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We describe ultraresolution microscopy far beyond the classical Abbe diffraction
limit of one half wavelength (λ/2), and also beyond the practical limit (ca.λ/10) of
aperture-based scanning near-field optical microscopy (SNOM). The ‘apertureless’
SNOM discussed here uses light scattering from a sharp tip (hence scattering-type
or s-SNOM) and has no λ-related resolution limit. Rather, its resolution is approxi-
mately equal to the radius a of the probing tip (for commercial tips, a < 20 nm) so
that 10 nm is obtained in the visible (λ/60). A resolution of λ/500 has been obtained
in the mid-infrared at λ = 10 µm. The advantage of infrared, terahertz and even
microwave illumination is that specific excitations can be exploited to yield specific
contrast, e.g. the molecular vibration offering a spectroscopic fingerprint to identify
chemical composition. S-SNOM can routinely acquire simultaneous amplitude and
phase images to obtain information on refractive and absorptive properties. Plasmon-
or phonon-resonant materials can be highlighted by their particularly high near-field
signal level. Furthermore, s-SNOM can map the characteristic optical eigenfields of
small, optically resonant particles. Lastly, we describe theoretical modelling that
explains and predicts s-SNOM contrast on the basis of the local dielectric function.

Keywords: near-field microscopy; apertureless optical near-field microscopy;
infrared microscopy; plasmon resonance

1. Introduction

For more than a century the classical light microscope has been serving science as
one of its most fruitful instruments. It relies almost exclusively on visible light illumi-
nation. With a typical wavelength of λ ≈ 500 nm, Abbe’s diffraction limit allows the
resolution of sample features down to ca. 250 nm. A dramatic improvement of opti-
cal resolution has become possible by the invention of near-field optical microscopy,
which followed the invention of scanning probe techniques initially exploiting the
tunnelling of electrons (scanning tunnelling microscopy (STM)) (Binnig & Rohrer
1982), or atomic forces (atomic force microscopy (AFM)) (Binnig et al . 1986), that
occur between a sharp scanning tip and a sample. Employing photons for tip-sensing
of a sample’s optical properties was independently realized by two teams (Lewis et
al . 1984; Pohl et al . 1984). In their scanning near-field optical microscope (SNOM),

One contribution of 13 to a Theme ‘Nano-optics and near-field microscopy’.
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Figure 1. Principle of s-SNOM. A focused light beam illuminates the tip region of an AFM,
where a sample is approached and scanned to produce a topographic image. By recording the
scattered light, here in the backwards direction, an optical image is simultaneously generated.
The tip oscillates at the cantilever’s mechanical resonance frequency Ω (tapping mode) with the
important consequence that the near-field optical signal becomes modulated at harmonics nΩ,
allowing an electronic filtering against otherwise overwhelming background scattering coming
from the shaft and cantilever.

a submicrometric, metallic aperture with diameter d confines the ‘near-field’ light
emanating from or entering the tip. In principle, d could be made very small to
achieve very high resolution. In practice, however, the common funnel-shaped geom-
etry of a metallized, tapered glass fibre (Betzig et al . 1991) causes the well-known
waveguide cut-off effect (Jackson 1975), so light propagation becomes evanescent
when the diameter is below the critical cut-off diameter, given by dc = 0.6λ/n. The
consequence is a drastic, λ-dependent loss (Knoll & Keilmann 1999a) which practi-
cally limits the achievable resolution—depending on how small a signal power can
be detected—to minimal apertures, d ≈ λ/10, so that a resolution of ca. 50 nm is
obtained in the visible (Hecht et al . 2000). For mid-infrared illumination, the resolu-
tion of SNOM is 1 µm at best, which is not really an interesting value for applications
in the nanosciences.

An alternative SNOM principle with much better resolution potential is to use a
small scatterer instead of a small aperture (O’Keefe 1956; Wessel 1985; Wickramas-
inghe & Williams 1990; Specht et al . 1992; Inouye & Kawata 1994). This rests on the
fact that an illuminated particle can exhibit enhanced optical fields in its neighbour-
hood. Such near fields are modified by the presence of a sample. As a consequence
of this near-field interaction, the scattered light measured in the far field carries
information on the sample’s local optical properties. This near-field scattering is the
basis of what has been named s-SNOM: scattering-type scanning near-field optical
microscopy. In practice, the elongated metallized tip of an AFM serves as a scatterer
(figure 1), and it is the radius of curvature a at its apex that determines both the
mechanical and the optical resolution.

