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1 Introduction

Light microscopy was first demonstrated in the late sixteenth
century, and has matured into an important technique for
routine and exploratory applications in such diverse fields as
biology, medicine, and materials sciences. The wealth of
optical investigation guarantees conventional light micros-
copy a place at the side of the higher resolving electron
microscopy (EM) and the more recently developed scanning
tunneling microscopy (STM) and scanning force microscopy
(SFM). Under ideal operating conditions, these techniques
enable imaging of atomic surface structures to some extent,
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but at the expense of the richness of obtainable sample in-
formation. The combination of optical microscopy and spec-
troscopy with resolution comparable to that of EM is an old
dream, but progress in classical optical microscopy led only
to an asymptotic approach to the diffraction limit, i.e., res-
olution in the A/2 regime.

The only way to further confine optical radiation—a pre-
requisite for higher resolution—is by material structures with
correspondingly small dimensions. Although proposed sev-
eral times before in this century, only in the early 1980s was
this idea converted into an operable microscope, a devel-
opment that actually had its origin in Switzerland.' In the
first experiments, a *‘super-resolution’” of 20 to 50 nm was
achieved in transmission,?> followed a little later by similar
results obtained in reflection.* Almost simultaneously, sim-
ilar work was carried out in the United States.’
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The new technique, now known as scanning near-field
optical microscopy®® (SNOM™) relies on the confinement of
optical excitation by tiny apertures, small particles, or pointed
tips acting as scattering centers. For selective interaction,
these optical probes must be positioned and scanned in im-
mediate proximity to the sample surface, similar to STM or
SFM tips. The distance must be kept small such that the
evanescent waves around the characteristic structures of
probe and sample can overlap to a significant degree.

The most popular optical probes are light-guiding struc-
tures that, at one end, force the light through a microscopic
aperture with the smallest possible diameter (Fig. 1). At the
same time, the light throughput must be maximized. These
criteria being counteractive, technical implementations must
compromise between resolution and minimum detectable
light level.

At resolutions of 100 nm and below, all the relevant in-
teractions are of near-field optical (NFO) type and thus re-
quire a treatment that goes beyond the laws of classical optics.
NFO knowledge is therefore instrumental for further im-
provement of resolution, for proper image interpretation, and
for applications.

Research in SNOM therefore requires the development,
characterization, and control of suitable miniaturized optical
tools, on the one hand, and improvements in the understand-
ing of NFO phenomena, on the other. SNOM will be ad-
vantageously applied to surfaces where material contrast with
a resolution of 10 to 100 nm is of major importance, e.g., in
biology or microelectronics. The choice of sample environ-
ment is only slightly restricted, enabling SNOM imaging in
air, water, vacuum, or at He temperatures.

In Switzerland, research in these areas is pursued in close
mutual cooperation. Presently, those are the IBM Research
Laboratory in Riischlikon, the Institute of Physics at the Uni-
versity of Basel, and the Laboratory for Electromagnetic
Fields and High Frequency Electronics and the Laboratory
of Physical Chemistry of the Swiss Federal Institute of Tech-
nology (ETH) in Ziirich. Most of these activities are described
here. Some further work performed in Basel will be discussed
in a separate article.'®

2 NFO Concepts, Experiments, and Theory

The most popular NFO microscope to date is the aperture
SNOM, which is based on the original ‘‘Swiss™> design'
(Fig. 2). The optical probe is a pointed transparent tip coated
with an opaque metal film in such a way that a small aperture
is formed at the apex. In the so-called emission mode, light
is coupled into the far end of the probe and guided to the
aperture. The tiny transmitted fraction interacts with the ob-
ject structure in immediate proximity, and is collected by
focusing optics, usually a conventional microscope objective.

In general, an auxiliary mechanism is installed for distance
control because the optical signal in forward direction is not
a monotonous function of the gap width. Electron tunneling
between the probe and the sample, as in STM or detection
of interfacial forces such as in atomic force microscopy
(AFM), are well suited for this purpose.

