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Scanning Near-Field Optical Microscopy and Spectroscopy as a Tool for

Chemical Analysis

Renato Zenobi* and Volker Deckert

Research into the nanometer-scale re-
gion is currently of relevance in many
branches of modern science and engi-
neering, such as in microelectronics,
supramolecular chemistry, and in a
biological context. A great deal of
attention is given to the design of
molecular devices, usually towards un-
derstanding the function of existing
“molecular machines”. Central to this
task are powerful diagnostic tools ca-
pable of recording chemical informa-
tion with spatial resolution in the
nanometer range. While elemental
analysis of surfaces with a lateral
resolution of a few dozen nanometers
is almost routine, analysis of molecular
species with a resolution of <1 um is
very difficult. Scanning-tunneling and

atomic-force microscopies usually do
not give any chemical information. By
combining scanning near-field optical
microscopy (SNOM)—the “optical
member” of the family of scanning-
probe microscopies—with  optical
spectroscopy, it is possible to obtain
molecular information from sample
areas as little as 50 nm in diameter. In
SNOM, a light source is scanned above
the object of interest at a distance of a
few nanometers. In the optical near
field, the illuminated area is not sub-
ject to the Abbé diffraction limit, but
merely by the size of the illuminating
source. High quality SNOM probes can
be reproducibly prepared by a chem-
ical-etching method. These etched
probes have an optical transmission

up to 1000-fold higher than commer-
cial (pulled) SNOM tips and can with-
stand higher laser power. This last
advantage allows not only high reso-
lution optical imaging, but also local-
ized spectroscopic investigations of
surfaces and even optical “nanosam-
pling” by pulsed-laser ablation. The
ablated material can be transported
over a considerable distance, which
opens the possibility for its subsequent
analysis with a complementary, highly
sensitive analytical method, such as
mass spectrometry.

Keywords: analytical methods - mass
spectrometry - optical near-field mi-
croscopy - optical spectroscopy - sur-
face analysis
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1. Introduction

A great breakthrough in surface science was the develop-
ment of the scanning-probe microscopy techniques, led by the
development of the scanning-tunneling microscope (STM),
which earned Heinrich Rohrer and Gerd Binnig the 1986
Nobel Prize in Physics.!'*] Soon thereafter, a host of related
methods were developed, all based on piezoelectric scanning
of a very sharp probe relative to the sample, such as atomic-
force microscopy (AFM), scanning electrochemical micro-
scopy, scanning magnetic microscopy, and many others. They
are sometimes collectively referred to as the “children of the
STM” 1
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Of particular interest to applications in molecular science is
scanning near-field optical microscopy (SNOM),>8! the
“optical” version among the children of the STM. SNOM
delivers light to spots of less than 100 nm diameter and
thereby holds great promise for molecular analysis on the
nanometer scale. An optical resolution of as little as 12 nm has
been claimed by Betzig and Trautman! but only after
deconvolution of the size of the near-field optical probe. This
spatial resolution has not been reproduced lately by other
researchers. Delivering light to such small spots is not possible
by conventional optical methods, such as by a focussed laser
beam. It is also impossible to resolve features separated by
less than A/2 by conventional optical microscopy, where 1 is
the wavelength of the illuminating light. This limitation is
imposed by the Abbé diffraction limit. At visible wavelengths,
a resolution approaching 200250 nm should be theoretically
possible but, except for confocal schemes employing oil-
immersion lenses and therefore subject to other limitations, a
resolution better than 0.5-1 um is rarely achieved. This
diffraction limit is the reason that short-wavelength ultra-
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violet light or even X-rays, where A is smaller still, find
increasing use in microelectronics and other applications of
lithography but at the cost of more expensive optics and
instrumentation.

The possibility of illumination in the visible, in the near
ultraviolet, or in the infrared range onto a spot smaller than
the diffraction limit permits the application of a wide range of
spectroscopic methods to problems in chemistry, biology,
materials science, and other fields in which the molecular
composition of nanoscale objects is of interest. Analyzing the
elemental composition with a resolution less than 100 nm is
now established and a routine procedure with scanning Auger
microscopy, some secondary-ion mass spectrometers, and
certain forms of electron-microprobe analysis.'”l These meth-
ods typically operate under ultrahigh vacuum conditions,
often require special sample pretreatment, and rely on
focussing an ion or electron beam to a spot <100 nm in size,
which is detrimental for most molecular species. The chemical
analysis of the molecular composition with such a resolution
was impossible in practise until now, and is just starting to be
explored by a combination of SNOM technology with
spectroscopic methods. A large advantage of the SNOM
methods is that they can operate under atmospheric pressure.

