intensity of a nonlinear ef-
fect is proportional to higher orders (square, cubic, etc.)
of the excitation intensity. Fig. 8 demonstrates an exam-
ple of the photon confinement due to the nonlinear opti-
cal effects, where the spatial distribution of efficiency of
two-photon excitation process under a silver tip (Fig. 8b)
is compared with that of single-photon excitation process
(Fig. 8a). It is obvious that the two-photon excitation effi-
ciency is confined into a smaller volume. The benefits of
the nonlinear optical effects on the spatial resolution have
also been demonstrated for far-field optical microscopy and
photo-fabrication [52, 53]. TERS microscopy also gets ben-
efited from the nonlinear effects. Because of the nonlinear
responses, even a small enhancement of the excitation field
could lead to a huge enhancement of the Raman signal, al-
lowing for a relative reduction of the far-field background.

5.1.1. Tip-enhanced coherent anti-Stokes Raman
scattering (TE-CARS)

In order to realize tip-enhanced nonlinear Raman mi-
croscopy, we would discuss the coherent anti-Stokes Raman
scattering (CARS) spectroscopy, which is the most widely
used nonlinear Raman spectroscopies [54]. The CARS spec-
troscopy uses three incident fields including a pump field

, a Stokes field (where ), and a probe field
(where ), and induces a nonlinear polarization

at the frequency of , which is given by

(2)
where represents the third-order nonlinear susceptibil-
ity, and represents the electric fields of the corresponding
excitation. When the frequency difference of and ,
i. e., ( ), coincides with , a specific molecular vi-
brational frequency of the sample, the anti-Stokes Raman

Figure 9 (online color at: www.lpr-journal.org) Experimental
set-up for TE-CARS measurements. The basic system is very sim-
ilar to the one used for TERS. The abbreviations used here are as
follows: ND: neutral-density filter, P: polarizer, DM: dichroic mir-
ror, BE: beam expander, BS: beam splitter, APD: avalanche photo
diode. The inset shows the energy diagram for CARS process.

signal is resonantly generated. The inset of Fig. 9 shows
an energy diagram for the CARS process. The nonlinear
polarization given by Eq. (2) provides a light radiation cor-
responding to CARS signal. One can obtain a CARS spec-
trum by plotting the CARS signal intensity by sweeping

. The CARS spectrum should essentially give identical
information as spontaneous Raman spectra [55].

In the case of TE-CARS, owing to the nonlinearlity of
the CARS process, the light field can be further confined to
the very end of the tip, in addition to the field confinement
due to the SPPs. Apart from the improvements of confine-
ment and enhancement, TE-CARS is also advantageous in
reducing the unwanted far-field background, allowing one
to interpret the obtained images in a simpler way.

Fig. 9 shows an illustration of a TE-CARS microscopy
system [56, 57]. Similar to the TERS set-up [16], the sys-
tem mainly consists of an excitation laser, an inverted
microscope, an AFM using a silver-coated probe, and
a monochromator. Two mode-locked Ti:sapphire lasers
(pulse duration: 5 ps, spectral band width: 4 cm 1, repe-
tition rate: 80 MHz) are used for the excitation of CARS.
The and beams are collinearly combined in time
and space, and introduced into the microscope through an
oil-immersion objective lens that focuses it onto the sample
surface. The repetition rate of the excitation lasers is con-
trolled by an electro-optically modulated pulse picker. The
backscattered CARS emission enhanced by the probe tip is
collected with the objective lens and detected with an APD-
based photoncounting module through an excitation-cut
filter and a monochromator. The pulse signal from the APD
are counted by a time-gated photon counter synchronously
triggered with the pulse picker, which effectively reduces
the dark counts down to almost zero.

With additional advantages of the nonlinear processes,
TE-CARS improves the imaging quality in comparison
with TERS, which has been reported for DNA molecules
and SWCT samples [56, 57]. Here, we show an example
of TE-CARS imaging of DNA molecules, where the sam-
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Figure 10 (online color at: www.lpr-journal.org) High-
resolution TE-CARS image of a DNA network structure. The
spatial resolution measured from the line profile along the arrow
was found to be 15 nm, which is about 60 times smaller than
the probing wavelength. Reproduced with permission from [57]
© 2004 APS.

ple was a network structure prepared by a simple method
using double-stranded DNA, containing two bases, ade-
nine and thymine [57]. TE-CARS imaging was performed
at 1337 cm 1, which corresponds to one of characteris-
tic vibrational modes of adenine (ring-stretching mode
of diazole) [58]. The on-resonant condition was therefore
achieved by setting = 1337 cm 1. Fig. 10 shows
the TE-CARS image obtained from the sample. The finer
structures of DNA network in this image can be seen clearly
with good contrast. The spatial resolution, as obtained from
the line profile along the arrows shown in Fig. 10, was
15 nm, which is almost 60 times smaller than the probing
wavelength. As we can recall from the earlier discussion,
the best spatial resolution obtained in TERS imaging was
about 35 times smaller than the probing wavelength. This
means that the addition of nonlinearity in CARS can benefit
the spatial resolution by almost two times.

