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Tip-enhanced Raman scattering (TERS) is a technique that provides molecular information on

the nanometre scale. Using a nanometre-sized metal particle results in a strong signal
enhancement and a lateral resolution similar to the dimensions of the particle. As TERS is in a
way the ultimate SERS experiment, the theoretical background will be briefly discussed with
respect to the unique features and the specific effects that occur when only a single nanoparticle is
used as a probe. All the major parts of the instrument will be revealed and the specific advantages

of the different instrumental set ups will be investigated with respect to the particular
requirements of the sample. Selected examples ranging from material science to cell biological
applications demonstrate the capabilities and the potential of TERS in this tutorial review.

After the discovery of surface-enhanced Raman scattering
(SERS), a new era started for Raman spectroscopy. SERS
research inspired Raman spectroscopy and is still motivating
the development of the technique 30 years later.

While the general sensitivity of SERS is not the question, the
main obstacle when using SERS for the investigation of
interfaces is the inhomogeneity of the SERS substrate across
the sample. The different shapes, sizes and roughness of single
particles and clusters result in strong variations in the field
enhancement and consequently the Raman signal. Further-
more, these physical parameters also depend critically on the
substrate preparation. Therefore, a spatially resolved quanti-
tative analysis of interfaces using SERS is impossible.

It is well known that the large field enhancement at metal
particles occurs in regions of high curvature and maximum
enhancement occurs for elongated particles with dimensions of
about 10-100 nm. While clusters are considered to yield a
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better overall enhancement, a single isolated metal nano-
particle can also enhance the field considerably.'™

Wessel® proposed a scheme to ensure a constant field
enhancement using just one single metal nanoparticle for the
investigation of a surface. This introduced for the first time the
potential of quantitative SERS surface analysis. In this design
the rough metal film was replaced by a sharp metal tip that
should act as an exclusive active site, which also represents the
limit for any SERS experiment—at least one particle is
required. The tip should then be scanned over the sample
surface using scanning probe microscopy (SPM) techniques.
The later experimental verification of this now called
Tip-Enhanced Raman Scattering (TERS) proved that, in
addition to the field enhancement, the lateral resolution of
the method was also improved down to 10 nm, due to the
small size of the probe.®'°

At present, this combination of SPM techniques and Raman
spectroscopy is successfully applied to many questions in the
nano-sciences because of its unique possibility to provide
chemical and structural information on a sample surface with
highest lateral resolution combined with high sensitivity.
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Theoretical background
Electromagnetic field enhancement at single metal particles

The large enhancement in Raman scattering of a single metal
probe used in TERS can be discussed on the same basis as the
SERS effect. In general, two mechanisms are responsible for
the SERS enhancement: the electromagnetic effect and the
chemical or charge transfer effect, which applies only to the
first layer of adsorbates.

On the surface of spherical and elongated metal nanoparti-
cles, surface plasmons are excited by light. The involved
electromagnetic fields can be strongly enhanced in the presence
of surface plasmons if certain resonance conditions are ful-
filled. The product of the enhancement of the incident laser
field and the scattered Raman then yields the overall electro-
magnetic SERS effect.!?

The second enhancement mechanism, called the chemical
effect, corresponds to an amplification in the polarizability of
the molecule due to a charge transfer between the metal and
the adsorbed molecule.'""!? Considerable band shifts are asso-
ciated with this effect and can be used to distinguish whether
the metal particle is in direct contact with the sample. Experi-
mental evidence for a chemical effect also exists for TERS
experiments on nucleobases and Cgy, done by the groups of
Kawata and Deckert, respectively.®'>!* Band shifts on ade-
nine were observed, which strongly indicate direct involvement
of a silver—nucleobase interaction and consequently a chemical
enhancement. In contrast, no band shifts are detected for a
different TERS experiment on cytosine and thymine nano-
crystals. This has been attributed to a special distribution of
silver nanoparticles on the specific AFM tip used in this TERS
experiment. In this case, the silver particle was placed slightly
behind the actual apex of the probe but still close enough to
the substrate to cause an electromagnetic enhancement.
Consequently, no evidence for a direct interaction between
tip and specimen in this particular experiment was observed
and the spectra therefore resemble essentially the bulk spectra
of the nucleobases and not the SERS spectra.'’