2. Experimental Section

Commercially available near-field scanning optical micro-
scopes (models Lumina and Aurora, ThermoMicroscopes
(formerly Topometrix), Santa Clara, CA (USA) form the
basic units of our instrumentation (Figure 1). Laser light
penetrating through the nanometer-sized aperture of the
probe illuminates the surface under investigation. The sample
stage is scanned relative to the tip in order to maintain a fixed
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Figure 1. Equipment for scanning near-field microscopy. The sample is
mounted on a piezoelectric x,y,z scanning stage. The SNOM tip is held
either by a dither piezo (shown) or by a tuning fork (not shown). Shear
force damping is used for controlling the tip—sample distance through a
feedback loop. Light from a continuous-wave (CW) laser is coupled onto
the blunt end of the fiber, illuminating the sample through the SNOM tip.
Scattered light is collected either in transmission (shown) or in reflection
(not shown) using conventional far-field optics. Detection uses either an
avalanche photodiode (APD) or by an optical spectrograph equipped with
a charge-coupled device (CCD). The entrance slit of the spectrograph or a
pinhole mounted in front of the APD further reduce stray light.

optical path. The emitted or scattered light from the sample is
collected with high numerical aperture microscope objectives
either in transmission or in reflection (not shown in Figure 1).
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Collected light is then filtered and projected onto a sensitive
detector for fluorescence detection or, alternatively, onto the
entrance slit of an optical spectrograph. The latter is
optimized for a greater amount of transmitted light. In our
arrangement, a transmission holographic-grating spectro-
graph with a high numerical aperture was used (Holospec
1/1.81, Kaiser Optical Systems, Ann Arbor, MI (USA)).

To maintain a constant tip-to-sample distance, an optically
detected shear-force feedback loop is most frequently
used,['- 2 although other methods have been employed.['*-]
For the feedback loop, the tip dithers at its resonance
frequency. The dithering amplitude decreases dramatically
when the tip is within 5—15 nm of the sample surface. The
reasons for the shear force damping near the surface are still
not fully understood; probably a combination of contact,
frictional, and adhesive forces induced by a thin water film on
the sample surface are responsible, at least under ambient
conditions.'® ¥ In the “constant gap” mode, a feedback loop
maintains a constant distance, normally < 10 nm, between the
probe and surface. For flat samples, scans in “constant height
mode” are advantageous to avoid topographic artifacts.[]
Such scans are performed in the absence of a distance
feedback loop once the tip—sample distance has been
established.

The probe is the most delicate component of any SNOM
equipment. In this review, we will be dealing exclusively with
“aperture SNOM probes”, that is, tips with an apex smaller
than the wavelength of the illuminating light, and made of a
tapered glass fiber coated with metal except at the apex.['> 2]
Other probes are also used, including point-source emission
probes®! or apertureless probes.[?>28] The important proper-
ties of aperture SNOM probes are good transparency, a well
defined circular aperture, no light leaking through defects in
the metal coating, and a high optical-damage threshold.
Several methods have been proposed to prepare the tapered
glass core probes. Adiabatic pulling of optical fibers during
heating with a CO, laser,?” ¥l similar to preparing a pipette, is
currently the most popular method. In another case, tiny
splinters of glass as tetrahedral SNOM tips are used.’:
Several groups are employing focused ion-beam milling to
create very well defined apertures at the tip apex.?34
Recently, microfabricated tips have been described in the
literature®®* and such tips will become commercially
available soon.

A very practical method for the preparation of probes is
based on etching glass fibers at the meniscus between
hydrofluoric acid (etching fluid) and a protective organic
overlayer.?) Etched fiber probes usually provide a higher
optical throughput due to larger cone angles than the pulled
probes,F*4 but a high yield of good tips produced by etching
is often not obtained. A more reproducible and efficient
method, called “tube etching”, was recently developed in our
laboratory.[*¥] By this method, the protective polymer coating
of the optical fiber is retained, and a tip forms due to a
convective mechanism inside the polymer jacket. The method
is tolerant to perturbations during preparation such as
vibrations and temperature changes. The resulting tips are
produced reproducibly and in high yield with large cone
angles and smooth aluminum coating. It should also be noted
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that the composition of the glass is crucial for obtaining good
etching results and also to avoid large background signals
during SNOM experiments arising, for example, by Raman
scattering of the fiber material itself (see Section 3.2).