*An increasing number of acronyms are used in the field, more often than not
describing the same concepts. Throughout this paper and following the SXM
terminology, we will use the terms SNOM for scanning near-field optical
microscopy in general (which is alternatively called NSOM) and STOM for
scanning tunneling optical microscopy (which is also calied PSTM and EFOM).
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Fig. 1 SNOM fiber probe approaching a test sample surface.

2.1  FEarly Work (1983 to 1989)

From its first demonstration in 1983 until the late 1980s, work
on NFO microscopy has been carried out at a few laboratories
only. Among these were, besides the IBM Riischlikon lab-
oratory, Cornell University® and the Max-Planck Institute for
Biophysical Chemistry in Géttingen, Germany.'' The activ-
ities in Riischlikon are briefly reviewed here.

2.1.1 Transmission SNOM

In the original instrument,'~ the optical probe was a quartz
crystal, which was cut, polished, and etched in such a way
that three facets formed, in principle, an atomically sharp
point. The crystal was coated completely with an opaque
aluminum film except for the light entrance face opposite the
tip [Fig. 2(b)]. The aperture was created by pressing the tip
against the sample, causing plastic deformation of the coating
until faint transmission of light from the tip could be detected.
These optical probes had a large apex angle, which is essential
for efficient light throughput, and extremely small apertures;
their resolution indeed appears to be unsurpassed. They were
somewhat difficult to prepare, however, and fairly short-
lived.

The experimental gap width dependence of the transmitted
flux is shown in Fig. 2(c) for a metallized sample surface.
The flux undergoes a series of interference undulations as
the tip is approached to the surface, caused by the light re-
flected back and forth by the sample surface and the flat end
of the tip. The transmission at the end point of this curve
(tunnel contact) depends on the value of the dielectric con-
stant of the sample surface. This is the basis of contrast for-
mation in SNOM imaging.
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Fig. 2 The original Swiss SNOM: (a) setup (b) scheme of quartz probe tip, (¢) approach curves (hor-
izontal axis in nanometers), and (d) SNOM image of metal pattern enables recognition of details of

~20 nm diameter. (From Ref. 3.)

Figure 2(d) shows an image obtained with this type of
SNOM. The object is a semitransparent Ta film with holes
of 100 nm diameter. The holes are shadow images of latex
spheres randomly dispersed on the glass substrate during
evaporation. They are clearly visible, together with even
smaller details, for instance the ~20-nm-wide peninsula pro-
truding into the pair of holes near the lower right-hand corner.
Note that the image is a simple screen shot, because digital
image processing was not yet available to us at the time the
image was made.

2.1.2 Reflection SNOM

The optical probe sketched in Fig. 3 was developed for op-
eration in reflection. It is a section of a planar optical wave-
guide, which is placed close to the surface. Light scattered
by imperfections such as the hole in Fig. 3(b) is the only light
observed in the far field—it is essentially a dark-field
scheme.* The scattering intensity in upward direction de-
pends on the proximity of the sample surface {Fig. 3(c)]. It
is possible, in particular, to excite a localized plasmon if the
aperture is replaced by a protrusion at a certain small gap
width; the particle brightly shines up under these conditions'?
[narrow peak in the approach curve shown in the inset of
Fig. 3(c)]. An image obtained with the probe of Fig. 3(b) is
shown in Fig. 3(d). A drawback of the method is its restriction
to planar or convex samples.

2.2 Recent Work (Since 1992)

Since 1992 a wave of interest has stimulated activities in
SNOM alt over the world. This was triggered in part by the

development of more efficient and reproducible optical
probes, namely, the metal-coated optical fiber tip'* and a
reliable tip sample distance control based on ‘‘shear force’’
detection.'*!> In Switzerland, the recently created Swiss
Priority Program Optique has been supporting NFO activities
since its beginning in 1993.

