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1. Introduction

Proposed as early as 1985 (Wessel 1985), the combination of optical field confinement
by a metallic tip with vibrational spectroscopy has opened a way for molecular analysis and
identification with true nanoscale spatial resolution. Three different principles to achieve this
have appeared in the literature:

. Raman Spectroscopy: by dispersing inelastically scattered photons, usually from
Stokes scattering, in a spectrometer. Due to its similarity to surface-enhanced Raman
spectroscopy (SERS), the apertureless near-field version is commonly referred to as tip-
enhanced Raman spectroscopy (TERS). It can be performed at irradiation wavelengths in the
visible or the near IR.

. Coherent anti-Stokes Raman scattering (CARS): CARS is a nonlinear optical
spectroscopic method based on four-wave mixing. It requires two synchronized tunable
lasers and has advantages because it eliminates much of the background inherent in the other
two methods. However, it is technically more difficult to implement, which is evident from
the relative paucity of literature employing a CARS set-up.

. IR (scattering) spectroscopy: by detecting a contrast in the scattering efficiency as a
function of wavelength. This arrangement is usually called scattering scanning near-field
optical microscopy (s-SNOM). It requires infrared (IR) light, preferably in the form of a
tunable IR laser, for excitation of the sample.

In this chapter we will discuss the experimental set-up for implementing TERS, tip-
enhanced CARS, and s-SNOM. We will then focus on the heart of such experiments, the tip,
describe tip fabrication methods, and discuss enhancement factors, contrast, and spatial
resolution in detail. This is then followed by a thorough review of the literature on
applications in the fields of organic molecules, catalysis, biology, nanotubes, and

semiconductors.
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2. Setups for Tip-enhanced Vibrational Spectroscopy

21. Tip-enhanced Raman Spectroscopy (TERS)

The key point of TERS is to create a strong and localized light source using a sharp
metal tip. Classical electromagnetic theory predicts that the incident field will be enhanced
greatly at the end of the tip at resonance because of the excitation of localized plasma
polaritons (Zayats 1999). There are two different types of localized plasma polaritons which
are used in TERS. One is referred to as the “lightning rod” effect. It suggests that when an
isolated sharp metal tip is illuminated, the p component of the field will be greatly enhanced
at resonance (Novotny, Bian and Xie 1997). Another method is using the “gap mode” of the
electromagnetic field (Aravind and Metiu 1983). In theory, the p component of the
electromagnetic field at a tip-substrate junction can be enhanced more than 100 times under
the resonant condition of the gap mode. With this method, a 10° times enhancement of
Raman signal intensity was achieved recently (Pettinger, Ren, Picardi, Schuster and Ertl
2004). It should be mentioned that besides these two methods, isolated noble metal
nanoparticles can also enhance the electric field efficiently. For example, a single gold
nanoparticle has been attached to the apex of a fiber tip for a similar purpose (Kalkbrenner,
Ramstein, Mlynek and Sandoghdar 2001), but to date, there is no reports utilizing such

probes for TERS.
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Fig. 1: Illumination and detection schemes in tip-enhanced vibrational spectroscopy. The left figure
is the transmission mode. The right figure is the side illumination mode. DM: dichroic
mirror, BS: beam splitter.
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For TERS based on the “lightning rod” effect, epi-illumination (transmission mode) is
popular (Fig. 1), because a large numerical aperture (NA) microscope objective can be used
to afford a tight focus. This is crucial for decreasing the background noise induced by far-
field illumination. There are two disadvantages of this type of transmission-illumination
setup. First, a transparent sample is necessary. Second, this setup is not efficient for creating a
p-polarized component from a linearly polarized illumination beam. To overcome this
problem, different solutions have been adopted, annular illumination (Hayazawa, Inouye,
Sekkat and Kawata 2000) or modifying the wave front using a wave plate (Novotny, Sanchez
and Xie 1998, Saito, Hayazawa, Kataura, Murakami, Tsukagoshi, Inouye and Kawata 2005).
It should be mentioned that no matter which method is chosen to create a p component for the
illumination, a high NA objective is required.