One of the most important features of TERS is the ability
to highly confine the electromagnetic field at the apex of
a sharp metal tip, firstly due to an electrostatic lightning rod
effect as a result of the shape of the particle at the tip apex, and
secondly due to surface plasmon resonances which correlate
the wavelength of the excitation source and the actual tip
geometry. This results in the high spatial resolution of the
technique.

Near-field optics

The basic explanation of the high-resolution capabilities of
TERS is based on near-field optics and, in particular, in
evanescent waves that occur close to small objects. An eva-
nescent wave is a standing wave that exponentially decays in
space. It can be probed using a nano-antenna, which converts
the standing wave into a propagating wave detectable in the
far-field.

The enhancement associated with a TERS tip varies with
respect to the specific position on the particle. The electric
properties of the material, the size and shape of the metal tip,

and the illumination geometry play an important role in the
enhancement factor and its distribution around the tip.

Different models have been developed to theoretically
investigate the field enhancement of single particles.’

In order to calculate the electromagnetic fields involved
when a metallic nanoparticle or tip is irradiated with light,
one has to solve either Maxwell’s or Helmholtz’s equations.
For this purpose, several numerical methods are available that
can be classified as:

- An analytical extension that describes the geometry and
solves the field equations as well as the boundary conditions
exactly. Neither area nor time should be discretized.

- Semi-analytical methods, where only the field equations
are solved exactly within certain domains. The adjustment of
the boundary conditions takes place through approximated
solutions by discretization of boundary points and minimiza-
tion of the errors. The multiple multipole (MMP) method is
one of those techniques.

- Semi-numerical methods. Here, the boundary conditions
are exactly determined and field equations within a domain are
solved approximately. In this way, the area is discretized. Two
examples of this method are the finite difference time domain
(FDTD) method and the finite element method (FEM).

- Full numerical methods. Here, both the boundary condi-
tions and the solutions within the domain are numerically
approximated. As a result, the area and the domain boundary
are discretized.'®

FEM, MMP and FDTD are most frequently applied to
model the field distribution of single metal nanoparticles and
will be discussed in more detail.

By the FDTD method,'”"'® Maxwell’s equations are discre-
tized directly in time and space. The domain area is discretized
in this case by rectangles (see Fig. 1). The boundary conditions
between the elements are exactly adjusted and each block in
the interior of the domain is interpolated.

The FE method'®?° operates in the frequency domain and
unlike FDTD, Helmholtz’s equations are discretized in the
space domain. It uses a continuous domain which is divided
into simple polygons as so called subdomains (see Fig. 1).

In MMP,2"?2 the unknown E- and H-fields within indivi-
dual homogeneous domains are developed by a series expan-
sion in spherical wavelength vectors, called multipoles, using
known analytical solutions of Maxwell’s equations. The am-
plitudes of these fields are then solved by a generalized point
matching method (GPMM). In general, the scattering problem
is described as a set of linear differential equations.

— — o ———%

FE FDTD MMP

Fig. 1 Different discretization methods used in the theoretical mod-
elling of electromagnetic fields of particles (see text for details).
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Fig. 2 MMP calculation of the field distribution of an evanescently
excited ellipsoidal particle with a glass core.

As an example of the MMP method applied in
optical problems, in Fig. 2 the electric field distribution of a
silver ellipsoid with a glass core is shown. The particle was
excited at its resonance frequency at 605 nm using an evanes-
cent field.'® The studies can easily be extended to more
complex/realistic objects, as shown in Fig. 3. Here the influ-
ence of different core shapes on the resonance frequency of a
coated silver ellipsoid is shown.'® Even small changes can
cause quite large shifts in the resonance. With respect to the
practical experiment this has two aspects. Tips should
be carefully checked with respect to the excitation laser
wavelength as the plasmon resonances can be far from the
desired spectral range. Concerning the tip production, it can
provide a nice way of tuning TERS tips towards the desired
resonances, if proper conditions are used.
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Fig. 3 Wavelength dependency of the field enhancement of ellipsoi-
dal silver particles with different core sizes (calculated using MMP).