2.2.1 “Forbidden light” SNOM

Besides aperture SNOM, implementations based on tapping
an evanescent wave with an uncoated transparent tip have
become popular. The principle of operation is strongly anal-
ogous to that of the electron STM; this arrangement is there-
fore known'®!8 as the scanning tunneling optical microscope
(STOM) or photon STM (PSTM). In STOM an evanescent
field is generated by total internal reflection at the sample
surface. This evanescent field is modified by the subwave-
length surface topography and by local variations of the index
of refraction of the sample. The most popular choice is a
sharpened optical fiber as near-field probe. The fiber tip scat-
ters the evanescent field, thereby reemitting a field that prop-
agates in the fiber and that can be detected with conventional
means in the far field. The scattered intensity increases ex-
ponentially with decreasing tip to sample separation. This is
an advantageous feature because high-resolution probe mi-
croscopy requires strong gap width dependence of the signal.
The image interpretation, however, turns out to be more com-
plicated than that of aperture SNOM.

To combine the advantages of aperture SNOM and STOM,
we recently developed a new type of SNOM [Fig. 4(a)],
which employs an aperture-type fiber probe, but detects the
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Fig. 3 (a) Setup of refiection SNOM, (b) scheme of aperture dark-field arrangement, (c) approach
curves for reflection and plasmon excitation, and (d) image of metal pattern. (From Ref. 4.)

light coupled via evanescent waves (photon tunneling) into
the object if the gap width is smaller than approximately one
wavelength.!®?° These contributions are transmitted at angles
larger than the critical one and therefore cannot be seen with
a regular aperture SNOM; they require an object carrier of,
e.g., hemispherical shape. The gap-width-dependent trans-
mission [Fig. 4(b), curve F] provides distinctly enhanced
contrast when compared with the regular aperture SNOM
mode [Fig. 4(b), curve A); moreover, it is suitable for distance
regulation.

The optical probe in these experiments was the pointed
end of an optical fiber, obtained by heating and pulling. Radii
of curvature at the apex of 30 nm can be obtained with ap-
propriate choice of parameters. The fiber end is coated with
metal (Al) by evaporation from the side while the fiber is
being rotated, resulting in an opaque structure with an un-
coated spot at the apex of 30 to 100 nm in diameter, which
serves as the aperture.

Although the tip-sample distance can be regulated via the
intensity of the ‘‘forbidden’’ light, it is advantageous to use
nonoptical distance regulation because topographic and op-
tical information can then be decoupled. For this purpose,
the standard shear force technique'*'> (SFT) is used, imple-
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mented with an interferometric deflection sensor [Fig. 4(a),
inset], as formerly developed?! for SFM.

Distance regulation by SFT is based on the excitation of
a lateral (sideways) vibration of the optical probe tip and the
reduction of amplitude when mechanical contact is made.
The vibrational motion of the tip usually is determined by
optical means, most commonly by knife-edge shadow mod-
ulation techniques. To our experience, amplitudes of about
20 nm peak-to-peak are required for the purpose of reliable
distance regulation. Because this is too large for high-
resolution work, an alternative interferometric detection
scheme has been developed: The optical probe fiber is at-
tached near its pointed end to a small piezoelectric bimorph
element, which in turn is mounted on top of a standard pie-
zoelectric scanner tube. An ac voltage applied to the bimorph
makes it possible to shake the optical probe tip at its me-
chanical resonance (bending mode, typically 10 to 20 kHz).
Also mounted on top is the end of a second fiber, which is
part of a four-ended fiber coupler.

The optical probe fiber is illuminated from the side through
the coupler fiber with the light from an IR diode laser. In-
terference between light reflected from the metallized wall
of the probe fiber and the end face of the coupler fiber creates
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Fig. 4 “Forbidden” (and “allowed”) light SNOM (Refs. 19 and 20): (a) setup, inset; detail showing
interferometric shear force sensor and (b) approach curves (A is allowed light, F is forbidden light).
Imaging 50-nm-sized objects with green light (wavelength 515 nm) and the “forbidden light” SNOM:
the object, shown schematically in (c), is a latex sphere shadow mask; the shadow mask of a latex
sphere lattice, tiny metal patches of nearly triangular shape arranged in an almost perfect hexagonal
array. These show up as dark spots in the optical image (d), as bright spots in the friction/topography
signal (e), and as elevations in the superposition of (d) and (e), shown in (f). These spots are the
residuals from a thin metal film, which was evaporated on a latex sphere lattice. The latter was obtained
by depositing commercially available latex spheres with radius r=110 nm on a glass substrate. After
evaporation, the spheres were washed away, leaving only the metallized interstices on the glass slide.
The equilatera! triangle drawn into such an interstice has a height of =50 nm. (The object was kindly
supplied by U. Ch. Fischer, University of Munster.)