For gap mode TERS, side illumination scheme is normally employed, because an
opaque metal substrate is used (Fig. 1). This also leads to an inherent disadvantage, that a
long-working distance objective must be used. Consequently, the NA of the objective is low

and the area of far-field illumination is large. Considering that the enhanced electromagnetic
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field at the tip-sample junction is localized in an area of tens of nanometer, the background
induced from the far-field illumination is relatively larger than in the epi-illumination method
discussed above. Similar to the lightning rod effect, the existence of a p-polarized component
of the illumination is crucial to excite the gap mode and only this component can be greatly
enhanced (Aravind and Metiu 1983). Table 1 summarizes the experimental configurations

used for tip-enhanced Raman scattering.
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10 cm™, 200 scans would be necessary, requiring a total of 1000 minutes, i.e., over 16 hours.
This is problematic due to long-term drifts of STM and AFM equipment. Suitable laser
sources that are continuously tunable through the IR are also not readily available.

Fig. 9 shows the imaging of a PMMA / PS polymer blend with a resolution of <70 nm
carried out at different IR wavelengths in the 5.5 to 6 um range (Taubner, Hillenbrand and
Keilmann 2004). This example demonstrates very nicely how spectroscopic contrast is
achieved at an appropriate (fixed) wavelength, and how the contrast is completely reversed at

another wavelength.

Fig.9: s-SNOM analysis of PS in a PMMA matrix. (a) calculated s-SNOM amplitude spectra of
PMMA (solid line) and of PS (dashed line). (b) topography (left) and IR amplitude (right) s-
SNOM images of a 70 nm thick polymer blend film on Si at three different frequencies, as
indicated in (a). The extracted IR contrast of PMMA relative to PS obtained by averaging in
the regions indicated in the topography is shown as experimental data points in (a).
Reprinted from (Taubner, Hillenbrand and Keilmann 2004)}, with permission of the
American Institute of Physics.

An interesting method was developed by these authors to prepare topographically flat
polymer composite samples. Immiscible polymers, for example polystyrene (PS) and
polymethylmethacrylate (PMMA) were sequentially dried on cleaved NaCl, followed by
dissolving the NaCl in water. This yielded a nearly flat polymer surface with sharp material
boundaries (Knoll and Keilmann 1999). The same experimental approach can be used to

study other materials. For example, Keilmann and coworkers have shown examples ranging
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from SiC partially covered with Au (Hillenbrand, Taubner and Keilmann 2002) to metal / Si/
polymer three-component samples (Taubner, Hillenbrand and Keilmann 2003).

Anderson demonstrated the feasibility of combining IR photoacoustic spectroscopy
with AFM detection (Anderson 2000a). Chopped radiation from an IR spectrometer was
focused on the sample surface and surface deflections caused by photoacoustic pressure
waves were detected by means of an AFM cantilever. The frequency of the generated
acoustic waves equals to the chopper frequency that was 3 to 4 Hz in this case. The ability to
determine material-dependent signals from an area having a diameter of ~ 100 nm allowed
the discrimination between fluorinated ethylene propylene (FEP) copolymer and polystyrene.
The main advantage of photoacoustic detection compared to conventional s-SNOM lies in its
capability of depth-resolved measurements and the detection of subsurface structures. Multi-
layered samples consisting of Cr on SiO; or Cr and Al on Si0O, were irradiated by chopped IR
radiation (Tomoda, Shiraishi, Kolosov and Wright 2003). Since the chopper frequency was in
the MHz range, ultrasonic waves were generated by the photoacoustic effect. For detection,
ultrasound was converted into kHz waves by interference between photoacoustic waves and
vibrations of the cantilever at a slightly shifted frequency. The authors called this “optical
heterodyne force microscopy” (OHFM). A material-specific contrast with a lateral resolution
of ~50nm could be obtained, even in the case of buried structures, although data

interpretation remains somewhat difficult.