Polarization

As previously mentioned, a surface plasmon resonance (SPR)
is induced by the electric field of an excitation source (usually a
laser). The field enhancement depends critically on the laser
beam polarization, which can be also deduced from theoretical
modelling as mentioned earlier. If the electric field vector of
the incident light is perpendicular (s-polarized) to the metal tip
axis, the free electrons are driven to the sides lateral of the tip.
As a result the tip apex remains uncharged. But if the electric
field vector of the incident light is parallel (p-polarized) to the
tip axis, the free electrons on the surface of the metal are
confined to the end of the apex of tip (see Fig. 4). As a
consequence, the field enhancement is increasing.

In a laser beam, the electric field, £, and the magnetic field,
H, oscillate perpendicular to the propagation direction. By
focusing with low numerical aperture (NA) lenses, the laser can
be approximated as a Gaussian beam and the electric and
magnetic fields remain transversal to the axis of the propaga-
tion in the focal region. On the other hand, we have to consider
that a widely used illumination configuration in TERS at
present is the back-reflection mode, which is illuminating the
tip from the bottom (other illumination geometries will be
discussed in the following sections). This configuration incor-
porates objective lenses with high numerical aperture (NA) to
improve the efficiency of both illumination and collection. In
this case, the focus is very confined and the fields are not
necessarily perpendicular to the propagation direction.? In the
tightly focused region orthogonal field vectors appear, in
particular E-vector components that are almost parallel to
the main propagation direction of the beam. These longitudi-
nal fields appear close to the focal region.>* When using high
NA objective lenses, linearly polarized light is not the best
choice because at the center of the focused spot the Z-compo-
nents of the E-field cancel out. For a back-reflection set-up, a
radial polarization mode shows an improvement in the Z-
components of the E-field, providing a better tip-enhancement
effect, and the background signal decreases because these fields
in general match the shape of the tip much better.?®

For reflection modes using a side illumination configura-
tion, the largest enhancement is achieved when the E-fields of

p-polarization

s-polarization

Laser Laser
radiation radiation

Fig. 4 Schematic diagram of s- and p-polarization at the tip.
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the incident radiation are parallel to the tip axis. That is
because the near field (close to the vicinity of the tip apex)
and far field (from unenhanced Raman, which could be
considered as background) contributions show different
polarization, so the far-field component will be minimized
using a parallel polarization with respect to the tip axis, which
furthermore improves the near-field signal.?®?” For this geo-
metry, the proper illumination conditions are easier to fulfil,
the problem is the poorer collection efficiency (NA) of such
optical arrangements.

Higher order optical effects

Tip-enhanced near-field optical microscopy is a technique that
is mainly applied in combination with linear optical processes
like Raman, IR or fluorescence, but the strong field enhance-
ments involved can also induce non-linear optical processes,
such as second-harmonic generation (SHG), coherent anti-
Stokes Raman scattering (CARS), and hyper-Raman.

Strong parallel E-field components can drive the dipole
oscillating at the apex of the tip with a frequency (2w), twice
the frequency of the excitation source (w). Then, a signal with
the same frequency (2w) at the oscillating dipole is emitted
from the tip with an angle (6) (see Fig. 5). This is known as
second-harmonic (SH) radiation.?®?

Coherent anti-Stokes Raman scattering (CARS) is a third-
order non-linear optical process that, in combination with tip-
enhancement optical effect, provides a high spatial resolution
and similar information content as Raman spectroscopy.