The highly concentrated near fields at a metallic tip apex also give rise to enhanced
Raman scattering (tip-enhanced Raman scattering), which can be exploited for chem-
ical microscopy (Stöckle et al . 2000; Hayazawa et al . 2002; Hartschuh et al . 2003).

The paper is organized as follows. First, we introduce the principle of s-SNOM, its
components and configurations. Then we consider the theory, describing in detail a
point–dipole model which can qualitatively explain the majority of all experimental
findings. The following section gives experimental details, with an emphasis on how
disturbing background scattering can be suppressed, and how high-resolution ampli-
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tude and phase contrast is made possible by interferometric detection. The results
achieved are discussed for their significance in demonstrating the optical contrast
and resolution obtainable with s-SNOM. A special section is devoted to optical res-
onance, which means the possibility of having an extremely high signal in s-SNOM
images from samples (or tips) with negative dielectric constant. Going beyond prob-
ing a sample’s local optical property, we describe an application of s-SNOM to the
analysis of the patterns of the optical eigenfield surrounding small sample structures
that are resonantly excited. Lastly, we mention areas of application of s-SNOM in
the nanosciences such as the mapping of subsurface charge carriers in Si, and the
analysis of nanocomposite dielectrics.

2. Principle of s-SNOM

A basic experimental set-up is illustrated in figure 1. Here an AFM is used as a
base instrument (STM is an alternative (Bragas & Martinez 2000)) to scan a sample
in close proximity to a cantilevered tip. This generates, first of all, a topographic
image of the sample. The tip is illuminated by a focused visible or infrared beam
so that, secondly, the scattered light is recorded by a detector to give an optical
image of the sample. In principle, input and output directions could be freely chosen.
Backscattering as shown in figure 1 has the practical advantage that only one focusing
objective has to be adjusted.

Typically, the tip has a radius of curvature of a ≈ 20 nm. The probing region is
the gap between the tip apex and the sample, a space much smaller than the applied
focus spot. Due to the AFM tapping mode, this gap is sinusoidally varied between
0 and, for example, 40 nm. A strong modulation of the near-field scattering results,
whereas, advantageously, the ‘background’ scattering from portions of tip and sample
outside the probing region is barely modulated, and therefore can be electronically
eliminated from the detector signal.

An early implementation of s-SNOM (Zenhausern et al . 1995) used a dielectric tip
which has a principal limitation to the fraction of the illuminating power that can
effectively couple to the probing gap. In contrast, highly conductive tip materials
can greatly increase this fraction, as can be extrapolated from the effective function-
ing of metal antennas in radio and microwave engineering (Jackson 1975). Antenna
efficiencies have been experimentally analysed up to the mid-infrared region (Wang
1976; Völcker et al . 1994), and one can hope that tailored tips (Krug et al . 2002)
can in future strongly increase the coupling of illuminating light into an enhanced
probing near field, and also back out to a far-field detector.

For highly conductive metallic shafts the antenna theory predicts that optical
currents can be excited much more strongly in directions parallel rather than per-
pendicular to the shaft axis (Jackson 1975). This antenna effect should make itself
felt by forcing the probing near field to be fully z-polarized. We have tested this
prediction in an experiment with an Au-coated tip illuminated by the mid-infrared
beam from a CO2 laser, the polarization of which could be rotated while the light
scattered to the detector did not pass through a polarizing element (Knoll & Keil-
mann 1999b). The result shown in figure 2 illustrates clearly that the optical image
loses contrast when the input polarization has no component along the shaft axis.
This effect indicates that the shaft acts as an antenna, or, more precisely, that it can
enhance the probing near field in the z-direction.
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(a) (b)

Figure 2. (a) Topography and (b) infrared near-field image of a test sample consisting of 20 nm
high Au islands on Si (image area 1 µm2). Halfway through the image scan, the polarization
was flipped from z–y (upper part) to x (lower part), to investigate the antenna function of the
tip shaft.