The left side of Figure 2 shows an electron micrograph of an
aluminum-coated SNOM tip produced by the tube-etching
method. The large opening angle is immediately apparent

——

Figure 2. Left: Electron micrograph of a SNOM tip produced by the tube-
etching method and a closeup of the apex region of the same tip.
Right: Representation of the origin of differences between optical and
topographic images.

and, in the closeup, an aperture of well below 100 nm
diameter is visible. On the right side, the difference between
the “topographic tip” and the “optical tip” is illustrated.
Sometimes a grain of the metal coating will protrude such that
the center of the tapered optical fiber and that of the
topographic tip can be separated by several tens of nano-
meters. If this is the case, the offset of the topographic and the
optical images can lead to a misinterpretation of the combined
SNOM and topographic data.

3. Results and Discussion
3.1. Fluorescence Imaging with Etched Optical-Fiber Tips

Fluorescence is by far the most widespread and easily
implemented mode for chemical imaging by near-field optical
methods, although the resolution offered by modern confocal
fluorescence-microscopy techniques is often sufficient.[*] A
fluorescent tag must be attached to the molecules of interest,
unless their natural fluorescence can be exploited. Due to
high signal intensity, it is even possible to image single
fluorescent molecules with SNOM technology. Fascinating
applications, involving single molecule fluorescence detec-
tion, have been described by Betzig,*! Xie,*** and van
Hulst.[*

A very promising area for the use of SNOM in combination
with fluorescence detection is the study of biological nano-
structures, in particular, parts of cells. An example from our
laboratory is shown in Figure 3A. In this application, dog
kidney (Madine —Darby canine kidney, MDCK) cells were
grown on a flat silica slide using glutaraldehyde and lysed such
that the interior of their cell walls became accessible to
SNOM imaging.’”! The actin filaments of the cytoskeleton
were stained selectively with a rhodamine-labeled phalloidin;
they appear green in the image.

Figure 3 shows immediately that much finer features are
resolved with SNOM. Specialized laser-scanning confocal-
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A

Figure 3. A) SNOM fluorescence image of the cytoskeleton of Madine —
Darby canine kidney cells stained with a fluorescent dye (see text for
details). B) Confocal micrograph image of the same sample (different
area).

microscopy techniques push the resolution below 200 nm by,
for example, using two-photon excitation. However, the
lateral resolution in Figure 3B is about 300 nm, typical for
confocal fluorescence microscopes. Actin filament bundles
can be resolved by confocal microscopy but the resolution in
the SNOM image (Figure 3 A) considerably exceeds that of
the confocal-microscope image (Figure 3B).

Near-field optical detection is not strictly limited to
surfaces. This is illustrated in Figure 4. Here, a sample
consisting of fluorescent latex spheres embedded in a poly-
vinyl butyral (PVB) thin film was imaged by SNOM using
fluorescence detection in transmission mode. The spheres had
a diameter of 288 nm and were impregnated with a fluores-
cent dye that is easily excited with the 488 nm line of an Ar-
ion laser. Spheres that are located on the surface of the
polymer matrix appear with sharp contours both in the
topographic and in the SNOM/fluorescence image, albeit with
a larger apparent diameter of about 375 nm. This allows
determination of the tip diameter by deconvolution, in this
case an optical tip diameter of <100 nm may be deduced.

Other latex spheres appear blurred in the optical image at
locations where no protrusions were apparent in the simulta-
neously recorded topographic image. This can be attributed to
latex spheres that are not located directly at the surface but
are embedded deeper in the PVB film. Detection to a depth of
at least 150 nm is therefore possible.

A disadvantage of fluorescence imaging is the need for a
fluorescent moiety or tag to be employed, which is not always
possible. A further shortcoming is that fluorescence spectra
are broad and structureless, to reveal little chemical informa-
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Figure 4. A) SNOM/fluorescence image and B) topographic image of a
10 x 10 um area of a PVB film containing fluorescent microspheres. The
spheres had a diameter of 288 nm. The fluorescence was excited with the
488 nm line of an Ar-ion laser.

tion. It would be, at best, very difficult to identify unknown
molecules based solely on fluorescence. Other optical spec-
troscopies are better suited for this purpose.

3.2. Near-Field Vibrational Spectroscopy

Vibrational spectroscopy is very useful to identify unknown
molecules due to its high chemical-information content. It is,
however, difficult to combine infrared spectroscopy with
SNOM for two reasons: 1) Fiber materials in the mid-infrared
region, where most molecular vibrations are detected, are not
readily available and are difficult to handle; 2) The discrep-
ancy between the desired resolution and the diffraction limit
is accentuated due to the much longer excitation wavelength.
Nevertheless, there are some very interesting, even heroic,
attempts to use SNOM methods for imaging the mid-infrared
range.P Keilmann et al.®®! and Boccara et al.?> 2% use an
apertureless approach: An AFM tip is used for field enhance-
ment within the focus of a fixed-frequency infrared laser. A
resolution of A/600, about 17 nm, was claimed with this
approach.”l However, true IR spectroscopy with a resolution
on the order of a few nanometers has not been achieved yet.