Oscillating
dipole
(20)

/ B\
F oy

Laser | Second-harmonic
radiation | radiation
(@) ¥ (2w)

Fig. 5 Schematic diagram of a sharp metal tip which emits second-
harmonic (SH) radiation at the critical angle of total internal reflec-
tion. SHG radiation is identical to the emission radiation of the dipole
oriented vertically on a dielectric substrate.

DNA molecules and single walled carbon nanotubes (SWNTs)
have been recently investigated using tip-enhanced-CARS.3"3!

Another example of a non-linear method that it is applied
together with plasmonic metal tips is hyper-Raman scattering
(HRS). The observation of IR active bands of SWNTs
using hyper-Raman TERS has been clearly demonstrated by
Kawata and Uosaki er al.*

Special effects in TERS

In a conventional Raman experiments, the change in polariz-
ability caused by the electric field of the excitation source is the
basis for the spontanecous Raman effect. However, when the
applied electric fields vary along a vibrational mode, the
generated Raman signal depends directly on the proportional
polarizability change. In this case, a polarizability gradient is
present and the induced dipole is asymmetric. Therefore, new
selection rules have to be considered and vibrations that are
usually not Raman active can be observed. Such high field
gradients can be induced on the surface of metal nanoparticles.
If a sample is close to such a particle, a gradient field Raman
(GFR) effect might be achieved. For bonds with a large
polarizability, the GFR should become important. That
means that vibrational infrared active modes should be
detectable under large field gradient conditions, complement-
ing the Raman spectra.®

Working with a single nanoparticle and sample features
which are even smaller, additional effects can induce changes
in band intensities and also in band positions.* In normal
Raman, such changes can be explained by varying concentra-
tions or different sample compositions. The relationship
between the distance dependency for the enhancement
between tip and sample is a crucial issue.?!>3¢

If the field enhancing capabilities of a TERS probe come
close to a single molecule detection limit, it is important where
the tip comes closest to the molecule. The usual averaging
arguments do not hold in this case, because of the limited
numbers of scatterers. Furthermore, the normal composition
of sample versus Ag-tip does not necessarily resemble the
computed minimized energy configurations. Tip and sample
are “forced” into a certain arrangement. With respect to the
measured TERS spectra, it is expected that they will closely
resemble normal Raman or SERS spectra. But because of the
limited number of molecules, it will be similar to single crystal
Raman experiments with an unknown orientation of the
sample. Last but not least, the measured spectra do not
necessarily reflect the bulk properties of the specimen. This
is because the TERS interaction region is confined to only a
few nanometres and also the interaction with the substrate
must be always considered as well. These small changes
can provide additional information for the investigation of
surfaces.

Experiment
Instrumentation

The crucial attribute of a TERS experiment is a field enhan-
cing metal feature or particle which is raster scanned across a
sample surface.
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This journal is © The Royal Society of Chemistry 2008



An essential pre-requisite for any TERS experiment is a
scanning probe microscope of some sort to provide a scanning
stage that controls precisely the distance between particle and
surface. Either AFMs or STMs are presently used for this
purpose. While the latter can control the distance more easily,
STMs are restricted to either conductive samples or very thin
layers of non-conductive samples on a conductive support.
This restricts the generality of the method quite severely. For
normal AFMs to be general tools, in particular for soft
samples, they have to be operated in a non-contact mode of
some sort to avoid sample damage. This always induces
fluctuations in the optical signal due to the oscillation of the
probe necessary to maintain feedback. Therefore a careful
balance is required to optimize the TERS setup for a specific
experiment.

