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1 Introduction 

Methods for performing in situ and nondestructive chemical analysis with nanometer 
spatial resolution are in great demand due to rapid developments in nanoscience and 
nanotechnology. These techniques are required to answer outstanding questions in 
surface chemistry (e.g., where are the ‘hot sites’ on a catalyst surface?), biology (e.g., 
where are membrane proteins located in the lipid bilayer of a cell?) and materials science 
(e.g., what is the nanoscale architecture of the tires of a Formula 1 racing car that hardly 
skids during a rainy race day?). It can be observed that these problems demand answers 
that give more than just a number, spectrum or a topographic image of the analyte. 
Rather, they require full spectroscopic information for every pixel of the sample, i.e. 
chemical imaging is needed.  
The requirements for methods that give such information are clearly stringent, 
necessitating simultaneously excellent spatial resolution, chemical identification without 
the use of labels and good sensitivity, often with in situ probing of the sample (to prevent 
degradation). These effectively rule out the established workhorses of modern chemical 
analysis such as nuclear magnetic resonance, infrared spectroscopy, electron 
microscopy, etc.  
In this work, near-field optical methods and their applications to problems in biology and 
materials science are reviewed. Near-field techniques give nanometer spatial resolution 
by overcoming the Abbe diffraction limit, and can be used to investigate many kinds of 
samples in situ. Emphasis is placed on near-field methods that give vibrational 
information (i.e., ‘molecular fingerprints’) of the analytes. Finally, the current challenges 
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faced by these methods and their potential in nanoscale chemical analysis in the near 
future are discussed.  

2. Methods 

2.1 Scanning Near-Field Optical Microscopy with Aperture 
Probes 

In order to break the optical diffraction limit, the most straightforward idea is to create a 
point light source. This can then be scanned over the sample surface in close proximity 
(in the optical near-field) to do optical mapping. The spatial resolution is in this case not 
restricted by the diffraction limit, but determined by the size of the light source. This 
idea was proposed in 1928 by Synge [1]. However, due to the difficulties of fabricating 
as well as precisely positioning and scanning such a light source, the real scanning near-
field optical microscope (SNOM) was only realized in the 1980s after the invention of 
the scanning tunneling microscope (STM) [2, 3]. Early on, a metal-coated fiber tip was 
used to create a nanoscale optical aperture as shown in Figure 1a. The size of the 
aperture (and hence the light source) can be down to 50 nm, several times smaller than 
the diffraction limit using visible light. This type of SNOM is called aperture-SNOM (a-
SNOM). After its invention, a-SNOM achieved a huge success in 1990s, for example, by 
imaging the fluorescence of single molecules at room temperature [4], and mapping of 
luminescence from a quantum well with unprecedented spatial resolution [5].  
 

 
Figure 1. Schematic drawings of different SNOM methods: (a) aperture SNOM, (b) tip-enhanced 
Raman spectroscopy, (c) scattering SNOM 
 
However, a-SNOM faces two fundamental difficulties: (1) the power emitted from the 
aperture is usually on the order of nW, too weak for collecting a spectrum with short 
acquisition time; (2) its spatial resolution is limited to 50 nm in practice, much lower 
than desired for true nanoscale analysis [6]. In order to overcome these problems, 
alternatives were developed in the last 10 years, namely, tip-enhanced Raman 
spectroscopy (TERS) [7, 8] (Figure 1b) and scattering SNOM (s-SNOM), which is 
mainly used in the IR spectral range (Figure 1c) [9]. In this chapter, we primarily focus 
on these two methods.  
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2.2. Tip-enhanced Raman Spectroscopy 

Raman scattering is known to be an extremely weak process. Its scattering cross section 
is about 10-29 cm2, ~14 orders of magnitude smaller than the absorption cross section of 
fluorescence. In order to collect a spectrum with a reasonable signal-to-noise ratio and 
speed, signal enhancement techniques are needed. This is possible by TERS. 
 

 
Figure 2. The lightning rod effect: When the polarization of the incident radiation is parallel to the 
tip axis, the electric field will be highly enhanced at the tip apex  
 
The origin of TERS arose from studies of localized surface plasmons, which suggest that 
an electric field can be highly enhanced and confined by some metal nanostructures [10-
12]. After single molecule SERS reports of Rhodamine 6G and crystal violet dye 
molecules were made in 1997 [13, 14], the feasibility of creating a localized light source 
at the apex of a sharp metal tip was further investigated. Simulations and subsequent 
experimental results demonstrated that the electric field can be laterally confined into a 
small area with a diameter smaller than 30 nm, and the light intensity can be enhanced 
by tens of times (see Figure 2) [15]. In 2000, TERS was reported by Stöckle et al. [8], 
and almost simultaneously by Anderson and Kawata et al. [7, 16]. A new era of near-
field spectroscopy had begun.  
The heart of the TERS technique is a ‘hot’ tip, which can highly confine and enhance the 
electric field at the tip apex. A brief introduction of the origins of the field enhancement 
is now given here. There are two main types of field enhancement: the field 
enhancement powered by localized plasmon resonance which is highly frequency-
dependent, and the shape-induced enhancement which does not depend on the 
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frequency. To yield a good enhancement, one can either tune the excitation wavelength 
to coincide with the resonant frequency (or vice versa), or use a structure which can 
provide enhancement over a wide spectral range. 
 