5.2. Mechanical effects in TERS

As also discussed earlier, when the probe tip comes in
contact with the sample during TERS experiments, it can
locally push the sample within an area that comes in con-
tact with the tip. The sample molecules pushed by the tip
apex are uniaxially deformed and hence can have a per-
turbed vibrational response, which can show up in TERS
spectrum [32, 51, 58]. In most TERS experiments, this tip-
applied pressure is unavoidable as well as uncontrollable.
However, if one can have a precise control over the tip-
applied pressure, it can be utilized to benefit TERS mea-
surements, because this effect shows up in interesting Ra-
man spectral changes such as peak-shift and intensity vari-
ation, addressing the nano-mechanical and nano-electronic
properties of the deformed sample. Indeed, by precisely
controlling the contact area between the sample and the tip,
it is possible to make sure that a single or at most a very few
molecules of sample undergo the mechanical perturbation.
By sensing the modified TERS response of these sample
molecules, one can potentially achieve a resolution as high
as of molecular level. The effect of tip-applied pressure

Figure 11 (online color at: www.lpr-journal.org) (a) TERS
spectra of an isolated SWNT in the G-mode spectral range at
indicated tip-applied forces. The Lorentzian deconvolutions show
that a new peak starts to appear and it shifts as the force increases.
This new peak, indicated by , corresponds to the perturbed
G-mode originating from the pressurized part of the sample. The
original peak, indicated by , originated from the unpressurized
part of the sample, remains at its initial position. (b) An illustration
of local deformation of an isolated SWNT under tip-applied force.
Reproduced with permission from [59] © 2009 NPG.

in TERS has been demonstrated for several samples, such
as C-60, SWNT, and adenine molecules [32, 51, 58]. Here,
we will discuss SWNT and show with some experimental
examples as how the addition of this mechanical effect in
TERS can improve the spatial resolution significantly [59].

Fig. 11a shows an example of TERS spectra in the G-
mode spectral region taken from an isolated semiconduct-
ing SWNT under four different tip-applied forces indicated
in the figure. An illustration of local deformation of an
isolated SWNT under the tip-applied force is shown in
Fig. 11b. After Lorentzian deconvolutions of the TERS
spectra, one can notice that there are two peaks at increased
values of the force. The new peak, indicated by , starts
to show up when the force is 1.5 nN, and shifts by about
10 cm 1 when the force increases to 2.4 nN. This new peak
is nothing but the G-mode originating from the deformed
part of the SWNT. Due to the local deformation, appears
at a perturbed vibrational frequency that depends on the
amount of tip-applied force. The other peak, indicated by

, corresponds to the unpressurized part of the SWNT and
remains at its original position. A simple calculation indi-
cates that the SWNT is compressed by about 0.8 ˚ under
a tip-applied force of 2.4 nN. The large shift of 10 cm 1

confirms that even though the amount of compression is
very little, it is easily possible to distinguish the pressur-
ized part of the SWNT from the unpressurized part under a
tip-applied force of about 2 nN. Indeed, even at this small
value of tip-applied force, owing to the small contact area,
the local pressure in the sample is of the order of GPa.
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A calculation of the contact area between the tip and the
sample, based on the Hertz’s contact theory, indicates that
the total contact area under the maximum tip-applied pres-
sure discussed here is less than 1 nm2, confirming that only
a very small part of the SWNT is under compression [59].
Indeed, the tip-sample contact region is much smaller than
the region that undergoes enhancement due to the excitation
of localized SPPs at the tip apex. This essentially means that
the spectral changes originating from the tip-applied pres-
sure are much more localized than the spectral changes due
to the plasmonic enhancement. Therefore, a microscopy
based on tip-pressurized TERS would give much better spa-
tial resolution compared to the microscopy based on normal
TERS. While the primary spectral change due to the plas-
monic effects is huge enhancement in Raman scattering
from the localized part of the sample, the pressure effect
predominantly induces shifts in Raman modes. Therefore,
unlike normal TERS imaging, tip-pressurized TERS imag-
ing is performed by sensing the amount of peak shift under
a constant tip-applied force. Fig. 12 shows the result of a