An alternative to IR spectroscopy is Raman spectroscopy.
The difficulty lies here with the exceedingly low scattering
cross-section, such that its combination with SNOM seems
hopeless at first. However, there are certain advantages of
Raman over IR spectroscopy: Suitable optical fibers are
readily available, there is a large choice of very sensitive
detectors, and it is possible to use resonance-excitation
techniques. Finally, Raman cross-sections are increased by
orders of magnitude if surface enhancement (SERS) is
employed. It is relatively straightforward to combine sur-
face-enhanced spectroscopies with SNOM to improve the
overall photon yield.

Angew. Chem. Int. Ed. 2000, 39, 1746-1756
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Several research groups have begun to implement Raman
microscopes where the excitation uses an aperture SNOM
probe.5>%2 The alternative is again to use apertureless probes:
A very sharp tip, usually a metallic STM or AFM tip, can be
used for field enhancement inside the diffraction-limited
focus of the illuminating laser beam. The position of the tip
can be temporally modulated in order to employ lock-in
detection schemes.?> 2] Resolution to 10 A has been claimed
using this method, albeit not with Raman scattering. It is,
however, still unclear where the optical contrast originates
from. For example, it is possible that light reflected off the side
of the probe contributes more to the overall signal than
radiation from the apex of the probe. A shadowing effect can
also occur, which may even cause a reversal of the optical
contrast. Clever schemes, for example using two-photon
excitation, can be used to circumvent these problems.?”)

Figure 5 shows an image of a silver SERS substrate that was
specially designed to contain isolated islands of silver without
any topographic substructure.’] The substrate was then
coated with an adlayer of rhodamine 6G (R6G). First, the

Figure 5. Shear-force topographic image of a substrate with a SERS
coating. For near-field Raman measurements, a monolayer of rhodami-
ne 6G is applied. At various locations, marked by the circles, near-field
SERS measurements were made. The circles are 70 nm in diameter and
represent the optical resolution obtained with the SNOM tip. The pole
heights above the transparent plane denote the relative signal intensity of
the Raman peak at 1650 cm~!. The signals are normalized against the
average Raman intensity measured on unmetallized glass slides. Each
segment of the poles corresponds to an 1000-fold signal enhancement.

surface morphology was measured using the shear-force
feedback-loop mechanism. The SNOM probe was then
parked at selected positions of the depicted 1 x 1 um area
and the Raman spectrum of the R6G layer was measured.
Each measured position in Figure 5 is depicted by a white
circle, the diameter of which (about 70 nm) indicates the
approximate optical resolution obtained by the SNOM tip.
Each position was illuminated for one minute through the
SNOM tip, to yield the characteristic Raman spectrum of
R6G. The optical resolution of the tip was determined by
inherent spectral variation in the Raman spectra of adjacent
locations; scanning electron micrographs of the used SNOM
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tips confirmed this estimate of 70 nm. Assuming a monolayer
coverage of the dye, a spot size of this diameter corresponds to
a sensitivity of less than 100 R6G molecules!

As a measure for the Raman enhancement factor (EF), the
normalized and background-corrected Raman peak intensi-
ties at 1650 cm™' were selected, which correspond to an
aromatic C—C stretch vibration of R6G. The magnitude of this
band was directly compared with the average value obtained
for unmetallized, R6G-

coated substrates. The cal-
culated EFs are superim-
posed on the topographic
image of Figure5. Each
segment of the poles corre-
sponds to an additional
1000-fold signal enhance-
ment. The EFs lay between
2000 to well above 6000,
with over a 50% variation
observed in the Raman in-
tensity for two points sepa-
rated by less than 100 nm.
Interestingly, the overall
EF measured by far-field
optics was higher still,
around 11000. We still can-
not fully explain the dis-
crepancy between the en-
hancement factors deter-
mined by near-field and
far-field measurements.
Perhaps “hot spots” with
much higher EFs exist on
the substrate, which cannot
be found in the near field.
Alternatively, cumulative
effects of neighboring is-
lands may play a role. A
further possibility is that
the aluminum coating of
the SNOM tip deteriorates
the EF near the silver is-
lands by some electrostatic
interaction as soon as the
SNOM tip is in proximity.