6.3. Semiconductors

The possibility to conduct nanoscale stress mapping of silicon transistors has been
gaining importance because of performance issues created by mechanical stress from
miniaturization of these devices. The frequency, bandwidths and band shapes of the phonon

Raman bands are sensitive to the presence of stress, strains and impurities.
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Silicon surfaces have been studied by Sun and Shen (Sun and Shen 2001, Sun, Shen,
Cheong, Yu, Lim and Lin 2002, Sun and Shen 2003a, 2003b). Near-field Raman mapping of
a Si device consisting of 380 nm wide SiO; lines separated by 300 nm has been performed.
100 nm pitches in Si that was oxidized by thermal annealing have also been investigated with
TERS using an Ag coated quartz AFM tip (Poborchii, Tada and Kanayama 2005). The Si-Si
stretching frequency has been found to increase at the proximity of the pitch. This
demonstrates that compression at the Si/SiO, boundary between the pitch and the rest of the
substrate has occurred during the thermal oxidation process.

Lahrech et al. have demonstrated successfully that implanted boron lines in silicon can
be detected by IR s-SNOM even in the absence of any topographical contrast (Lahrech,
Bachelot, Gleyzes and Boccara 1997). The setup was based on side irradiation of an
oscillating tungsten tip by means of a CO; laser and provided lateral resolution of ~ 400 nm.
Knoll and Keilmann have also performed near-field IR measurements on doped Si and have
shown that subsurface mobile carriers can be probed by their response to an IR near-field
with a yet-to-be fully optimized spatial resolution of 30 nm (Knoll and Keilmann 2000).

Micro-SERS has been performed on Si;4Gex for highly sensitive detection of the
surface of strained Si using an epi-illuminescence setup (Hayazawa, Motohashi, Saito and
Kawata 2005). A strained 30-nm-thick Si layer is grown on a Ge-doped Si substrate, and this
side is placed facing the high NA objective and illuminated. A small shoulder at 513.8 cm™ is
observed and attributed to the strained Si. When a similar substrate is covered with a 10-nm
fractal-like Ag film, this signal is shifted to 515.3 cm™. This blue-shift is attributed to the
presence of neighboring Ag atoms. Thus, the supposingly Raman-enhancing Ag layer affects
the result of the analysis. This experiment has been suggested as a precursor for TERS using
a sharpened metallized cantilever tip with side-on illumination. A better spatial resolution
should be achievable. We suggest that for experiments of this nature, metallized silica fiber

tips based on a tuning fork feedback or etched metal wires and STM feedback are better
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alternatives for two reasons. The first is to avoid perturbation from chemical bonding or
pressure effects when the tip is in contact with the Si sample (Watanabe, Ishida, Hayazawa,
Inouye and Kawata 2004). The second is of a practical nature since the Si AFM tip would
give very similar Raman signals that may interfere with the analysis of the strained Si bands.
Subsurface defects in semiconductors can also be detected by combinations of SPM
techniques and photoacoustic spectroscopy (Hida, Mera and Maeda 2001). Chopped near-IR
irradiation of GaAs semiconductors and detection of photoacoustic waves using an STM
allowed the imaging of subsurface defect structures with nanometer resolution. The imaging
contrast was in good agreement with the spectroscopic properties of defect and non-defect

sites.

6.4. SERS Substrates

Apertureless near-field optical microscopy is also a tool for investigating surface
plasmon resonances, which provide the basis for both, SERS and TERS. While light intensity
distributions on irradiated SERS substrates can be determined in aperture SNOM experiments
(Klar, Perner, Grosse, von Plessen, Spirkl and Feldmann 1998, Krenn, Dereux, Weeber,
Bourillot, Lacroute, Goudonnet, Schider, Gotschy, Leitner, Aussenegg and Girard 1999,
Krenn, Weeber, Dereux, Bourillot, Goudonnet, Schider, Leitner, Aussenegg and Girard
1999), apertureless s-SNOM techniques allow the measurement of local electric field
enhancements with nanometer resolution (Adam, Benrezzak, Bijeon and Royer 2000,
Hillenbrand and Keilmann 2001, Hillenbrand, Keilmann, Hanarp, Sutherland and Aizpurua
2003). An s-SNOM setup based on an AFM operated in tapping mode and side illumination
of the tip with visible laser radiation was applied to investigate surface plasmons on single

isolated gold nanospheres (Adam, Benrezzak, Bijeon and Royer 2000). By tuning the
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excitation wavelength, plasmon resonance spectra of individual particles could be
determined.