Figure 12 (online color at: www.lpr-journal.org) (a) Topo-
graphic AFM image of an isolated SWNT, overlaid with an il-
lustration of tip scanning across the SWNT. The tip was scanned
along the dotted line at the steps of 1 nm at a constant tip-applied
force of 2.4 nN. (b) Experimental data for peak shift in the G-mode
as a function of the lateral position of the tip. As the tip reaches
exactly above the SWNT, the G-mode shows a shift of about
10 cm 1. The best fitting curve shows a spatial resolution of 4 nm
in this one-dimensional imaging. Reproduced with permission
from [59] © 2009 NPG.

one-dimensional imaging of an isolated SWNT under a
constantly maintained tip-applied force of 2.4 nN [59]. A
topographic AFM image of an isolated SWNT, overlaid
with a schematic of tip scanning, is shown in Fig. 12a. The
peak-shift of the G-mode was measured at the intervals of
1 nm, as the tip was raster scanned along the dashed line
crossing over the SWNT. The corresponding G-mode peak
shifts with respect to the tip position are shown in Fig. 12b.
The full circles show the data points and the line shows
the best fitting to the experimental data. As the tip reaches
close to the SWNT, moving at the steps of 1 nm, amount of
the frequency shift in G-mode starts to increase, taking a
maximum value of about 10 cm 1 when the tip is exactly
at the center of the SWNT, and then decreases as the tip
moves away from the SWNT. As seen from Fig. 12b, the
spatial resolution obtained from the FWHM of this scan-
ning profile is 4 nm. Similar resolution was also obtained
for adenine sample [59]. This is an extremely high value
of spatial resolution that could be obtained by combining
the mechanical effect of tip-applied extremely localized
pressure with the plasmonic effect of TERS microscopy.

Apart from benefitting the spatial resolution in TERS
imaging, the combination of such a mechanical effect also
has other advantages in understanding some very basic
physical and electronic properties of a sample, and thereby
making practical usage of those properties. For example,
when a sample is locally pressurized, its electronic band
gap changes within a nanometric volume, which shows up
in the form of variation of Raman intensity in a TERS spec-
trum. Thus, tip-pressurized TERS can provide a new insight
into the ongoing band gap engineering at nano scale. In
another example, particularly for the SWCTs, one can see
in-situ phase transition from semiconducting to metallic be-
havior and vise-versa. A controlled increase of tip-applied
force in TERS can also address some important mechanical
properties, such as the threshold for elastic/plastic deforma-
tion, at nano scale [59]. Apart from the G-mode, the RBM
and D-mode in SWNT also exhibit interesting tip-applied
force dependent spectral changes [51], which can be used
to address issues related to the chirality and defects. This
technique is not just limited to SWNT, so one can imagine
several other useful applications of this tip-applied nano-
scale pressure combined with the enhancement of TERS.

6. Outlook

In this article, we have discussed the restrictions of opti-
cal imaging that prevents us from having true nano scale
resolution. This restriction originates from the wave nature
of light, known as the diffraction limit, which prevents the
focal spot to be smaller than about half of the probing wave-
length. It is, however, possible to overcome the diffraction
limit in optical imaging if the non-propagating evanescent
component of light can be involved in the imaging pro-
cess. This has been demonstrated with plasmonics-based
TERS microscopy, where it was possible to obtain a spatial
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resolution that was almost 35 times smaller than the wave-
length of the probing light. This is a remarkably high value
of spatial resolution one could obtain in optical imaging.
Although plasmonics has played an extremely important
role in optical nano-imaging by breaking the conventional
diffraction limit, we have come to realize that the physical
constraints on SPPs put a limit on the spatial resolution and
it looks difficult to go beyond this limit. Thus, in order to
improve the spatial resolution further, it becomes necessary
to think beyond the plasmonics effects. We have discussed
two such effects that can be combined with TERS to im-
prove the spatial resolution. The first one is the combination
of nonlinear effect in TERS that can improve the resolution
by about two times, and the other is the involvement of
tip-applied force (mechanical effect) in TERS that can, in
principle, provide molecular level resolution. Experimen-
tally, it has been demonstrated for SWNT and for adenine
nanocrystal that the combination of tip-applied force in
TERS can give a spatial resolution as high as 4 nm. Al-
though we have discussed some examples of combining
TERS with additional physical processes, it will be cru-
cial in the future to consider more physical phenomena
that could be combined with plasmonics to improve the
practically achievable current value of spatial resolution.
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