We have also demon-
strated high resolution
Raman imaging is possible
with the near-field optics.
Figure 6 A shows the shear-
force topograpic image and
Figure 6B-D the optical
images of a 2 x2 um area
of a SERS-coated sub-
strate, which consisted of
silver-coated Teflon micro-
spheres with an overall di-
ameter of 300 nm.°l The
shear-force topography im-

A
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Figure 6. SNOM-SERS imaging of a
BCB-labelled DNA sample deposit-
ed on a substrate consisting of mono-
disperse silver spheres for SERS
enhancement. Lateral dependence
of:  A)shear-force  topography;
B) the Raman signal intensity at
800 cm™! (glass); C)the near-field
surface-enhanced Raman intensity
at 1641 cm™! (BCB) before normal-
ization; and D) the near-field sur-
face-enhanced Raman intensity at
1641 cm™! after normalization. In
images (B)-(D), the pixel size was
only 100 x 100 nm and, for each
graph, the intensity of one line of
the complete Raman spectrum was
plotted. In images (C) and (D), the
contrast between the lowest and the
highest Raman intensity was about a
factor of three.
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age shows that aggregated silver spheres are clearly resolved
and their spatial distribution is quite irregular. This substrate
was coated with a monolayer of a 18-mer DNA fragment
labelled with brilliant cresyl blue (BCB).[®l To achieve a
reasonable acquisition time for the entire image, we measured
the near-field Raman spectra as an array of only 20 x 20 data
points. This acquisition time was twenty times longer com-
pared to normal SNOM imaging times. Nevertheless, for an
aperture smaller than 100 nm, it is the tip size and not the step
size that limits the optical resolution. This represents a slight
undersampling that we accept in order to obtain the entire
spectral information within a reasonable measurement time.
The image of the Raman spectrum feature at 800 cm™!
(Figure 6B), which stems from the glass of the SNOM tip
itself, is at least partially dependent upon the topography.
From the comparison of Figures 6 A and B, it is obvious that
the correlation of the topographic information and the
reflected light from such a highly corrugated sample is by
no means trivial. In particular, an interpretation of the image
and an estimation of the optical resolution is difficult if
topographic coupling or shadowing effects?! occur.

The image in Figure 6 C shows the lateral intensity depend-
ence of the Raman band from the BCB label (at 1641 cm™).
By comparing Figures 6B and 6 C, it is apparent that Raman
signals from the label and from the glass tip show some
correlation, such as the increased intensity in the lower left
corner. However, the Raman signal stems from the BCB-
labelled DNA, whereas the glass scattering signal originates
entirely from the SNOM tip. The bands from the glass
therefore should be proportional to the local reflectivity of the
surface. The Raman scattered signal is subject to the same
reflectivity changes as the glass signal. If, for instance, a
particle between the illuminated spot and the collection optics
decreases the reflectivity, the Raman signal is attenuated in
exactly the same fashion and extent. In other words, the
topography of our sample is encoded in the reflectivity signal,
such that the topographic effects can be removed from the
Raman signal by normalizing it against the intensity of the
glass band. The effect of this normalization is demonstrated in
Figure 6D, in which the Raman intensity of the 1641 cm™!
BCB band at each position after dividing the data in
Figure 6 C by the intensity of Figure 6B. A comparison of
Figures 6 D and 6 C shows that instead of two bright spots, the
corrected image shows only one spot of high SERS intensity.
At the position in the lower left, an enhanced sample
reflectivity is responsible for the increased Raman signal,
whereas the bright spot on the upper left remains after the
normalization.

In the corrected Raman images at all frequencies, we
observe a small, highly SERS-active region of about 400 nm
diameter on the center-left side of the image. If we assume a
uniform distribution of the sample on the surface, this
increase in intensity can only be attributed to a particularly
strong enhancement by the substrate (“hot spots”), although
concentration fluctuations leading to a variation of Raman
signals cannot entirely be excluded. Interestingly, the max-
imum SERS enhancement does not coincide with the position
of a silver particle but, in fact, the location of the maximum
enhancement seems to be at a position where a gap between
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the silver spheres is visible (Figure 6 A). We have to be aware
of the possibility that the topographic and the SNOM-Raman
image may not be in perfect congruence. It has been
postulated that “hot spots” may be located on SERS
substrates where gaps or cavities exist.l In previous work
by Emory and Nie,” there are hints for such “hot spots” but
they were unable to image these sites directly. In contrast, the
SNOM method allows directly visualization of “hot spots”
because of the simultaneous
recording of sample topography
and Raman intensity at each
data point; this is particularly
straightforward if low-density
silver-island films are used as
SERS substrates.[%]