A screening of nanoparticles with regard to their SERS activity can be performed by
scanning immobilized particles even in close aggregations at a fixed wavelength. Whereas
the topography image reveals the whole aggregate, in the optical near-field amplitude image
only the particles are visible which at least partially fulfill the resonance condition at the
excitation wavelength under investigation with respect to size, shape, and orientation. This
could be demonstrated successfully by the group of Keilmann by use of their s-SNOM setup
with 633 nm side illumination and Ptlr coated Si tips (Hillenbrand and Keilmann 2001). In
addition to the signal amplitude mentioned above, evaluation of the phase signal enables the
elucidation of the plasmon modes that are excited. Gap mode plasmons between densely
packed gold nanoparticles could be found by scanning particle aggregates with sharper
uncoated Si probes. Although gap mode plasmons were clearly visible in the s-SNOM
images, the highest field enhancements are expected to be deeper inside the particle
aggregates and are therefore not accessible to the tip. A possibility to solve this problem can
be the use of carbon nanotubes attached to a conventional AFM probe. Such a supertip was
applied to the visualization of surface plasmons on disk-shaped gold islands on a glass
surface (Hillenbrand, Keilmann, Hanarp, Sutherland and Aizpurua 2003). A bundle of carbon
nanotubes on an AFM probe resulted in a tip radius of ~ 25 nm, a value that could probably
be improved down to a few nanometers by use of single-walled carbon nanotubes. Highly
resolved s-SNOM images of the disks having a diameter of 91 nm resulted in a reproducible
pattern consisting of two bright areas separated by a narrow dark zone showing evidence for
a dipolar plasmon oscillation. Although the gold disk structures could be fabricated with
good reproducibility, highly significant differences in the optical amplitude image between

individual gold islands were observed. This finding was explained by shifts of the resonance
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frequency and underlined the strong dependence of surface plasmon resonances on small
changes in size, shape, and environment of each particle.

The techniques described in this section can help to systematically investigate
parameters that influence surface plasmon resonances and to better understand SERS and
related effects. Thus, they can be useful tools in the improvement of SERS substrates as well

as in the screening of nanoparticles that are potential probes for TERS experiments.

7. Conclusions and Outlook

We presented the use of tip-enhanced vibrational spectroscopy for the investigation of
biological objects, nanostructured materials, and for the observation of highly localized
chemical processes. The technology has not yet reached a state where routine nanoscale
chemical analysis can be performed. This is evident from the scarcity of literature
demonstrating applications to real-life problems. However, the technology is maturing, and
we are confident that TERS and related methodologies have excellent potential for nanoscale
molecular identification and spectroscopy.

Tens of different near-field vibrational spectroscopy and microscopy investigations
have been published over the last 10 years. We like to make some general comments about
these techniques to aid the reader in assessing their practical usefulness. From the point of
view of nanoscale chemical analysis, the issues of spatial resolution, sensitivity and
selectivity are important. For practical reason, instrumental complexity and price are also
considered. According to these criteria, TERS is probably the best choice. The setup is easy
to build: it is only necessary to combine a Raman microscope and a SPM instrument, both of
which have been commercially available for more than 10 years. The best spatial resolution