TERS Experiment

Fig. 6 shows a schematic diagram of a tip-enhanced Raman
scattering setup working in back-reflection mode. An inverted
Raman microscope is coupled with an AFM for synchronized
use. The microscope is required to illuminate the metal coated
AFM tip. The back scattered Raman signal is collected
through the same objective and notch or edge filter are used
to block the laser line. After this filter stage, the signal is
coupled to a spectrometer equipped with a cooled charge-
coupled device (CCD) for spectrally resolved measurements.
The AFM is placed on the microscope such that the
cantilever is roughly aligned with respect to the laser. The
final alignment of the cantilever is done by scanning the tip
through the laser focus, and collecting the reflected light using
a simple photodiode. In Fig. 7, the typical optical response
image of a silver coated non-contact AFM tip is shown. This
reflectivity image helps to finally position the tip at the
position of highest signal intensity and then fix the tip in the
x and y directions. At this point the second piezo-stage
(sample stage) is activated and only the sample is moved. A
piezo actuator synchronizes the microscope objective with the

i
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excitation

Raman
signal

Fig. 6 Schematic diagram of a tip-enhanced Raman scattering setup
working in back-reflection mode.

Fig. 7 Optical response of a TERS tip when scanned through the
laser focus. The bright spot corresponds to the enhancing area of the
tip.

height feedback of the AFM tip to keep the tip always in
focus. At this moment point usually several topographic
images of the sample are recorded to find sites of interest on
the surface for the actual TERS experiment.

Probe preparation

At present, there are several techniques which generate TERS
probes with acceptable optical quality, but the reproducibility
and yield of good tips are still a challenge. The two techniques
most frequently used for TERS probe fabrication are electro-
chemical etching methods of solid metal probes and the metal
evaporation deposition on AFM tips. Both methods will be
discussed hereafter.

Pure metal tips. To enhance the Raman signal, mainly
metals like gold, silver or copper are used. So far the best
TERS enhancement factors have been demonstrated with gold
and silver. Compared to normal SERS experiments, gold is
used more frequently because gold tips are easy to manufac-
ture. To produce the desired sharp edges required for the
TERS experiments, metal wires can be sharpened using elec-
trochemical etching procedures. Many methods have been
developed for STM probes, but the overall geometry of the
tip is usually less critical in this case. In TERS, a good quality
refers to a larger part of the tip because naturally the interac-
tion with the optical fields extends further than the tunnel
effect involved in STM.

In the case of gold tips, the electrochemical etching proce-
dures are well established and involve mainly a voltage
between a gold wire and a metal ring electrode, both dipped
in concentrated hydrochloric acid solution.?” Between the ring
and the gold wire a large surface tension is formed and the
etching proceeds more quickly in the meniscus region. During
the reaction, the wire becomes thinner until it breaks and falls
down. At this moment the electrical circuit is switched off.

Silver in general has better optical properties with respect to
the surface enhancement properties than gold. However, a

This journal is © The Royal Society of Chemistry 2008
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Fig. 8 Schematic diagram of the electrochemical cell for the Ag
etching procedure.

different electrochemical etching procedure to prepare sharp
silver tips for TERS is required. Mainly two methods are being
used. In the first, a silver wire is dipped in a solution of
ammonia 10-35%. A stainless steel plate acts as electrode.
In this case, no ring is employed and there is no meniscus effect
(Fig. 8).3% The second procedure uses an aqueous solution of
60% perchloric acid and ethanol (1 : 2) to form a lamella with
an Ag ring that acts as a cathode. A silver wire (anode) is then
dipped into the lamella and the voltage is applied.*

AFM Tips as templates. Another route to prepare metal tips
with a very small radius is to employ a sharp AFM tip
(diameter under 10 nm) as a template and coat it with the
desired metal. Again different methods can be applied.

Probably the easiest method to obtain nanoparticles at the
edge of an AFM tip is by evaporation of thin metal films
similar to procedures known to provide silver island films."?

Another interesting approach is the generation of colloidal
nanoparticles at the tip. A suitable example is shown by Wang
et al.*' Here, the AFM tip is immersed in a silver colloid
solution produced by Tollen’s reaction.

It is not only AFM tips that can be used as templates. Also
normal optical fibers can be etched similarly to the production
of aperture near-field probes to obtain the desired tip shape.*
Also melt drawing of glass rods provides satisfactory TERS
templates.