It is interesting to compare
the relative magnitude of Ram-
an scattered light and fluores-
cence signals. The cross sections
found for SERS on “hot spots”
was of the same order of mag-
nitude as that of the fluores-
cence signals!P® %l Upon ab-
sorption of a single photon, an
individual molecule will either
undergo a Raman scattering
event or fluoresce, but not both.
Photobleaching processes are
intimately linked with fluores-
cence and therefore should not
affect the Raman emission
process. This is demonstrated
in Figure 7, where three consec-
utive spectra of R6G deposited
on a silver-island SERS sub-
strate are shown. The intensity
of the fluorescence background
decreases due to photobleach-
ing, while that of the Raman
bands remains constant, in
agreement with the expecta-
tion. The reason for this behav-
ior may be that “hot spots” on the SERS substrate coax the
adsorbed molecules into undergoing Raman scattering rather
than fluorescence, thereby protecting them from photo-
bleaching. The average coverage of the SERS substrate by
the dye was slightly more than one monolayer; apparently
only a fraction of the adsorbed R6G molecules are associated
with these protective sites but are responsible for quite strong
SERS signals. This again supports the idea that only a few
“hot spots” exhibit a very large Raman enhancement and are
responsible for the overall intensity observed.

Are SERS methods the only hope to obtain Raman spectra
excited by near-field optical probes? The answer to this
question is, as demonstrated in Figure 8, a clear “no”. The
near-field Raman spectrum of a chemical-vapor deposited
(CVD) diamond film shows a sharp feature at 1330 cm~),
which is the well known Raman band of diamond. Raman
scattering from graphitic carbon is expected around

1500 1000 500

«——v/cm™

Figure 7. Raman lines super-
imposed on a fluorescence
background in the optical spec-
trum of a monolayer of rhoda-
mine 6G deposited on a silver
SERS substrate (excitation at
488 nm). The spectra were re-
corded consecutively (from top
to bottom), using an integra-
tion time of 5 min per spec-
trum. Slow photobleaching is
observed for the fluorescence
background, while the intensity
of the Raman lines remains
constant.
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Figure 8. Near-field Raman spectrum of a diamond film produced by CVD
methods. The excitation wavelength was 488 nm and the laser line was
filtered out in front of the spectrograph by a holographic notch filter.
Strong bands due to Raman scattering from the SERS tip itself dominate
the spectrum (glass). Inset: the sharp band at 1330 cm™! is assigned to
diamond, and the broad feature at ~1600 cm™! is due partially to glass and
partially to graphitic carbon.

1600 cm~!, but unfortunately a fairly strong residual signal
from the long progression of glass Raman bands, originating
from the tip itself, overlaps with the sp? carbon band. This is
partially due to the low Raman intensity of the sample, but the
Raman emission from the glass of the SNOM tip depends
strongly on the glass fiber material used. Our latest generation
of SNOM tips exhibit much
lower Raman scattering in
this spectral region, such
that, in principle, the purity
of the film could be meas-
ured at any given location.

The exquisite resolution
in the z direction makes the
B SNOM an attractive tool to
study the interface between
two liquids. In particular,
c molecular orientation at
such interfaces may be stud-
ied by the anisotropies of
D the Raman scattering ten-
sor using polar-filtered ex-
citing light and detection.
For the isotropic part of the
scattering tensor of the
fully symmetric vibrational
modes, a strong decrease in
signal intensity is expected
if the polarizers are crossed.
In contrast, for anisotropic
modes, some intensity will
still be detected even for
crossed polarizers. This is
illustrated in Figure 9. At
an interface, the orientation
of the investigated mole-
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Figure 9. Raman spectra recorded
in liquid p-xylol using polar-filtered
exciting light and detection. A) Far-
field spectrum with parallel polar-
izers; B) Far-field spectrum with
perpendicular polarizers; C) Near-
field spectrum with parallel polar-
izers; D) Near-field spectrum with
perpendicular polarizers. The abso-
lute intensities for each spectrum
are not directly comparable. The
laser power was 10 uW (at A=
488 nm) and the signal, averaged
over 10 min, was used.
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cules will not be randomly oriented and the structure of an
interface can be studied through symmetry considerations.