of TERS is around 10-20 nm (Anderson, Hartschuh, Cronin and Novotny 2005) and the
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sensitivity is high enough to investigate the Raman spectrum from tens of molecules
(Pettinger, Ren, Picardi, Schuster and Ertl 2004). In our opinion, TERS has the potential to
detect Raman scattering from single molecules under optimum conditions. Near-field IR
microscopy has also been very successful. For example, it allows to distinguish different
polymer phases with a spatial resolution of 10 nm (Hillenbrand, Taubner and Keilmann
2002), which is slightly better than TERS. On the other hand, its drawbacks are obvious: real
spectra are difficult to record due to the need to tune a laser through the IR spectral range.
White light sources have also been combined with SPM and FTIR (Narita and Kimura 2001),
but both, signal-to-noise ratio and spatial resolution were poor because of the absence of a
mechanism to enhance the near-field signal. Furthermore, from a practical view, there is no
commercial instrument yet that can be used directly for near-field IR microscopy, perhaps
because handling IR radiation is more difficult than visible light. Other s-SNOM methods
also succeeded to a certain extent. The main problem of s-SNOM methods is that their
chemical selectivity is poor compared to methods based on true vibrational spectroscopy,
limiting their application to analytical and bioanalytical chemistry.

A key issue when employing tip-enhanced vibrational spectroscopy is that the near-
field signal intensity that can be obtained is small, because it originates from a very small
area and is easily overwhelmed by background from the total illuminated area. Ways to
overcome this difficulty, and to develop TERS into a robust method have therefore received
much attention in this chapter. A high enhancement factor not only implies greater signal, but
greater near-field to far-field contrast. A large contrast will eliminate the need to perform
background subtraction and will ultimately permit a reasonable imaging speed.

Methods for estimating or calculating enhancement factors have to be carefully selected
based on the type of sample (e.g. its thickness and uniformity). A comparison of different
enhancement factors is only possible if the parameters of the calculation are well defined and

precisely known. In our opinion, the near-field to far-field contrast is a more useful quantity
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for comparison, and is also of greater practical relevance than the enhancement factor. The
contrast can be improved by optimizing the near-field enhancement (annular illumination,
optimized polarization to increase the p-component, excitation by a tunable laser to hit the
plasmon resonance), by suppressing the far-field background (high NA epi-illumination,
annular illumination, far-field suppression by use of appropriate polarization geometry), or
generally by the best possible compromise between both strategies.

The highest enhancement factors that have been reported to date are in the 10° range,
the highest TERS contrast is ~10,000. The best lateral resolution achieved with these
methods is on the order of 10-20 nm for TERS, 17 nm for IR s-SNOM, and 10 nm down to
I nm for Vis s-SNOM. The main fields of application that are described in this chapter, are
dyes, catalysis, biopolymers and biological samples, SWNTs, material-specific mapping, and
semiconductors.

Finally, we would like to point out that vibrational spectroscopy is not the only method
to gain detailed analytical chemical information on a lateral scale of nanometers. Near-field
ultrasound measurements with high spatial resolution afforded by the presence of an AFM
probe have started to appear in the literature (Blodgett and Spicer 1999, Inagaki, Kolosov,
Briggs and Wright 2000, Moreau and Ketterson 1992, Shekhawat and Dravid 2005,
Yamanaka, Ogiso and Kolosov 1994). In the future, related imaging methods with high
spatial resolution and chemical contrast may become feasible. Several research groups have
presented very interesting work on near-field or tip-enhanced laser surface melting and laser
ablation (Boneberg, Munzer, Tresp, Ochmann and Leiderer 1998, Chimmalgi, Choi,
Grigoropoulos and Komvopoulos 2003, Chimmalgi, Grigoropoulos and Komvopoulos 2005,
Chimmalgi, Hwang and Grigoropoulos 2005, Dickmann, Jersch and Demming 1997, Huang,
Hong, Lu, Lukyanchuk, Song and Chong 2002, Huber, Koch and Feldmann 1998, Jersch and
Dickmann 1996, Jersch, Demming and Dickman 1997, Lu, Mai, Qiu and Chim 1999). The

interfacing of such methods with mass spectrometric detection of the ablation products is an
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equally fascinating prospect (Kossakovski, O'Connor, Widmer, Baldeshwieler and

Beauchamp 1998, Stockle, Setz, Deckert, Lippert, Wokaun and Zenobi 2001).
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