a modulated signal. As soon as the tip of the probe gets into like a standard SFM. The interferometric force distance con-
mechanical contact with the object surface, frictional forces trol can be operated with excitation amplitudes of 2 nm peak-
begin to damp the oscillation. A control circuit fed by the to-peak and less. SNOM with SFT thus provides topographic
interference signal and acting on the scanner piezo tube en- images of reasonable quality together with the optical scan
ables operation of the system at constantly reduced amplitude, images. Simultaneously obtained optical and shear force im-
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Fig. 5 SNOM combined with a conventional optical microscope. Setup (a) and images of a Cr pattern
on a glass substrate (b) unprocessed constant shear force image; because of contrast reversal, the
Cr patches are observed as dark areas (c) SNOM signal in transmission; the Cr patches appear dark
because of higher absorption (the intensity range is 0.5 nW). (From Ref. 22.)

ages of an object are shown in Figs. 4(d) through 4(f). The
object is a latex sphere shadow mask sketched schematically
in Fig. 4(c).

2.2.2 "“Workhorse” SNOM for imaging

The development of two other near-field optical microscopes
has been pursued recently.?? One is a conventional aperture-
type SNOM placed on top of the sample stage of an inverted
optical microscope [Fig. 5(a)]. It enables conventional optical
previewing and zooming in on interesting sample locations
for subsequent SNOM imaging, combined with fluorescence
and polarization contrast already implemented in the optical
microscope. This makes the setup best suited for imaging
inhomogeneous surfaces, e.g., biological samples.

In addition to the conventional and NFO microscopes, we
implemented shear force detection, enabling concurrent top-
ographic imaging of the sample surface (see description ear-
lier). The fiber motion is recorded by a 670-nm laser diode
projecting the shadow image of the tip onto a photo detector.

Figures 5(b) and 5(c) show images acquired by this in-
strument on a test sample made from ~15-nm-high and 0.5-
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pm-wide Cr squares patterned in a checkerboard fashion onto
a glass substrate. Topography [Fig. 5(b)] and near-field op-
tical signal in transmission [Fig. 5(c)] were acquired simul-
taneously. Because of contrast reversal, which is sometimes
observed in shear force imaging, the Cr squares appear as
dark depressions in the topography, as opposed to protru-
sions. This effect is likely caused by strongly varying ad-
hesive interactions when scanning the tip across glass/Cr
boundaries. In the optical image, the Cr squares appear dark,
because of larger absorption of the metal.

2.2.3 Combined optical tunneling/force microscope

A new development is the combination of an STOM and an
SFM. The tip of the SFM cantilever acts as a scattering center
that disturbs the evanescent field above the sample*-* in
much the same way as the described bare optical fiber tip.
This process generates propagating waves that can be de-
tected in the far field. The distance regulation between tip
and sample in contact-mode AFM is straightforward in this
arrangement. In this scheme, the resolution is not determined
by the smallness of optical apertures, which is limited by the
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Fig. 6 STOM combined with a force microscope: setup (a) and 0.88 x 1.33 pm? scan of a grain on a
glass surface of (b) topography, (c) lateral force, and (d) light intensity. The images were taken si-
muitaneously. (From Ref. 22.)

penetration depth of the metal coating. Rather, as a scattering
scheme, it carries the potential for higher spatial resolution,
because even a single atom can act as a scattering center.
Additionally, it can be speculated that a pyramid cone with
a large opening angle, which is most common as force mi-
croscope probe tip, is a more efficient light collector than the
overdamped waveguide structure of a tapered fiber tip. To
aid the interpretation of the optical data, it is a great advantage
to simultaneously acquire a force topograph of the sample
surface.