Figure 9 A and 9B are far-field Raman spectra of liquid p-
xylol, while 9C and 9D are near-field Raman spectra of the
same. Over the transition from parallel to crossed orientation
of the polarizers in the excitation and detection beam path,
the expected intensity decrease is observed for many Raman
modes, for example, the strong aromatic-ring vibrations at 820
and 1200 cm~'. In contrast, the band at about 1600 cm!
remains strong even when crossed polarizers are used,
indicating large anisotropic components in its scattering
tensor. Figure 9 shows impressively that the SNOM tip used
for recording the near-field data preserves the polarization
quite well.

3.3. Laser Ablation through SNOM Tips

The high transmission SNOM tips that we use permit not
only high resolution optical imaging and spectroscopic inves-
tigations of surfaces, but also optical “nanosampling” by
pulsed-laser ablation through the tip.*! The laser-ablated
material can be transported over a considerable distance and
analyzed in a second step by a highly sensitive analytical
method such as mass spectrometry. A schematic of this
concept is shown in Figure 10.

Figure 10. Schematic representation of the coupling of laser ablation
through the SNOM tip with mass-spectrometric analysis of the vaporized
material.

This localized ablation has already been described and a
crude realization has appeared in the literature.[’) The
authors guided a sharpened optical fiber over a transmission
electron microscopy (TEM) grid inside the ion source of a
mass spectrometer and performed a matrix-assisted laser-
desorption/ionization (MALDI) mass-spectrometry experi-
ment. The TEM grid was covered with an acetylcholine
sample embedded in a 2,5-dihydroxybenzoic acid matrix. The
advantage of this experiment over earlier MALDI studies,
where the laser light was also brought in by an optical
fiber,®® ! remains unclear. The spatial resolution was of
several micrometers, far greater than what is possible with the
SNOM method.

Several mechanisms are possible for laser-induced ablation
through SNOM tips.™ The photochemical mechanism as-
sumes that the energy is deposited in the sample via optical
absorption and ablation follows as a consequence of breaking
chemical bonds. The photothermal mechanism is similar but
assumes the absorbed optical energy would be converted into
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heat, which causes ablation from the locally heated spot. A
ballistic mechanism is also possible, in which the material
from the tip is sputtered onto the sample and material ablates
from the surface. A ballistic mechanism is the most likely
explanation for an experiment carried out on an anthracene
surface using a completely metallized SNOM tip,*! since, in
this case, no photons reach the sample and therefore a sputter
process, either by metal atoms from the tip or by material
adsorbed on its surface, was believed to be the reason for the
ablation process. Fourth, one also has to take transient
thermal expansion!’"?l into account as a possible mechanism
for the creation of surface indentations, but it is likely to be
negligible.

We now discuss an experiment that gave clear results about
the ablation mechanism of a rhodamine B film. The sample
was irradiated with laser pulses either at its optical adsorbtion
maximum (“on resonance”, 532 nm) or nearby this point (“off
resonance”, 650 nm).
SNOM tips with aper-
tures of <100 nm diam-
eter were used. No sig-
nificant difference in
the optical transmission
of the SNOM tip over
the 400 to 650nm
range, although some
decrease is expected
with an increasing dif-
ference between the
wavelength and tip
aperture size. Figure 11
shows shear-force topo-
graphic images record-
ed after several laser
pulses had been fired
onto the sample. No
ablation was observed

[ ]

1 i for the off-resonance
Figure 11. Shear-force topographic im- wavelength (Figure
ages of a rhodamine B film after trans- 11A; A =650 nm,

mitting laser pulses through the SNOM
tip at A) 2.1 uJ at A =650 nm, far from
the maximum absorption of rhodami-
ne B, and B) 1.4 uJ at A =532 nm (B), a
wavelength near the maximum absorp-
tion. The total topographic contrast in
the z direction is A)10nm and
B) 30 nm.

21w per pulse). In
contrast, well defined,
~70 nm diameter
(FWHM), 5nm deep
holes were created
when the laser operated
at a wavelength that is
strongly absorbed by
the sample (Figure 11B; 1 =532 nm, 1.4 uJ per pulse). This
clearly points to an optical ablation mechanism, either
photochemical or photothermal. Energy transfer by absorp-
tion of photons appears to be more efficient than by a ballistic
process. The photon energy used here is not sufficient for
inducing bond dissociation in rhodamine molecules, in con-
trast to ablation experiments with ultraviolet laser radiation,
where photochemical dissociation is often used to rationalize
the observed phenomena.’™ We therefore suggest that a
photothermal mechanism is responsible for the ablation of the
rhodamine film: The absorbed photon energy is converted to
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vibrational excitation, which causes a rapid temperature
increase and leads to thermal desorption of the molecules.
Another interesting observation in Figure 11 is that the
ablated material is redeposited on the sample surface close to
the ablation crater. The distribution of redeposited material
was not symmetric in this experiment but was always to the
left side of the crater and independent of the scan direction. In
other SNOM ablation experiments, the distribution was more
symmetric. The origin of the directionality appears to be the
tip itself: The apex of a SNOM tip is frequently not symmetric
and the ablated material is ejected in a specific direction.
Transport over micrometer distances was observed in
several cases. The result of such an experiment is shown in
Figure 12.1%1 Here, an anthracene crystal surface was contin-
uously irradiated with a pulsing laser (6 ns, 532 nm, 50 uJ)
operated at a 20 Hz repetition rate over a 1 x 2 pm area. A
shear-force image of a larger area was then recorded without