 
Figure 3. SEM images of Ag-coated AFM tips. (a) and (b) are tips pre-coated with SiOx, while (c) 
and (d) show the tips pre-coated with AlF3. Adapted from [17] 
 
The first approach was recently successfully demonstrated by our group [17, 18]. We 
found that the resonance frequency of Ag-coated AFM tips can be tuned by modifying 
the optical constants of the dielectric tips. In this work, Ag was coated on AFM tips 
made of or pre-coated with different materials such as Si3N4, SiO2 and AlF3 (Figure 3).  
An AFM tip made of low refractive index material gave the best enhancement with 488 
nm illumination. Further theoretical studies verify that the resonance frequency will 
indeed red shift when the refractive index of the AFM tip increases [19]. This provides a 
methodology to fabricate ‘hot’ tips with a high yield. 
In addition to the possibility of tuning the resonance of the tip by choice of the 
underlying material, two kinds of structures supporting strong field enhancement over a 
broad spectral range have been found. The first uses sharp metal tips (Figure 4) that 
benefit from the lightning rod effect [10, 12]. The lightning rod effect means that the 
electromagnetic field is always highly enhanced at sharp protrusions [12, 20]. A simple 
example is provided by a cigar-shaped ellipsoid. Besides the plasmon resonance induced 
enhancement, there is another type of resonance, which is only determined by the 
sharpness of the end of the ellipsoid: the sharper the nanostructure, the higher the field 
enhancement. This conclusion was supported by numerical simulations on tapered metal 
tips [10, 11]. To date, many TERS measurements have been reported using sharp Au or 
Ag tips, based on the lightning rod effect, e.g. a series of investigations on carbon 
nanotubes by Novotny and coworkers [21-25]. Unfortunately, the enhancement afforded 
by this type of tips is rather low, preventing its applications to samples consisting of 
weak Raman scatterers. However, it was recently predicted that a field enhancement 
100× better than the present results is possible if the radius of curvature of the tip apex is 
reduced to 1 nm [26]. This shows the untapped potential of this approach. 
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The second is gap-mode TERS, which is essentially a broad band antenna [27]. 
Compared with the production of ultrasharp tips, creating a nanometer gap between a 
metal tip and a metal substrate is much easier. For the case of an electrochemically 
etched Au tip with a radius of curvature smaller than 25 nm, a Raman enhancement 
better than 106× can be achieved with a good reproducibility [27, 28].  
 

 
Figure 4. SEM images of electrochemically etched (a) Au and (b) Ag tips 
 
The most significant achievement of gap-mode TERS is its demonstration of single-
molecule Raman spectroscopy [29, 30]. The first attempt was reported by Neacsu et al. 
[31]. The sample was an Au substrate covered by a monolayer of malachite green, a dye 
molecule showing strong resonance Raman effect. Significant spectral fluctuations were 
observed and the intensity histogram showed a Poisson distribution like pattern, which 
was taken as evidence for single molecule detection. However, the spectra presented 
were not consistent with the fingerprint vibrational modes of the analyte used. Stronger 
evidence of single molecule TERS was independently published by Domke et al. and 
shortly after by our group [29, 30]. In these investigations, TER spectra identical to the 
normal Raman spectra of the analyte were observed. Several lines of evidence, such as 
intensity dependence on sample coverage as well as discrete signal losses 
unambiguously prove that the sensitivity of TERS can reach the single molecule level. 
Two interesting observations were made from these studies. Firstly, the signal 
enhancement was only ∼107×, several orders of magnitude lower than expected. 
Secondly, no significant mode shifts or new modes were observed, indicating that the 
surface selection rules for Raman scattering are still valid under such high field intensity. 
This also implies that existing Raman spectrum databases can be employed for 
interpretation of the TERS data.  
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2.3. Scattering SNOM 

The TERS strategy is not suitable for IR absorption spectroscopy (IRAS). This is 
because a broad band light source is used in IRAS and it is difficult to create a constant 
enhancement over the entire spectral range. Another problem stems from the much 
longer wavelength of IR compared to visible light. In other words, the far-field 
excitation area will be much larger than in the case of TERS, and the signal-to-noise 
ratio will deteriorate. To overcome these problems, scattering SNOM (s-SNOM) is 
commonly used for near-field IRAS [32]. 
Figure 1c shows the basic setup of a s-SNOM.  The tip-sample system is illuminated 
from the side, the near-field signal (i.e. the interaction between the tip and sample) is 
modulated by the oscillation of the tip, and harmonic signal components in the scattered 
light that correspond to the near-field information are recorded to form an optical image. 
In a simplified model, the tip can be treated as a spherical particle whose polarizability is 
α = 4πr3(εp-εm)/(εp+2εm), where r is the radius of the sphere, and εp and εm are the 
permittivities of the tip and the surrounding medium respectively. The image dipole of 
the tip in the sample is αβ, where β = (εs-1)/(εs+1) and εs denotes the permittivity of the 
sample. The tip-sample coupling can be described as a dipole-dipole coupling and the 
effective polarizability of the scattering of this system will be [33]:  
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z  is the tip-sample distance. Using this equation, the optical constants of the 
sample can be deduced. In other words, the IR absorption spectrum is recorded by this s-
SNOM. To date, the best s-SNOM results were collected by Hillenbrand et al.[33-36]. In 
their work, spatial resolutions of 10 nm or even lower were reached.  However, s-SNOM 
suffers from several problems. First, it only works at a single wavelength at a time. It is 
hence impossible to obtain a full near-field IR absorption spectrum. The second problem 
is the complexity of the tip-sample coupling. Equation (1) assumes that the sample 
surface is perfectly flat, which is at best an approximation. Therefore, there is still room 
for improvement in the development of s-SNOM. 

2.4. Comparison of the near-field spectroscopic methods 

Table 1 shows a comparison of all near-field spectroscopic methods. It is clear that a-
SNOM is not suitable for vibrational spectroscopic imaging because of its poor 
sensitivity. s-SNOM provides a good spatial resolution and sensitivity. However, it 
suffers from two problems: (1) the difficulties in image interpretation, (2) it does not 
provide a full spectrum.  TERS is more promising, although the fabrication of ‘hot’ tips 
can be tricky. As discussed above, a lot of progress in TERS has been made in the last 
several years. We predict that TERS will grow into a reliable nanoscale analytical 
method in the near future, after tip fabrication methods are optimized. 
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Table 1. Comparison of different near-field spectroscopic methods 

 Aperture SNOM TERS Scattering SNOM 
Spatial resolution 50 nm 10 nm 10 nm 
Sensitivity Poor Single molecule 

level 
(gap-mode TERS) 

∼100 molecules 
(estimated from its 
spatial resolution) 

Sample topography No requirement No requirement 
(Flat sample is 
required for gap- 
mode TERS) 