Various, mostly home-built, s-SNOMs have been reported in the literature (Specht
et al . 1992; Inouye & Kawata 1994; Zenhausern et al . 1995; Lahrech et al . 1996;
Knoll & Keilmann 1999b; Adam et al . 2000; Aigouy et al . 2000; Bragas & Mar-
tinez 2000; Hillenbrand & Keilmann 2000; Sasaki & Sasaki 2000; Akhremitchev
et al . 2001; Hayazawa et al . 2002). We have built two AFM-based s-SNOMs to
operate in tapping mode with visible (Hillenbrand & Keilmann 2000) or mid-
infrared illumination (Taubner et al . 2003). Both use Pt-coated cantilevered tips
available commercially from Nanosensors (www.nanosensors.com) or MikroMasch
(www.spmtips.com). These instruments implement interferometric signal detection
(Bridger & McGill 1999; Azoulay et al . 2000; Sasaki & Sasaki 2000), which allows us
to measure both the amplitude and the phase of the near-field scattering interaction,
especially enabling near-field phase contrast imaging (Hillenbrand & Keilmann 2000,
2001, 2003). Two interferometer versions have been realized, a Michelson-type with
homodyne detection (Hillenbrand et al . 2002; Taubner et al . 2003), and a Mach–
Zehnder-type with heterodyne detection (Hillenbrand & Keilmann 2000; Hillenbrand
2001; Hillenbrand et al . 2001), as will be detailed below (see figure 5).

3. Theory of s-SNOM

Two observables are of prime practical importance in s-SNOM: the absolute scat-
tering efficiency which determines the observable signal power, and the contrast or
relative signal change which results when probing different materials. A theoretical
treatment of the scattering of a realistic, elongated tip is complicated (Porto et al .
2000) and has not been tried by us. The shaft’s shape and length dominate the abso-
lute scattering efficiency as can be expected from antenna theory. For qualitatively
calculating the relative scattering when probing different materials, however, we have
found a solution by simplifying the geometry (Knoll 1999; Knoll & Keilmann 1999c;
Hillenbrand & Keilmann 2000; Hillenbrand et al . 2001). We assume that the near-
field contrast or, generally, the way a sample influences the near field between tip
and sample does not primarily depend on the existence of the tip’s shaft. Rather, it
suffices to approximate the elongated tip by the sphere which can be inscribed in its
apex.
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Accordingly, we assume that the probe is a polarizable sphere with dielectric value
εt, radius a � λ, and polarizability:

α = 4πa3 εt − 1
εt + 2

. (3.1)

We further assume that the dipole induced in this sphere by an incident field Ei can
only point in the z-direction. This polarization direction is suggested by the antenna
action of the tip’s shaft leading to an enhanced near field. The sample, which fills
the half-space z < 0 with dielectric value εs, is assumed to be polarizable only
indirectly by the sphere’s dipolar field, but not directly by the incident field, because
the tip’s enhanced near field exceeds the incident field. The configuration of a small
sphere next to a flat sample has been theoretically treated before in the context of
surface-enhanced Raman scattering (SERS) (Ruppin 1982; Aravind & Metiu 1983).
To simplify the calculation of the polarization induced in the sample, we then replace
the sphere by a point dipole of equal strength and direction, located in the sphere’s
centre. In the electrostatic limit (no retardation considered) the near field between
tip dipole and sample can be found by considering a ‘mirror’ point dipole inside the
sample whose direction is parallel to the tip dipole, with polarizability αβ, where

β =
εs − 1
εs + 1

(3.2)

is the dielectric surface response function of the sample. The mirror dipole’s field,
decreasing with the third power of distance, interacts with the tip dipole. Solving the
system of electrostatic equations that describes the multiple interaction between tip
and mirror dipoles yields an effective polarizability of the coupled tip–sample system
which fully expresses the influence of the sample,

αeff =
α(1 + β)

1 − αβ/(16π(a + z)3)
. (3.3)

Since, generally, the scattered field Es ∝ αEi from a point dipole is directly propor-
tional to its polarizability α (Bohren & Huffmann 1983), equation (3.3) is a centrally
important result for s-SNOM, as it contains all that is necessary to predict relative
contrasts observable in s-SNOM. First, we note that ε, β and α are, in general,
complex-valued quantities. Thus the scattering Es ∝ αeffEi from the coupled dipole
system is also, in general, complex valued, αeff = seiϕ, characterized by a relative
amplitude s and a generally non-zero phase shift ϕ between the incident and the
scattered light. To measure both these quantities simultaneously motivates our use
of interferometric detection.