104 nm

1 neny

Figure 12. Transport of material over many micrometers: A topographic
image of a 5 x 8 um area of an anthracene film crystal surface, previously
irradiated in a 1 x 2 pm trench in the upper left corner with ablating laser
pulses (pulse: 6ns pulse; wavelength: 532 nm; pulse energy: 50 uJ;
repetition rate: 20 Hz). Total topographic contrast in the z direction is
100 nm. Adapted from ref. [70].

irradiation. An approximately 1 pm wide trench with well
defined edges could be detected in the upper-left corner of the
image, while a 2 um wide, 60 nm high mound was found about
Sum away running roughly parallel to the trench. We
interpret this again as vaporization followed by redeposition
of material in a preferred direction. The direction of
deposition is most likely determined by an asymmetry of the
tip. For collection of ablated molecules, for example by a
vacuum interface to a mass spectrometer, this asymmetry
could be an advantage if the SNOM tip could be arranged to
direct the ablated material towards the collector.

From Figure 12 we also estimate that only a few, larger
chunks of material are ablated. Most of the anthracene is
found in the form of a diffuse and structureless mound, which
is expected if the molecules are redeposited from the gas
phase. We have also shown that the laser-ablated molecules
do not decompose." We conclude that material transport
does not take place by a mechanical dragging from the SNOM
tip, but instead by vaporization and redeposition in a direction
dictated by the assymetry of the tip.

4. Conclusions and Outlook

Near-field imaging based on aperture probes can now
provide spectroscopic data with a lateral resolution on the
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order of 50 nm. Some improvements in resolution may still be
feasible but the aperture SNOM will probably never reach a
resolution of 1 nm or less, which is possible by STM and AFM.
However, as shown in this article, SNOM can provide a wealth
of chemical information, which, in our opinion, more than
compensates for the lack in spatial resolution.

High quality, high transmission SNOM tips can now be
produced by various methods. The chemical etching method
described here is one of the most easily implemented and
provides high quality SNOM tips in a good yield. The “tube
etched” tips can also withstand higher laser energies!” and
are therefore brighter near-field light sources.

We have shown examples of fluorescence and SERS
imaging in the optical near-field with a lateral optical
resolution of less than 100 nm, relatively short exposure
times, and high signal-to-noise ratios. The different origins of
the reflectivity and Raman signals can be used for an intensity
correction of the Raman images by a simple normalization.
This procedure corrects topographic artifacts present in
standard SNOM images and can always be used if the
detection of the interesting compound can be made at a
different wavelength.

Surface enhancement of optical transitions appears to be
due to a small number of “hot spots”. With the combined
optical and topographic information available in SNOM, we
have a good chance to identify the nature of these sites.
Surface enhancement, however, is not always a prerequisite
for obtaining near-field Raman spectra, as shown on the
example of a CVD diamond film. Finally, the tip itself could
be used as a platform to carry a small particlel’®77 that
provides strong Raman enhancement. Such a “tip SERS”
approach would not require the sample to be deposited on a
rough silver film and thereby makes the technique more
generally usable.

In the area of pulsed-laser ablation through SNOM tips,
we have shown that it is possible to create highly localized
(around 70 nm diameter) ablation craters on the surface of
organic materials. The ablated molecules remain intact
and often fly in a direction determined by an asymmetry of
the SNOM tip. Material can be transported over several
micrometers, collected, and analyzed by a complementary
method. We have recently built an interface to a mass
spectrometer for this purpose. In contrast to common laser-
ablation ion sources for mass spectrometry, this interface
allows the sample to be at ambient pressure. Mass spectral
data of material ablated by single diffraction-limited laser
pulses have been successfully recorded, and the signal-to-
noise ratio was good enough to put an equivalent near-field
experiment within reach.
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