Flat sample surface 

Tip preparation Difficult Difficult Easy 
Instrumentation Complex Complex Complex 
Spectral range Full spectrum (for 

Raman) 
Full spectrum Single wavelength 

Collection time of 
one full spectrum 

10 min 1 s - 

2.5. Imaging 

Spectroscopic imaging with nanometer spatial resolution is a very attractive proposition. 
Having full spectroscopic information at every pixel is also crucial for obtaining 
simultaneous chemical information for unknown, heterogeneous samples or when 
following transient events. Detailed information from small frequency shifts (not 
available from fixed-frequency imaging) can also be obtained. Fast spectroscopic 
imaging will further facilitate the high throughput investigation of complex samples, 
reduce drift and sample damage, and will allow dynamic processes to be followed. 
Unfortunately, almost all of the published research has presented either fixed frequency 
intensity maps or show topographic scans with spectroscopic data taken at a very small 
number of points. This is likely due to the lack of sensitivity and inadequate recording 
speed of existing instruments. Further technical improvements will enable this analytical 
method to give more complete solutions to the difficult problems in the nanoscience.  

3. Applications 

In this Section, various applications of near-field vibrational spectroscopies in materials 
and biological sciences are presented.  

3.1 Carbon nanotubes 

Imaging of single-walled carbon nanotubes (SWNTs) has become the most frequent 
application of TERS [23-25]. SWNTs have generated intense interest due to their 
potential applications in nanotechnology. Four kinds of Raman modes are usually 
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observed in the TER spectra of SWNT: the radial breathing modes (RBM), two graphitic 
bands (G, G’), and the disordered (D) band. The positions of these bands are vibrational 
signatures of the state of the SWNT, e.g., its defect density, chirality, etc.  
Defect-density imaging has been demonstrated for an isolated SWNT produced by the 
arc discharge method [22]. Bumps of 5 nm in height have been observed on top of the 
SWNT in the topography image, and these have been assigned to Ni/Y catalyst particles. 
When TERS measurements were performed on locations of the SWNT close to or on the 
Ni/Y catalyst, the frequencies and intensities of the D and G bands changed. Differences 
in the local tube structure, which may be due to defects, junctions or interactions with 
the glass substrate may also be revealed from the TERS variation of the RBM frequency 
(diameter sensitive) and intensity. 
The simultaneous near-field photoluminescence and Raman imaging of isolated SWNTs 
with a spatial resolution better than 15 nm has also been reported [21]. Highly localized 
and intense photoluminescence was observed from certain sections (20–30 nm) of an 
arc-discharge produced SWNT and has been assigned to the presence of localized 
excited states. These states may originate from localized chirality variations occurring 
from defects or from local environmental perturbations. However, for micelle-
encapsulated SWNTs, the photoluminescence emission extends along the tube length 
(several hundreds of nm). By simultaneously acquiring near-field Raman and 
photoluminescence images, it is desired that a correlation between structural defects and 
the photoluminescence properties of individual SWNTs is obtained.   
The feasibility of carbon nanotubes as components in molecular electronics (e.g. 
intramolecular junctions) is intimately related to their conducting or semiconducting 
properties. Here, these properties along a nanotube have been measured by the near-field 
recording of the resonant phonon frequencies along spatially isolated SWNTs (Figure 5). 
The determination of changes in chirality is based on shifts in the RBM mode and 
supported by changes in the D band. Chirality transitions from semiconducting to metal 
and metal to metal at the single nanotube level have been mapped. A spatial extension of 
the transition region of 40–100 nm has been found [23].  
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Figure 5. (a) TERS image and (b) corresponding topography image  of an isolated SWNT, where 
the optical resolution was determined to be 40 nm. Also shown are a series of TER spectra (c) 
acquired along the length of the SWNT. Two resonant RBM phonons are detected. One RBM 
phonon frequency is detected at 251 cm-1, assigned to semiconducting chirality. The second RBM 
phonon frequency recorded from the lower section of the SWNT is centered at 192 cm-1, and is 
assigned to metallic chirality. The inset of (b) displays two cross-sectional profiles acquired from 
both the upper and lower sections, respectively, revealing that the expected diameter change 
occurs as the SWNT undergoes the transition from a semiconducting to metallic chirality. Scale 
bar denotes 200 nm and is valid for both (a) and (b). Reprinted with permission from [37] 
 
Near-field imaging of SWNTs covered with an overlayer of SiOx has also been 
performed [24]. These results have implications for biological processes and in 
semiconductor technology because the functional units found in cells and silicon chips 
are located in the subsurface.  

3.2 Semiconductors 

Stress, strain and impurities in Si samples can be detected based on frequency, intensity, 
shape and width changes of the Si vibrational bands. Due to the ongoing miniaturization 
of semiconductor structures, there is a need for imaging of these features with nanometer 
scale resolution. 
TERS mapping of a Si device consisting of 380 nm wide SiO2 lines separated by 300 nm 
has been demonstrated by Sun and Shen [38-41]. Poborchii et al. used a depolarization 
configuration for TERS in order to suppress the far-field signal and to improve the 
intensity contrast of the Si phonon band at 520 cm-1 from 0.5× to 2× [42]. They analyzed 
100 nm pitches in Si that was oxidized by thermal annealing using an Ag-coated quartz 
AFM tip. The phonon frequency has been found to increase at the proximity of the pitch. 
This demonstrates that compression at the Si/SiO2 boundary between the pitch and the 
rest of the substrate has occurred during the thermal oxidation process. Further 
improvements of this depolarization approach in the group of Sokolov yielded contrasts 
of up to 12×, which was partially attributed to reflection of the incident light by the 
metal-coated tip and thus to a higher irradiance at the sample [43, 44]. Without this 
contribution, the contrast was still on a high level of ≥ 3.4× and allowed a mapping using 
the intensity of the Si phonon band with a lateral resolution of ~20 nm and an acquisition 
time of 2 s per pixel (Figure 6) [43]. 
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Figure 6. Three-dimensional scanning images (10 × 100 pixels, 180 × 2000 nm2) of (a) 
topography and (b) integrated Si phonon signal (TERS, 2 s acquisition time per pixel) for a silicon 
sample coated with 30 nm thick and 250 nm wide stripes of SiOx with a distance of 250 nm 
between the structures. Reprinted with permission from [43] 
 