The schematic arrangement is shown in Fig. 6(a). A glass
prism is mounted on a xyz piezoscanner. The transparent
sample is placed on the prism surface and optically contacted
by index-matching oil. Light from a green HeNe laser
(A=1543.5 nm) undergoes total internal reflection inside the
prism and generates an evanescent field above the sample.
The metal coating of a commercial Si;N, cantilever is
stripped off by etching in King’s water (3HC1+ HNO,) to
make them transparent. The light, which is scattered at the
tip, passes through the cantilever, is collected by a lens, and
is focused through a pinhole onto a photomultiplier tube. The
pinhole is used to spatially filter out stray light coming from

the surrounding of the tip. The light intensity that reaches
the photomultiplier tube is typically 0.25 nW.

The deflection of the cantilever is measured by reflecting
a focused laser beam of a laser diode (A=670 nm) from the
cantilever to a quadrant detector. This arrangement represents
the AFM part of the microscope. Normal forces are correlated
to the topography of the sample, lateral forces are caused by
local friction between tip and sample and result in a torsion
of the cantilever. Both components result in a displacement
of the reflected beam on the quadrant detector. In this way,
it is possible to obtain three different images of the sample
simultaneously: topography, friction force, and optical light
intensity.

Figure 6(b) shows the image of a particle on a glass surface
obtained with the combined STOM/SFM. The scan was made
in constant force mode and the scan region was 0.88 X 1.33
um?. The sample topography [Fig. 6(b)] shows a particle
height of approximately 92 nm. As can be seen more readily
in the lateral force image [Fig. 6(c)], the particle has a detailed
fine structure. It is not unusual for force microscopy that the
lateral force image shows a significantly better contrast of
the surface topography than the one recorded with normal

OPTICAL ENGINEERING / August 1995 / Vol. 34 No. 8 / 2447
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Fig. 7 Scanning a 2-D SNOM probe over a metal particle. Contours
of constant |E? (factor of 2 between successive lines). The polari-
zation is perpendicular to the plane of the figure (s polarization).

force. The surface structure is also observed, with less res-
olution, in the near-field optical image [Fig. 6(d)]. The highest
point of the grain has the least light intensity. The whole
picture is superposed by light scattered and diffracted by the
grain.

2.2.4 Theoretical studies of SNOM

In near-field optics both the classically termed near-field
(Fresnel) and far-field (Fraunhofer) regimes are relevant. Fur-
thermore, subwavelength objects as well as large structures
are of interest. Therefore, theoretical tools of classical optics
such as diffraction theory can be applied in a very limited

2448 / OPTICAL ENGINEERING / August 1995 / Vol. 34 No. 8

range only, i.e., as long as edge effects are negligible. As a
consequence, the questions of achievable resolution and con-
trast had been left to heuristic arguments and experimental
evidence for a long time. A profound understanding demands
for exact solutions of Maxwell’s equations. Analytical so-
lutions would be best for theoretical understanding but can
be obtained for simple problems only.

The multiple multipole method*> (MMP) used in most of
our theoretical investigations is an efficient compromise be-
tween analytical and numerical approaches: Only the bound-
aries between the individual homogeneous domains are dis-
cretized; the fields within the domains are described by
analytical solutions of Maxwell’s equations.

The theoretical investigations started with 2-D models.*®
Figure 7 shows a metallic particle, which is scanned with an
aperture-type SNOM. The optical probe consists of a trun-
cated glass wedge embedded in an aluminum screen such
that a narrow slit is formed at the bottom face. The light
emitted by the slit illuminates the metal particle, which sits
on a dielectric substrate. The light also penetrates into the
aluminum screen where a considerable amount of the power
is dissipated (skin depth = 6.5 nm). The polarization was cho-
sen to be perpendicular to the plane of the figure (s polari-
zation). The metal particle acts like a mirror in this case.
When located at center position the radiation from the ap-
erture is decreased. A far-field detector hence registers a neg-
ative dip when the particle is scanned. The situation is dif-
ferent when scanning over a dielectric particle. The field is
attracted by the particle leading to an enhanced signal when
the particle is close to the aperture. Thus, metallic particles
lead to negative contrast, dielectric ones to positive contrast.