Especially, equation (3.3) reveals that a sample affects the s-SNOM signal only
through its dielectric value εs taken at the wavelength of illumination. This provides
the basis to view s-SNOM as a nanospectroscopic tool, to measure the local dielectric
function for identifying nanosystems according to their known (far-field) optical and
infrared dielectric spectra. We further observe that the probing sphere also enters
equation (3.3) by its dielectric value εt, besides its radius and its distance z from
the sample. Since both εt and z are constant during the imaging process, the optical
image contrast is determined only by the sample’s local dielectric value εs.

Before giving examples of material contrast we discuss another consequence of
equation (3.3), the dependence αeff(z), which is, as we shall see, of prime impor-
tance for the practical, background-free performance of s-SNOM. As an example, we
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Figure 3. Modelling the near-field interaction in s-SNOM. The replacement of the probing tip
by a point dipole allows to predict how the scattered light depends on (i) the distance z between
tip and sample, and (ii) on the complex dielectric value εs of the sample.
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Figure 4. Calculated near-field scattering amplitude s and phase ϕ versus
the distance z between the tip sphere and the sample.

assume the sample to be Si with real dielectric value εs = 15, and the tip sphere to
be Au, with radius a = 10 nm and dielectric value εt = −10 + 2i (corresponding to
λ = 633 nm). As displayed in figure 4 equation (3.3) predicts a constant scattering at
relatively large distance z � 2a (note the neglect of retardation restricts the appli-
cability of this modelling to z � λ). At very small distances, z < a, however, both
the scattering amplitude and the scattering phase increase sharply. Such a nonlinear
rise occurs with any combination of dielectric values and can be taken as signature
of the near-field interaction. It is interesting that the z-range of near-field interac-
tion is of the same order as the lateral width of the confined near field, both being
of the order a, the sphere’s radius (Taubner et al . 2003). A multipolar theory that
includes retardation has recently given a similar result (Porto et al . 2003). In the
following, we keep to the non-retarded, dipolar approximation because it allows the
simple solution equation (3.3) from which direct conclusions of practical significance
can be derived.
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Figure 5. Sketches of optical layouts for interferometric s-SNOM. (a) Heterodyne system where
the frequency in the reference arm of a Mach–Zehnder interferometer is offset by frequency
∆ (80 MHz in Hillenbrand & Keilmann (2000)). (b) Homodyne system where the phase of the
reference beam in a Michelson interferometer is alternated between ψ = 0 and 90◦ by mechanical
mirror translation.

4. Elimination of background-scattering contributions
from the detector signal

The nonlinear dependence αeff(z) seen in figure 4 is the basis of a signal process-
ing technique essential to the solution of the experimental difficulty of how to deal
with the massive, unwanted ‘background’ scattering which generally dominates the
detected signal. The focused laser beam illuminates a greater part of the tip shaft
which typically extends 10 µm from the cantilever, and also the sample. Because
there is no special attempt to match the incoming light to the largely unknown
antenna property of the tip–sample configuration, only a small portion of the inci-
dent light can be assumed to reach the gap region and to contribute to the probing
near field. Most of the intercepted light is scattered as unwanted background, without
contributing to the near-field interaction. The early suggestion (Wickramasinghe &
Williams 1990) of z-modulation and electronically filtering the detector signal at the
tapping frequency Ω is not generally sufficient to suppress the background. Rather,
a full elimination requires demodulating the detector signal at the second or higher
harmonic of Ω (Wurtz et al . 1998; Hillenbrand & Keilmann 2000; Knoll & Keilmann
2000a; Labardi et al . 2000; Hillenbrand et al . 2001). The key is that the tapping
motion, with an amplitude of typically ∆z ≈ a ≈ 20 nm, modulates the near-field
scattering much more strongly than the background scattering, inducing harmonics
nΩ (where n = 2, 3, . . . ) by the nonlinear dependence αeff(z) seen in figure 4. Before
we describe experimental details and results (figures 6 and 7), we note here that
the successful elimination of background scattering by harmonic-demodulation pro-
cessing has, however, a price to be paid. The s-SNOM image no longer measures the
near-field scattering αeff = seiϕ directly. Rather, it maps the complex quantity sneiϕn