Recently, the research laboratories of the microchip producer AMD began to use TERS 
for characterizing patterned silicon surfaces. Metallized AFM tips that have been 
prepared by sputter deposition of thin Ag films onto quartz tips and sharpened by 
focused ion beam (FIB) milling were used. With a top-illumination setup, line profiles of 
patterned samples were recorded and the influence of laser deflection at the tip and laser 
heating on silicon stress measurements were studied [45-47]. 
Subsurface structures in silicon were also studied by apertureless s-SNOM in the IR 
range. Lahrech et al. have successfully demonstrated that implanted boron lines in 
silicon can be detected with a lateral resolution of ~400 nm even in the absence of any 
topographical contrast [48]. Knoll and Keilmann have 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 spatial resolution of 30 nm [49]. The 
group of Havenith presented a scanning near-field infrared microscope (SNIM), which is 
an IR s-SNOM setup based on a cw optical parametric oscillator (OPO) as an excitation 
source with a much wider tunability as compared to the usually applied CO2 lasers [50]. 
With this setup, a sub-surface pattern of implanted gallium ions in a topographically flat 
silicon wafer was imaged with a lateral resolution of ≤ 30 nm. 
In the context of semiconductor samples, pattern characterization of deep-UV 
photoresists by a-SNOM IR imaging should be mentioned. The setup used by Dragnea et 
al. is based on an illumination-mode SNOM with a color center laser as a tunable IR 
source and collection of the light transmitted through the sample by an IR objective [51]. 
Samples were prepared by mask-assisted deep-UV patterning of poly(tert-
butylmethacrylate) thin films, leading to poly(methacrylic acid) and poly(tert-
butylmethacrylate) in the exposed and unexposed regions respectively. Imaging was 
performed at 2.80 µm and 2.94 µm resulting in a chemical contrast due to OH stretching 
vibrations at 2.94 µm only present in the exposed regions (Figure 7). The lateral 
resolution was ~290 nm, which is clearly below the diffraction limit. This work was 
extended to measurements of water vapor uptake by photolithographic polymers [52]. 
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Hence, the whole SNOM setup, excluding the laser source, was built inside a bell-jar 
chamber for generation of a controlled environment around the sample. 
 

 
Figure 7. Aperture SNOM IR images of a 8 µm / 8 µm line / space pattern obtained by mask-
assisted deep-UV exposure of a 1-µm thick photoresist layer. The images were collected at 
2.80 µm (a) and 2.94 µm (b). IR absorption at the OH stretching vibration frequency at 2.94 µm 
leads to the dark contrast of the exposed regions in (b). Reprinted with permission from [51] 
 
All studies mentioned in this section are single wavelength / single frequency maps and 
thus restricted to the imaging of changes in band intensities, such as the Si phonon band 
of strained silicon. Important information that can be derived from changes in band 
frequencies and shapes are yet to be reported in near-field imaging experiments. In IR 
approaches, this is due to the need of tuning the laser in order to get spectrally resolved 
information. Scanning the same part of a sample sequentially many times while tuning 
the wavelength over the range of interest is not feasible in practice, due to the long 
measurement time and long-term drifts of the setup. A complete spectrum can 
alternatively be obtained in one go by near-field Raman spectroscopy with detector 
arrays (e.g. CCDs). With the improvements of TERS regarding the optical contrast 
mentioned above and more efficient collection optics / detectors, full spectroscopic 
imaging of semiconductor samples with nanometer-scale resolution is expected in the 
near future. 

3.3 Polymers and other materials 

Imaging with material-specific spectral contrast using excitation at a fixed IR 
wavelength in an apertureless s-SNOM configuration can be done with excellent spatial 
resolution and relatively rapidly, as no spectral scanning or dispersion in a spectrometer 
is needed.  This has been demonstrated for recognition of components in polymer blends 
as well as in metal-dielectric composites, and on silicon surfaces. Polymer blends are a 
very interesting and promising area of application for near-field spectroscopic imaging.  
These blends often show segregation of the polymer phases, forming domains with sizes 
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in the 100 nm range and below.  Fillers such as small silica or graphite particles and 
other additives add to the complexity of such samples, especially in materials of 
industrial relevance. State-of-the-art Raman microspectrometry has a spatial resolution 
on the order of 1 µm, and is thus not capable of resolving nanosize polymer phase 
domains or filler particles [53]. 
The group of Keilmann has applied IR s-SNOM at fixed wavelengths to image polymer 
mixtures, polymer films, and polymer beads with excellent spatial resolution [54-56]. 
High contrast can be achieved between metals and high refractive index dielectric 
compounds [9], and a spatial resolution of less than 10 nm has been reported [36] even at 
IR wavelengths of λ ≈ 10 µm, corresponding to a resolution of λ/1000.  While the 
contrast is material dependent, the spatial resolution is not, but is solely determined by 
the properties of the tip. Figure 8 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 µm 
range [37].  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. 
 

 
Figure 8. 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 with 
permission from [37]  
 