Recently, the first 3-D investigations, which require con-
siderable computational effort, were performed.?’ In Fig.
8(a), the field in the foremost region of a conical probe is
shown on three perpendicular planes of which (y=0) is the
plane of polarization. The probe consists of a tapered di-
electric core and a tapered aluminum cladding. The field is
excited by the analytically known cylindrical HE,, wave-
guide mode?® incident from above. The field decays very fast
(7 orders of magnitude over the whole tapered region) toward
the aperture since the diameter of the core is below cutoff.

When the probe is approached toward a dielectric substrate
the power flux through the probe increases as shown in Fig.
8(a, right). Therefore, the light source cannot be considered
to be independent of its surrounding. Instead, the coupling
between source and objects must be taken into account in a
self-consistent way. This is a general complication inherent
to SNOM, and actually any type of scanning probe micros-
copy: An image obtained by scanning over a sample never
represents only the optical properties and topography of the
sample, but also includes the interaction between source and
sample. Note that in front of the aperture the field extends
over a much larger distance in the xz plane (y=0) than in
the yz plane (x=0). Furthermore, for y=0, the field is en-
hanced also on the outer edge of the cladding because of the
large component of the electric field perpendicular to the
boundary and due to the high curvature of the edge (lightning
rod effect). It can hence be expected that scanning with dif-
ferent polarization leads to different images.?®

The field behind the aperture consists of both propagating
and evanescent components. As long as no small scale object
is present, the latter do not contribute to radiation but oscillate
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Fig. 8 (a) Near fieids of a 3-D SNOM probe. Contours of constant |E]? on three perpendicular planes
(factor of 2 between successive lines). The arrows indicate the direction of the Poynting vector. The
polarization is in the plane y=0. The transmission through the probe is increased when a dielectric
substrate (€., =2.25) is approached. (b) Extension of the near field behind the aperture. Normalized
power density on a line in forward direction through the center of the aperture. The distance d from
the aperture is normalized with the diameter of the aperture d,. After a distance of half of the aperture
diameter, the field already decays with r~2, which is characteristic for far-field behavior. (c) Depen-
dence on gap-width for different signals detected in the far field: total power coupled into the allowed
zone (dotted curve), total power radiated into the substrate (dashed curve), total power coupled into
the forbidden zone (dash/dotted curve), and power coupled into a lens (angle of acceptance =10 deg)
located in the plane of polarization at 8=70 deg from the forward direction (solid curve). For gap
widths smaliler than 120 nm, the solid curve decays exponentially with a 1/e decay length, which is in
agreement with the corresponding decay length of the evanescent field originating from total reflection.
(From Ref. 27.)
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as reactive power. The evanescent wavelets, which have huge
k vectors can be converted into propagating ones by struc-
tures whose spatial Fourier spectrum has correspondingly
large components. Figure 8(b) shows the power density along
the z axis behind the aperture. The near-field zone extends
over aregion that is of the size of half of the aperture diameter.
At larger distance the power density decays as r ~2, which is
characteristic for far-field behavior.

In Fig. 8(c), the probe is approached toward a dielectric
substrate and different signals in the far field are detected as
a function of the distance between probe and substrate. The
dotted curve represents the power radiated into the allowed
zone and the dashed curve the total power coupled into the
substrate. Both curves are more or less dominated by inter-
ference undulations. On the other hand, the power radiated
into the forbidden zone (dash/dotted curve) shows a smooth,

z [nm]

monotonic decay. The solid curve finally is obtained by de-
tecting the power at an angle of 70 deg from the z axis (angle
of acceptance= 10 deg) in the plane of polarization. For
probe-substrate distances up to 150 nm, this curve shows an
exponential decay with a 1/e length, which agrees with the
decay length of a corresponding evanescent wave generated
by total internal reflection.