Post-treatment by focused ion beam (FIB) milling. FIB
milling can be used as a post-treatment to shape tips, e.g.
after electrochemical etching. However, this procedure is
currently very expensive. FIB is applied as a technique to
produce rational nanostructures required for the specific de-
sign of optical nano-antenna. As a sophisticated example, a
bow-tie antenna with a nano-gap at the very end of a metal
coated AFM tip is shown in Fig. 9.*° The high precision of
FIB allows the control of the length and width of the nano-
particles as antenna structures and in the case of the bow-tie
also the gap. By manipulating these parameters, tips for
specific excitation wavelengths can be fabricated.

Configurations

One of the main challenges in TERS is the low contrast
between the near-field and the far-field signal. As demon-
strated by Sun er al.** for example, the Raman signal coming

Fig. 9 SEM image of a bow-tie of a metal-coated AFM-tip after FIB
milling. Image courtesy of Prof. Dr Hecht, adapted from ref. 40.

from the near-field (enhanced Raman from the tip apex) was
estimated to be only 35%, while the rest (65%, unenhanced
Raman) was collected from the far-field. This low contrast can
be improved by the illumination configuration, which has a
major influence on the enhancement properties of the electro-
magnetic field at the apex of the tip.

Reflection setup. Several modes such as side-illumination
and top-illumination could be realized in a reflection setup (see
Fig. 10). The major advantage of reflection mode is that the
sample can be opaque. A disadvantage is the low contrast
between the near-field and far-field signals because of the
unfavorable ratio between the illuminated and enhanced areas.
This problem can be partly solved by using a suitable polarized
configuration.?®?’

Back-reflection setup. In TERS setups with a back reflection
mode, configuration has been discussed already. Here, the tip is
illuminated from below using an immersion oil objective with a
high numerical aperture. The Raman signal is collected by the
same objective. This configuration ensures a high efficiency and
avoids a large contribution of unenhanced signal compared to
the standard reflection mode. The major shortcoming for this
configuration is the restriction to transparent samples.

In conclusion, the choice for the optimal TERS configura-
tion critically depends on the specific requirements of the
samples involved. The appropriate illumination mode config-
uration for a TERS experiment will depend on the transpar-
ency of the sample. The choice of the proper tip depends on
the spectral absorption characteristics of the sample and
therefore which excitation wavelength is desirable. Finally,
the feedback system required depends either on the conduc-
tivity properties or the thickness of the sample.

Applications

Since the first experimental realization of TERS, several
research groups are working in different directions to further
improve the technique and also to understand the theoretical
background. At the same time TERS is being applied to a
multitude of different scientific problems. In the following

926 | Chem. Soc. Rev., 2008, 37, 921-930

This journal is © The Royal Society of Chemistry 2008



Laser
radiation |

Y
Transmission

Fig. 10 Schematic diagram of reflection and transmission illumina-
tion configuration of TERS experiments.

section, we will present practical examples that cover applica-
tions ranging from material analysis to cell biology.

Inorganic materials

Nowadays, the development of integrated circuits (ICs) has
been improved by introducing strained silicon inside the
channels which induces a faster carrier mobility of the elec-
trons in the transistor channel. Hence, the study of the
structure and strain state of the silicon with higher and higher
lateral resolution is necessary. Zhu and co-workers* demon-
strated in a recent report the capacity of TERS to supply
structural information at the required spatial resolution. For
this purpose a sample composed of strained silicon (sSi) film
on a SiO; layer above a bulk Si substrate was patterned by FIB
milling. Several lines with identical widths and constant depth
were milled and were (see Fig. 11) investigated using the TERS
technique. In this case, a Cr-coated quartz tip (Nanonics)
coated with silver was used in order to avoid background
scattering from the tip. The spectra show a double band, at
positions around 516 and 520.4 cm ™! corresponding to sSi and
Si bulk, respectively. Even the 100 nm wide sSi line could be
resolved satisfactorily.

This experiment nicely demonstrates the capabilities of
TERS in applications related to materials science. Here the
samples are most often opaque and only side or top illumina-
tion geometries can be used. Nevertheless, the combination of
Raman to distinguish specific silicon modifications and near-
field optics to provide the necessary lateral resolution allows
the identification of features well below the diffraction limit.