Akhremitchev et al. presented a setup based on the same principle – IR s-SNOM with a 
side-illuminated AFM tip – and employed it for the characterization of nanostructured 
polymer blends, used as minimally adhesive surface coatings to prevent biofouling [57, 
58]. Raschke et al. used sharp Au-coated forward pointing (‘nose type’) AFM probes 
with a radius of 10–15 nm and obtained fixed-frequency s-SNOM images with a lateral 
resolution of ≤ 10 nm [59] in block copolymer blend samples of poly(styrene-b-2-
vinylpyridene) and poly(styrene-b-ethyleneoxide).When probed at 3.39 µm (2950 cm-1), 
individual domains of the two polymers could be distinguished based on the degree of 
resonance of their C-H stretching vibration with the excitation wavelength. Images with 
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a size of 300 × 300 nm2 were collected within 1–2 h, and spatial resolutions down to 
8 nm were found.  
The IR s-SNOM approach can also be applied to other materials.  For example, 
Keilmann and coworkers have shown examples ranging from SiC partially covered with 
Au [33] to metal / Si / polymer three-component samples [60] and even sub-surface 
imaging in such three-component systems [61]. 
An approach to full spectroscopic near-field imaging in the IR range was presented by 
Michaels et al. [62]. Their illumination-mode a-SNOM setup is based on a Ti:sapphire-
pumped optical parametric amplifier (OPA) coupled into a tapered fluoride glass optical 
fiber. The OPA system provides tunable broadband infrared radiation with output 
powers in the mW range. After passing the thin film sample, the transmitted light is 
collected by a CaF2 lens and coupled into a monochromator with a detector array. 
Broadband illumination with a bandwidth of 200 cm-1 (e.g. from 2800 to 3000 cm-1) in 
combination with the array detector allows the collection of the IR transmission 
spectrum of the sample over 200 cm-1 within 2 s. For 2 µm thickness of polystyrene 
(PS), good agreement was found between its near-field and the FT-IR reference spectra. 
Transmission SNOM measurements with sub-diffraction resolution are limited to sample 
thicknesses well below the excitation wavelength. This is because as the sample 
thickness increases beyond the near-field regime, the lateral resolution becomes 
increasingly dominated by diffraction rather than by the dimensions of the aperture. 
Therefore, for spatially resolved measurements with this setup, a 300 nm thick layer of 
poly(ethyl acrylate) (PEA) with embedded PS domains was used as a sample [63]. The 
chemical nature of the domains was determined by AFM reference measurements after a 
hydrolytic etching treatment that is selective for PEA. Spectroscopic imaging of an area 
of 8 × 8 µm2 with 50 × 50 pixels and a collection time of 2 s per pixel was performed 
within ~1.5 hours. From the spectra, images at three characteristic frequencies, where the 
far-field spectra of the two components show significant differences, were constructed. 
No clear differences between the images were observed, which indicates that IR 
absorption is not the major source of contrast in samples with a thickness within the 
near-field regime, but rather scattering/near-field coupling effects play a significant role. 
From some pixels with high signal intensity, absorption spectra with a reasonable 
agreement with the reference spectrum of PS could be derived. This transmission mode 
a-SNOM approach with broadband excitation is an interesting step towards real 
spectroscopic near-field imaging in the IR range, but is currently limited to thin film 
samples with sub-wavelength thickness. The contrast mechanisms are also not fully 
understood. 

3.4 Biological applications I: IR a-SNOM of fibroblasts 

In IR a-SNOM experiments of biological samples, free electron lasers (FEL) have often 
been employed due to their wide tunability and high output power in the IR range. Due 
to the need of an electron accelerator with an appropriate shielding as well as the size 
and costs of such systems, FELs are only available in a few research centers, usually 
associated to particle accelerators. Hong et al. presented an interesting approach to near-
field IR imaging in liquids [64]. FEL radiation was coupled into the chalcogenide fiber 
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of an illumination-mode SNOM and the tapered end of the fiber was placed in the near- 
field of a sample coated onto a CaF2 window, which was scanned by piezoelectric 
transducers. The transmitted signal was detected using optics below the CaF2 window. 
There are several advantages when both the sample and tip are in water. Firstly, because 
of the small distance between fiber tip and sample, the IR spectral range is accessible, 
which would otherwise be obscured by strong water absorption in conventional far-field 
IR microscopy. Secondly, metal coating of the tip to prevent leaking of IR radiation was 
not necessary due to the strong IR absorption by the surrounding water. Thirdly, high 
laser powers can be coupled into the fiber probe because of the dramatically increased 
damage threshold due to water cooling of the tip. With this setup, living fibroblast cells 
were imaged in water at several characteristic IR wavelengths, such as 6.06 µm (amide 
I), 6.45 µm (amide II), and 5.76 µm (C=O stretching band characteristic for lipids), and 
significant chemical contrast was shown (Figure 9). 
 

 
Figure 9. IR a-SNOM of fibroblasts. (Top) Fibroblast cells imaged in water by IR a-SNOM at 
different wavelengths and different magnifications. The first three images were obtained at 
6.06 µm (amide I), whereas the image at the right shows the different chemical contrast that was 
obtained at 6.25 µm. (Bottom left) Fibroblast cells imaged at 6.06 µm and 6.45 µm (amide II). The 
high-resolution scan at the bottom shows a surprisingly high chemical contrast of a lamellopodium 
imaged at 5.76 µm (C=O band assigned to lipids). (Bottom right) Images of single human 
hybridoma cells obtained at 6.06 µm (amide I) and 6.25 µm, respectively. Reprinted with 
permission from [64] 
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Since the size of the aperture is defined by the IR absorption of water, the lateral 
resolution clearly depends on the wavelength, with the best results obtained in regions of 
the spectrum where water absorbs strongly. The authors reported that with such an 
approach, a resolution in the range of 10 nm or λ/600 is within reach. On the other hand, 
images taken at different wavelengths cannot be directly compared due to the 
wavelength-dependent lateral resolution. In addition, aperture transmission mode 
arrangements are limited to sample thicknesses below the excitation wavelength, 
because the high-resolution information from the aperture point source vanishes with 
increasing sample thickness due to diffraction. Cricenti et al. presented near-field IR 
images of partially dried cell samples that were collected in reflection by a collection-
mode SNOM setup in air using unfocused FEL radiation for excitation [65]. They 
obtained images with a lateral resolution of 0.1 µm or λ/70 and a chemical contrast that 
can be explained by absorption bands of the cell material and components of the 
buffer/nutrient solution. 