As already mentioned, the extraordinary resolution ob-
tained in NFO originates from the fact that a subwavelength
structure can confine light. Indeed, such a confined electro-
magnetic field can perfectly reproduce the structure shape
and, if recorded with a NFO probe, produce a high-resolution
image of the structure. This is visible in Figs. 9(a) and 9(b),
where we report the amplitude of the field scattered by a thin
3-D dielectric object with a ‘‘swiss cross’” shape. The object
18 7.5 nm thick, its dielectric constant is 2.25, and it is sur-

20

z [nm]

-20 7k,
0

z [nm]

Fig. 9 Field amplitude in an observation plane located 5 nm above the scattering system: (a) TE
incident field and (b) TM incident field. The propagation direction k, and the polarization of the incident
field E° are represented in each figure. (c) Same situation as in (b), but for an anisotropic scattering

system.
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rounded by vacuum. The cross is illuminated from the side
with a plane wave E° propagating with a wave vector k, in
the x-y plane; the wavelength is 633 nm. The scattered field
isrecorded in a plane parallel to the cross, located at a distance
of 5 nm above the structure. Two different polarizations are
investigated: incident field parallel to the observation plane
[transverse electric field (TE), Fig. 9(a)] and incident field
orthogonal to the observation plane [transverse magnetic field
(TM), Fig. 9(b)1.

In the TE case, strong field gradients appear along the
object sides that are orthogonal to the incident electric field
[Fig. 9(a)]. Thus different sides of the object are enhanced,
depending on the orientation of the incident electric field,
and the field pattern strongly depends on the propagation
direction of the incident field. The field intensity in the de-
tection plane is highest immediately outside the cross and
decreases above it, leading to an inverse contrast image of
the object. Furthermore, the image does not at all reproduce
the cross shape.

For a TM field, the behavior is completely different. Now
the isoamplitude lines perfectly follow the contour of the
object, although its size is much smaller than the wavelength
[Fig. 9(b)]. Furthermore, the image does not depend on the
orientation of the incident field, and the field pattern always
reproduces the object shape. A strong confinement of the
field above the object is also visible. Such a confined field
can be recorded by a SNOM probing device, which explains
the extraordinary resolution obtained with such a device.

These results were obtained with a new method developed
in a joint project between the Institute for Field Theory and
High Frequency Electronics at the ETH, Ziirich; Institute for
Studies in Interface Sciences in Namur, Belgium; and the
Centre National de la Recherche Scientifique (CNRS) in Be-
sanc¢on, France. This approach is based on the Green’s func-
tion technique and has proven to be very well suited for the
theoretical investigation®*? of NFO. An important advan-
tage of this approach is that it can easily take anisotropic
media into account. The study of anisotropic media represents
an extremely promising application of NFO, which opens
numerous perspectives in rapidly growing research areas such
as, for example, magneto-optical data storage.

The phenomena encountered in the study of the interaction
of light with anisotropic media are rather complex and the
development of theoretical methods able to handle such me-
dia is mandatory for guiding and analyzing the forthcoming
experimental work. This is illustrated in Fig. 9(c), where we
report the field scattered for a similar situation as in Fig. 9b,
but with an anisotropic dielectric media. Although some field
confinement in the object is still visible in Fig. 9(c), the field
pattern is quite distorted and no longer follows the shape of
the scattering system. This is the result of the ‘‘off-diagonal’’
elements of the dielectric tensor, which couple the different
field components together.

2.2.,5 Fluorescence microscopy

Single molecules with specific photophysical properties have
recently been characterized by fluorescence excitation spec-
troscopy at low temperatures.>*= In a suitable host such as
a crystal of p-terphenyl a small number of luminescent guest
molecules, e.g., pentacene, are excited by very monochro-
matic light. At a temperature of a few degrees Kelvin the

Fig. 10 Fluorescence image of a hexadecane sample containing
terrylene molecules. The sample was illuminated at 574.319 nm with
25-uW laser power. The fluorescence light was integrated over 10
s. The diameter of the imaged sample region was estimated to about
100 pm.

homogeneous linewidth of the molecules approaches the flu-
orescent lifetime limited value (several megahertz) and is
about 1000 times smaller than the inhomogeneous width.
Individual molecules can be observed by scanning the optical
frequency over several gigahertz. Sensitive detection meth-
ods such as photon counting are employed. The number of
photons per second detected from a single molecule can reach
100,000. Single molecules are extremely sensitive probes of
the environmental conditions: the spectrum of a single mol-
ecule, for instance, shifts as a function of external pressure.36
A pressure change of only 500 hPa (0.5 bar) shifts the single
molecule peak by 500 MHz.