Organic compounds

As an example of the investigation of organic materials, TERS
experiments of single-walled carbon nanotubes (SWNTs) will
be discussed.

trench

150 nm
—_—]

70 nm (
150 nm

Fig. 11 Schematic diagram of a strained silicon specimen on a silicon
target.

Nowadays, single-walled carbon nanotubes (SWNTs) play a
significant role in nanotechnology research. They promise a
large potential and ample variety for nanotechnological ap-
plications. The one-dimensional structure of SWNTs results in
characteristic Raman bands: the radial breathing mode (RBM,
100-300 cm™"), the tangential stretching mode (G band,
~1600 cm™!) and the disorder induced mode (D band,
~1300 cm™h).

To demonstrate the high resolution capabilities of the TERS
for his particular specimen, we select an example published by
Hartschuh.® TERS experiments were performed along a single
SWCNT, grown by arc discharge using a Ni/Y catalyst, (see
Fig. 12) at 4 adjacent positions. At the beginning of the
SWCNT, positions 1 and 2, the G band shows a stronger
intensity than the G’ band (G/G’ ~ 1.3). By moving the tip

T T T T T T T 1 chd g T = 1
1300 1500 1700 1800 2500 2600 2700
Wavenumber / cm-1

Fig. 12 (a) Three-dimensional topographic image of a single SWNT
on glass. (b) Near-field Raman spectra detected at positions 1 to 4
shown in (a). By courtesy of Prof. Dr Achim Hartschuh, adapted
from ref. 9.
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along the SWCNT (positions 3 and 4), the intensity of the G
band decreases with respect to the G’ band (G/G’ ~ 0.7).

A frequency shift in the band position has not been ob-
served for the G band, but significant strong shifts were
detected for the G’ band. The spectral fluctuations represent
changes in the SWCNT structure, which can be related to
external stress produced by local defects or particles from the
catalyst. Such results cannot be provided by any other method
and again indicate the potential of the TERS system.*>*’

Nucleic acid analysis

With respect to applications in the field of bio-organic com-
pounds, it is very tempting to apply the TERS technique, as
the amount of sample is usually quite limited and also the
precise location of a compound is crucial for a specific
biological effect. Here in particular, TERS could be a powerful
tool because of its low limits of detection and its high lateral
resolution.

A nice example would be the Raman spectroscopic investi-
gation of DNA or RNA. With higher and higher resolution,
ultimately a single base sensitivity could be reached. The main
challenge for the study of DNA strands by SERS is that the
sugar and phosphate groups block the signals of the nucleo-
bases. This is a critical problem for base identification using
TERS. To overcome this issue, DNA strands have been
labelled with Raman-active dyes and the indirect detection
due to hybridisation has been demonstrated by monitoring
Raman spectra of the dye-labels.*®%

Some TERS studies have already been realized successfully
on DNA base nanocrystals.'*!>*® These studies clearly de-
monstrate that a distinction between the nucleobases is possi-
ble by TERS.

Such experiments can lead to a novel direct sequencing
technique. In a recent report, TER spectra along an RNA
strand of homopolymer of cytosine have been achieved.** This
is the first approach towards a direct and label-free Raman
sequencing investigation of single-stranded RNA.

RNA strands can be attached on a mica surface via phos-
phate groups, by adding Mg®" cations to the sample. Thus,
phosphate groups are bound on the mica surface and the bases
become accessible for TERS measurements.’’ The same pro-
cedure has been applied to the RNA sample in this particular
experiment. Firstly, the sample was scanned with a TERS-tip.
The topography image, shown in Fig. 13, obviously corre-
sponds to a single-stranded RNA strand of cytosine.

In the actual TERS experiment, the tip moves to several
adjacent positions along the strand. All spectra show the
characteristic features of cytosine and are similar, still showing
significant fluctuations in band intensities and also slight
fluctuations in the band positions (see Fig. 14). The reasons
for these features can be explained well by the arguments
discussed previously in the theory section.