3.5 Biological applications II: DNA 

Apertureless s-SNOM IR imaging of biopolymer samples was demonstrated by 
Akhremichev et al. [66]. They prepared 5 µm wide monolayer stripes of 24 base pairs 
long DNA and hexadecanethiol on Au-coated glass surfaces and performed s-SNOM 
measurements. With this approach, IR images with a lateral resolution of ~200 nm were 
obtained showing a clear chemical contrast based on the phosphate absorption band of 
DNA at 980 cm-1. The stripe pattern revealed by IR contrast was not observable in the 
topography images. 
Tip-enhanced coherent anti-Stokes Raman scattering (TE-CARS) for near-field Raman 
imaging of DNA samples has been performed [67]. CARS is based on a non-linear 
effect. Two laser pulses with a constant pump frequency ω1 and a tunable Stokes 
frequency ω2 (with ω1>ω2) are synchronized at the sample and generate an anti-Stokes 
field at ωas = 2 ω1 – ω2, which corresponds to the Raman signal at ωR = ω1 – ω2. 
Advantages of CARS are the enhancement of anti-Stokes signals, the confinement of the 
volume probed to the center of the laser focus due to the non-linear effect, and the 
absence of a fluorescence background, which is often present in biological samples. 
Figure 10 shows TE-CARS images of a dried DNA network, which was prepared by 
mixing a solution of poly(dA-dT)-poly(dA-dT) with a Mg2+ solution and subsequent 
coating onto a glass slide. 
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Figure 10. TE-CARS imaging of the DNA network. (a) Topographic AFM image, (b) TE-CARS 
image at on-resonant frequency of adenine (1337 cm-1), (c) TE-CARS image at off-resonant 
frequency (1278 cm-1) and (d) cross sections along the line indicated by the arrows. Reprinted with 
permission from [67]  
 
The AFM topography image reveals a network consisting of single DNA strands as well 
as bundles of up to 10 DNA molecules (Figure 10a). TE-CARS measurements were 
performed with an Ag-coated tip in contact with the sample, irradiated using an inverted 
microscope setup by means of a high NA objective. Images collected at the resonant 
frequency ωR = 1337 cm-1 corresponding to the ring breathing mode of the purin ring of 
adenine and at an off-resonant frequency 1278 cm-1 are shown in Figures 10b and c, 
respectively. The on-resonant image differs clearly from the corresponding off-resonant 
image, which can also be seen in the line profiles in Figure 10d. Thus, the on-resonant 
image is based on a spectroscopic contrast, which allows the imaging of adenine-
containing parts of the DNA sample. The active volume in these TE-CARS experiments 
was estimated to have a diameter of 20 nm and a height of 2.5 nm, which corresponds to 
~1 zeptoliter. Determination of the signal-to-noise ratio led to a smallest detectable DNA 
volume of ~ 1/4 zeptoliter. Thus, TE-CARS is a powerful tool for spectroscopically 
resolved imaging of biopolymer networks in their native state at the nanometer scale and 
provides vibrational spectral information from a subzeptoliter volume. 

3.6 Biological applications III: AFMIR of E. Coli 

Dazzi et al. have presented a new approach to apertureless s-SNOM in the IR range, 
which is based on photoacoustic spectroscopy [68]. In their setup, the sample is coated 
onto a ZnSe prism and irradiated through the prism by IR pulses from a FEL or CO2 
laser. If the IR wavelength matches an absorption band of the sample, the absorbed 
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energy leads to local heating and thermal expansion of the sample. The pressure waves 
generated by this effect are detected by an AFM tip/cantilever that is in contact with the 
opposite side of the sample. The signals are detected in the form of oscillations of the 
feedback signal, which decay within hundreds of µs and whose amplitudes depend on 
the IR absorption of the sample at the excitation wavelength. This technique, termed 
AFMIR, was applied to the imaging of E. coli cells [69]. First, spectra at single spots on 
one cell were collected and compared to FTIR reference spectra of bulk samples. The 
two kinds of spectra showed good resemblance and were dominated by bands assignable 
to proteins (amide I, amide II, and amide III) and DNA, which is a proof for the 
spectroscopic information obtainable with AFMIR. In a further step, imaging was 
performed at two on-resonant frequencies 1650 cm-1 (amide I) and 1550 cm-1 (amide II) 
as well as at an off-resonant frequency (1800 cm-1). The data from resonant signals 
showed good resemblance with the corresponding topography measurements, whereas at 
the off-resonance frequency, no contrast was obtained indicating a clear chemical 
contrast in AFMIR imaging (Figure 11). Inhomogeneities inside the image of the 
bacterium were mainly attributed to the inhomogeneous illumination of the sample. The 
smallest details in the AFMIR images had a size of ~100 nm corresponding to a lateral 
resolution of ~λ /60. 
 

 
Figure 11. AFM topography (top) and corresponding AFMIR images (bottom) of a E. coli cell. 
The AFMIR images were collected at the amide I band (1650 cm-1, left) and at an off-resonant 
frequency (1800 cm-1, right). Reprinted with permission from [69] 
 
This combination of near-field imaging with the photoacoustic effect is very promising: 
if the time delay between laser pulse and signal detection is additionally analyzed, depth-
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resolved investigations could be performed.  On the other hand, AFMIR is far from 
being a tool for the imaging of nanometer-sized objects. As mentioned, inhomogeneities 
found inside the micrometer-sized bacterium were attributed to the uneven distribution 
of the IR radiation and were not due to real sub-cellular structures. The good agreement 
between AFMIR spectra and FTIR bulk measurements is also an argument against the 
possibility of detecting nano-inhomogeneities by AFMIR. It is not clear which volume 
fraction of the sample is represented by the AFMIR spectra. This is mainly due to 
acoustic effects, which complicate the data interpretation. The laterally resolved 
information is only preserved if plane acoustic waves are generated inside the sample 
and detected by the AFM tip. If other acoustic waveforms are generated – for example in 
small absorbing objects that are point sources of spherical acoustic waves – the acoustic 
energy propagates both perpendicularly to the substrate and in lateral directions, which 
blurs the lateral resolution. In other words, AFMIR is complicated by the fact that the tip 
has to be within both, the optical and the acoustic near-field of the sample. These issues 
have to be solved before AFMIR can be used as a tool for nanometer-scale IR imaging. 