Single luminescent molecules have very recently also been
observedundera ‘conventional’’ microscope,?” which, how-
ever, must be operated at a temperature of 2 K. Each molecule
represents a point light source and appears as an Airy disk
with a diameter of the order of some micrometers determined
by the aperture of the microscope. In Fig. 10, one of the first
microscopic images of terrylene molecules in hexadecane is
shown. In these investigations, the additional parameter ‘‘ex-
citation wavelength’’ enables extremely high resolution spec-
troscopy in the visible spectral range. All of the spectroscopic
studies performed earlier, such as Stark effect®> and pressure
effect,®® are at present under investigation with the ‘‘con-
ventional’’ microscope. The main advantage is the parallel-
ism offered by the 2-D image plane. Many ‘‘single’’ mole-
cules can be investigated at the same time under identical
conditions.

To combine the spectral resolution of “‘single molecule”
spectroscopy with the excellent spacial resolution properties
of the near-field technique, a SNOM operating at 2 K has
been developed.*® Whereas with shear-force detection it is
difficult to control the approach of the tip in superfluid helium,
the forbidden light SNOM is excellently suited to single-
molecule experiments. In the experiments performed until
now, the spectroscopy and not the imaging concepts were
stressed. The distance of the molecules from the fiber tip was
identified by observing the saturation properties of the emis-
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Fig. 11 Statistical fine structure and single-molecule features on ap-
proaching the near field region. Approximate distances from the sur-
faces are (a) 1.2 um, (b) 0.5 um, and (c) 210 to 270 nm. Each panel
presents two spectra taken approximately 5 min apart to show re-
producibility. Zero detuning=592.066 nm (16,890.0 cm ~1).

sion and of the Stark shift of the spectrum with respect to a
voltage applied to the fiber tip. Figure 11 shows the changing
pattern of the spectrum during a tip approach. At a distance
of 1.2 wm between the tip and the sample surface many
molecules are excited and a statistical fine structure is seen.
At a distance of 210 to 270 nm, the individual signals from
the molecules are well resolved, and about 40 molecules can
be identified separately.

3 Summary

Near-field optics extends the possibility of optical charac-
terization to nanometer dimensions. Resolution of 30 to 70
nm is the state of the art, and it has been achieved with a
number of different implementations (SNOM, STOM, mod-
ified AFM). It opens opportunities, in particular with regard
to material contrast at high resolution, which is not available
with conventional microscopy or with one of the alternative
scanning probe microscopies.

Computer-aided design on the basis of the Maxwell/Helm-
holtz equations provides deeper understanding of the optical
processes occurring in nanometer structures.

4 Outlook
Our research activities are directed toward three related goals:

1. demonstration of practical applications using the ex-
isting technology

2. characterization of the different types of SNOMs and
development of improved instruments

3. pushing the limits of resolution by the development
and testing of new concepts and implementations.
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Pursuit of these goals requires both experimental and theo-
retical work. Improved optical probes must be manufactured
with nanometer size tolerances and operated with extremely
precise control. Computer-aided design on the basis of the
Maxwell/Helmholtz equations will provide guidelines for op-
timized structures for field enhancement and confinement.
Such a capability is of interest not only for SNOM but also
for other branches of nanoscale science and technology.

Further progress also requires advances in NFO in general,
an interesting challenge with regard to principal understand-
ing, the creation of theoretical/mathematical tools with pre-
dictive power, and the development of concepts for utilization
in science and technology. The ‘‘parallel action’’ of exper-
imental and theoretical efforts in our group is of particular
value in this situation.
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