A closer look at the signal-to-noise ratio of the spectra in
comparison with the size of the tip leads to the conclusion that
even single-base sensitivity has been achieved, which is one of
the prerequisites to perform a direct sequencing using TERS.
As the TERS experiments on crystals of the other nucleobases
showed specific signals, further experiments with single

25A

20 nm

Fig. 13 (A) Topographic image of a cytosine single-stranded RNA
homopolymer. (B) Height profile through the RNA at the indicated
position. Adapted from ref. 34.

stranded thymine, adenine, guanine and uracil are expected
to complement this experiment.

Cells (bacteria)

As an example of even more complex samples, TERS studies
on living cells are presented.’*>* Staphylococcus epidermidis is
the sample organism used for this TERS experiment. Accord-
ing to the bibliography, the cell surface of S. epidermidis, and
specifically its cytoplasm membrane, is mainly composed of a
peptidoglycan layer, which is pervaded by other polysacchar-
ides and a variety of surface proteins. This is a typical
composition of the cytoplasm membrane in all Gram-positive
bacteria. It is also likely to find other polysaccharides, e.g.
teichoic acid or PIA (polysaccharide intercellular adhesion),
depending on the growth conditions. Fig. 15 shows the topo-
graphic image of S. epidermidis cells achieved with an AFM
experiment using an ultra sharp silver-coated AFM tip in
intermittent mode. The first TER spectra stem from the cell
surface—the second spectrum corresponds to a background
reference from the glass surface. The enhancement factor was
calculated to be around 10*-10°. The majority of TERS peaks
on the bacteria surface could be tentatively assigned to pep-
tides, lipids and carbohydrates abundant on the cell surface of
bacteria.’®> Hence, the TERS experiment provides similar
information as previous SERS research on whole cells.®*
With the ability to perform experiments even on complex
organisms, interesting possibilities arise. Applications range
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Fig. 14 TERS experiment along a RNA strand. (A) Topographic
image (same as Fig. 13A). (B) TERS spectra at the seven adjacent
(1-7) spots correspondingly marked in (A), position 8 marks a
reference measurement. Adapted from ref. 34.

from a simple reduction in background signals due to the high
lateral resolution to the study of diffusion dynamics of single
proteins on the cell surface.

Conclusion

Tip-enhanced Raman spectroscopy is a promising tool for the
structural investigation of molecules on the nanometre scale.
Because the enhancing feature (“the tip”) is always the same
during an experiment, quantitative or semi-quantitative ex-
periments are possible with one tip. At present, there is no real
alternative when a direct molecular identification is required at
the nanometre scale. This is even more the case when compar-
ing TERS with other nanoanalytical tools (SEM, XPS etc.).
Such techniques often require special environmental condi-
tions. Using Raman and AFM, the two techniques combined
for TERS, samples can be investigated over a large range of
conditions, as has been demonstrated in the experiment sec-
tion. Even experiments in liquids (e.g. water) are feasible.

Presently the main challenge is a reproducible mass produc-
tion of the TERS tips. As the tips pick up material during a
scan or simply break, this limits the average lifetime to a few
days. Hence, TERS tips have to be exchanged more frequently
compared to standard AFM probes. Many groups and joint
projects are working on the subject of TERS tip production.
Ideally, TERS tips would be commercially available like other
AFM or SNOM probes.

A very interesting feature is that TERS allows a molecular
view on small ensembles of molecules or even single molecules.
This would enable a new insight into molecule surface inter-
actions. The ultimate target in terms of applications is the
label-free sequencing of biopolymers (DNA, RNA, peptides).
The current results are very promising.
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Fig. 15 (a) Topographic image of S. epidermidis cells. (b) Tip-enhanced Raman spectra of the marked positions in (a). Position (A) corresponds to
a TERS spectrum on the cell surfaces, and position (B) corresponds to a reference TERS experiment on the glass surface. Adapted from ref. 52.
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