3.7 Biological applications IV: Towards full spectroscopic 
imaging 

The techniques discussed in Sections 3.4, 3.5, and 3.6 – including TE-CARS – imaged 
samples at single wavelengths/frequencies. Such techniques can only be applied to 
biopolymer samples with known composition and known marker bands in the spectrum, 
or for intensity mapping of well-known bands representing the most important chemical 
fractions in biological systems, such as proteins and lipids. A more detailed 
understanding of highly inhomogeneous biological systems consisting of a variety of 
chemical compounds is only possible on the basis of full spectra collection at every 
pixel. The most promising techniques for spectroscopic imaging of biological samples 
are near-field Raman spectroscopies, because they provide the whole spectrum at every 
pixel without the need of tuning the laser. Among these techniques, Raman a-SNOM is 
disadvantaged by its low sensitivity, which is not sufficient to detect biomolecules with 
low Raman cross-sections. TERS provides enhanced spectra from a well-defined volume 
of the sample, which is the near-field under the tip, typically a few tens of nanometers 
laterally and in depth. 
The only a-SNOM Raman imaging experiments on biological material were performed 
on dye-labeled samples, because of the low Raman scattering cross-section of the 
biomolecules alone [70]. 18-mer oligonucleotides were labeled with BCB and coated 
onto a SERS substrate consisting of Ag-coated Teflon nanospheres on a glass substrate. 
With an illumination-mode SNOM setup, near-field Raman spectra were collected on 
20 × 20 points over an area of 2 × 2 µm2. The 488 nm excitation led to a partial 
resonance enhancement, because this wavelength is close to the rising edge of the BCB 
absorption band. With a collection time of 1 min per pixel, the experiment took ~6 h. 
From the data, images representing BCB band intensities (at 1524 cm-1 and 1655 cm-1) 
as well as the intensity of the glass band at 800 cm-1 were derived showing high 
similarity between the two BCB images and significant differences between BCB and 
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glass images, which is a proof for the chemical nature of the contrast obtained. This 
study demonstrated the potential of real spectroscopic imaging. A high BCB signal at 
one pixel can have originate from two causes, which cannot be distinguished in single-
frequency experiments: a high concentration of BCB-labeled DNA or a high 
reflectivity / surface enhancement at this spot. In this work, the glass band intensity was 
used as a measure for the latter. The BCB spectra were normalized using this band and 
images representing the BCB-DNA distribution on the sample with a lateral resolution of 
~100 nm were constructed as shown in Figure 12. 
 

 
Figure 12. Zoomed-in of a corrected (see text) a-SNOM Raman image of BCB-labeled DNA 
based on the BCB band intensity at 1655 cm-1 and full spectra collected along the line profile 
indicated in the zoomed image. Whereas the intensity of the glass band at ~ 1100 cm-1 remains 
constant, the BCB band intensities (e.g. at 1655 cm-1) change depending on the position. Adapted 
from [70] 
 
There have been TER point spectroscopy experiments to probe the contents of the cell 
wall of Staphylococcus epidermidis [71, 72]. The far-field spectra of the intact cell 
contain mainly proteins signals, while the TERS showed bands that were assigned to N-
acetylglucosamine (NAG). NAG is a constituent of the biopolymer cell surface. Probing 
the cell at different times also reveals spectral fluctuations. This observation has been 
attributed to the detection of dynamic processes occurring at the cell surface.  TERS was 
also performed on pure NAG, and some of the observed vibrational bands resembled 
those detected on the cell surface.  However, these bands (from TERS of NAG) look 
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very different from the Raman spectrum of the pure compound as reported in the 
literature, and no justifications were given [73]. Chemical enhancement / tip pressure / 
selection rules might cause bands shifting, but such effects are not easily derived from 
the data. Further investigations are required to verify the identity of the bands. 
In contrast to dye molecules or carbon nanotubes, biomolecules are often weak Raman 
scatterers. Thus, background fluorescence as well as Raman signals of amorphous 
carbon and other contaminants present in the sample or on the tip surface can 
significantly affect the TER spectra (see Section 4.3). In the interpretation of TER 
spectra, these artifacts can be ruled out by demonstrating resemblance between TERS 
data and reference spectra of the bulk material or numerical simulations. Highly 
reproducible, sharp Raman bands are evidence against carbon contamination signals, 
because carbon signals fluctuate randomly in intensity and frequency and usually 
average out to two broad bands centered at ~1360 cm-1 and 1590 cm-1 when spectra with 
long acquisition times (>10 s) are collected [74]. In order to interpret the TER spectra, 
reference materials for bulk measurements have to be selected carefully. The group of 
Kawata has demonstrated that in some cases, direct chemical interactions between 
binding sites of a molecule (e.g. lone-pairs of nitrogen atoms or certain functional 
groups) and the metal surface of the tip can cause band shifts of a few tens of 
wavenumbers and can even lead to the appearance of new bands that are not visible in 
the bulk spectrum of the pure analyte molecule [75, 76].  For example, adenine can 
interact with the Ag surface of a TERS tip via each of its four nitrogen atoms. Numerical 
simulations of the four corresponding isomers of the adenine-Ag complex resulted in 
spectra with good resemblance to the TERS data. The interpretation of TER spectra of 
biopolymers is additionally complicated by inhomogeneities in chain length, molecular 
mass, and sequence as well as by the high number of functional groups and other 
potential binding sites for the metal surface of the tip. These are currently open questions 
that will have to be addressed by the investigation of pure biopolymer compounds and 
comparison of their TER spectra with normal Raman, SER and Ag or Au colloid-
enhanced Raman spectra. TERS is only useful as a nanoscale chemical analytical 
technique for biological structures if differences between the TER and bulk spectra can 
be satisfactorily explained by chemical interactions with the metal surface or tip pressure 
effects, and if other influences such as carbon contaminations can be ruled out.  

4. Current Challenges 

A number of difficulties still hamper the development of TERS. Overcoming these will 
lead to its maturation into a technology for robust nanochemical analysis. Some of the 
challenges are discussed in the following sections.  

4.1. Performance of the tips 

A limitation of any TERS tip is its durability. Besides strongly enhancing the Raman 
signals of the analytes, an ideal tip should also be mechanically robust so that even in the 
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event of a tip-to-sample contact, the apex is not destroyed (important, e.g., for 
mineralogy studies).  Furthermore, it should be chemically inert so that analysis can be 
performed for a long period of time. At present, Ag-coated or etched tips become TERS-
inactive within 1–2 days of fabrication and are discarded. Metallic alloys rather than 
pure Ag or Au – the two metals generally used for TERS tips (both are relatively soft) – 
should be considered as alternative materials for TERS tips. Theoretical studies on such 
materials could guide the search for higher quality ‘hot’ tips.  

4.2. TERS signals modulation by surface roughness 

Artifacts in gap-mode TERS imaging have been found to occur due to local roughness of 
the metal substrate [77]. By scanning an etched Ag tip across a benzenethiol monolayer 
adsorbed on a rough Au surface, and recording both the topology of the substrate and the 
TERS signals, it has been found that small local morphological features of 2 nm can 
modulate the signal intensity by more than 10× (Figure 13).  
 

 
Figure 13. TERS mapping on a rough Au surface demonstrating changes in spectra intensity as a 
function of surface morphology. An STM image of the sample is shown in (a). TERS data was 
collected at the positions indicated by the arrows. The cross section of the topography image is 
shown in (b), and the TERS collection sites are labeled with crosses. Panel (c) is the corresponding 
TERS sequence. The numbers denote the sites where the spectra were collected. Adapted from 
[77] 
 
The roughness can also induce an offset between the TERS map and the corresponding 
topography image. This occurs when the enhanced field is asymmetrically distributed 
with respect to the tip axis instead of being directly below it. The offset can be tens of 
nanometers, larger than the resolution of the gap-mode experiment. Hence, to obtain 
reliable data, a planar substrate without steep edges, i.e., a corrugation < 1 nm is 
necessary. This is a true “catch 22” situation. It is known from surface science studies 
that catalytic activity on surfaces usually occurs at steps, edges, etc. However, if 
nanoscale corrugation of the surface can induce an offset, reliable information on the 
true nature of these sites would be elusive. On the other hand, our research has shown 
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that sharp edges on a metal surface could be exploited as near-ideal sites to form nano 
gaps for very high field enhancement and single-molecule detection [77]. 

4.3. Tip Contamination, Analyte Dissociation, and 
“Blinking” 

An unsolved problem in TERS is that of carbon contamination signals arising from the 
dissociation of analyte molecules and/or from pre-adsorbed contamination on the tip 
[78]. These signals often fluctuate, and could be mistaken as signatures of single 
molecules, in analogy to single molecule fluorescence spectroscopy [79, 80].  However, 
the bands in blinking spectra are often at completely different Raman frequencies 
compared to bands of the bulk molecules. Verification of the identity of these TERS 
bands may be made by comparing them with the far-field bulk spectra. Assuming that 
adsorption on the metal surface does not perturb the chemical bonds of the analyte 
significantly, these TER spectra should show resemble to far-field Raman data. This has 
been demonstrated by two independent single molecule studies on malachite green and 
brilliant cresyl blue adsorbed respectively on smooth Au surfaces [29, 30]. 
Dissociation of an analyte may also be induced by the high local electromagnetic field 
intensity and presumably from the associated temperature rise [78]. In experiments, a 
compromise between a high intensity of the incident laser power and a short data 
collection time has to be found.  Robust analytes are able to tolerate greater heating, 
while fragile molecules, for example dyes with high absorption cross sections, will be 
more prone to thermal or field-induced dissociation. Finally, the high temperatures 
created in nano gaps may also lead to thermal annealing and morphology changes of the 
Ag surface and the tip, along with dissociation of the analyte. All these phenomena can 
lead to irreversible signal loss during the analysis. 

5. Summary and Outlook 

In this chapter, we have reviewed the current state-of-the-art in near-field optical 
technologies for spectroscopic imaging, and applications to carbon nanotubes, 
semiconductors, polymer-based nanomaterials, and biological samples.  A general 
observation is that full spectroscopic imaging has only been realized in a handful of 
studies; most publications focus on point spectroscopy or single-frequency imaging. A 
very large potential for development in this area therefore still exists. 
Far-field Raman imaging using confocal microscopes is gradually becoming a standard 
technique, with several instruments on the market that possess true spectroscopic 
imaging capabilities.  The spatial resolution is of course diffraction limited, and the 
collection time can be somewhat long, because the incident laser power must be limited 
in order to avoid photodecomposition of the sample. Compared to Raman and especially 
IR imaging, TERS has a significantly better spatial resolution; spectral acquisition times 
are also shorter due to the enhancement from the tip. Commercial TERS instruments 
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have become available only ~6–7 years after the introduction of this method. Of 
considerable technical importance are long-term stability and low drift of the scanning 
unit, efficient collection of the Raman scattered light, as well as integration of the 
controls of the SPM and optical part into a single unit. Sensitive CCD cameras are also 
on the market, and will allow shorter spectral acquisition times to be realized. 
TERS has not often been very sensitive in detection, and its application to many “real 
world” samples are still far from routine. However, it has improved tremendously over 
the last few years as a result of better tips, achieving even single molecule detection 
capability. This surpasses the sensitivity of most other analytical methods including that 
of IR spectroscopy. With a better theoretical understanding of the various field 
enhancement mechanisms exhibited by TERS, routine procedures of very ‘hot’ tips can 
be expected.  
TERS and TERS imaging are now being pursued by many groups, and range from basic 
studies (e.g. adsorbates on single crystal metal surfaces) to materials science and 
biological applications (e.g. stretching of DNA or polypeptide chains on very flat 
substrates for “sequencing”). The most recent work has incorporated a new generation 
TERS optical setup with parabolic mirror focusing into an ultrahigh vacuum chamber, 
which will give access to nanoscale investigations of catalytic processes under highly 
controlled conditions [81]. We predict that chemical and biological applications in 
particular will stimulate near-field spectroscopic imaging even further. TERS has no 
problems with the presence of water in a sample, and there are many obvious in situ 
applications for TERS where IR imaging would not be possible. 
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