derived from it. To see this, consider the sinusoidal tapping motion between z and
z + 2∆z at frequency Ω, which induces a time-periodic scattering αeff(t). Because of
the nonlinear dependence αeff(z) the scattering signal is modulated at harmonics of
Ω. In general, the time course can be described by a Fourier series with sn and ϕn

being Fourier coefficients. For the case of small modulation amplitude, ∆z � a, the
Fourier coefficients are proportional to the nth z-derivative of αeff(z) (Hillenbrand
& Keilmann 2000; Hillenbrand et al . 2001).
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Figure 6. Comparison of experimental s-SNOM amplitude versus distance z between Pt tip
and Si sample, for n = 1–3 demodulation orders (tip radius a ≈ 20 nm, tapping amplitude
∆z ≈ 20 nm, wavelength λ = 633 nm). Choice of a high n eliminates the background, and also
steepens the near-field response.
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Figure 7. Experimental s-SNOM images of 20 nm high Au islands on Si. (a) Topography, (b) opti-
cal amplitude s1 showing residual background scattering, and (c) optical amplitude s3 showing
pure near-field response.

5. Experimental realization of s-SNOM

Figure 5 shows our (a) visible and (b) infrared microscopes. The former set-up
described in Hillenbrand & Keilmann (2000) and Hillenbrand et al . (2000a) uses
an HeNe laser beam of ca. 1 mW power that is focused to the tip apex by an aspheric
lens. Backscattered light is collected by the same lens and detected by a heterodyne
interferometer. Here the reference beam is frequency-shifted by ∆ = 80 MHz. The
detector measures the power

I = Iref + Is + 2
√

IrefIs cos(∆t + ϕ)
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generated by the interference of the strong reference beam and the weak, backscat-
tered light from the probing tip. To measure both amplitude and phase the detector
signal is processed in a high-frequency lock-in amplifier (Mod. 844 Stanford Research
Systems) operating not at ∆ but at the sum frequency ∆ + nΩ (where n designates
the order of harmonic signal demodulation) (Hillenbrand & Keilmann 2000; Hillen-
brand 2001; Hillenbrand et al . 2001). This side-band filtering allows us to suppress,
in one instrument, any constant power as well as the tip’s background scattering,
which beats with the reference to yield a modulation at ∆. Conversely, demodulation
at ∆ + nΩ selects scattered light that is influenced by the mechanical modulation of
the near-field interaction. The lock-in amplifier produces two output signals simul-
taneously, one proportional to the amplitude, the other proportional to the phase of
the detector modulation at frequency ∆ + nΩ. This is very convenient because, at
sufficiently large n, the amplitude output signal is directly proportional to sn and
the output phase to ϕn measuring the pure near-field response. Because of interfer-
ence with the reference beam, the near-field signal power level appears amplified by
a factor twice the square root of the ratio between the reference and near-field light
powers, which can be large. This so-called heterodyne gain is a convenient byproduct
of our scheme, as it helps to optimize the signal/noise ratio (Taubner et al . 2003).

Background reduction by harmonic demodulation becomes directly visible in
approach curves such as those shown in figure 6. At demodulation order n = 1,
standing wave features that extend far beyond the near-field interaction zone, z < a,
dominate. These result from interference of different background contributions and
may mask the expected near-field increase at z < a (see figure 4). With increasing
n, however, the near-field contribution becomes clearly visible and even steepens,
whereas the standing wave features are suppressed and are even lost in noise at
n = 3. Not visible in figure 6, the possibility of an artefact arises once the tip
periodically touches the sample, because then the tapping motion can become non-
sinusoidally distorted, which means that harmonics nΩ are excited in the mechanical
motion. This effect has been studied and found to be dependent on the sample and
on some tapping characteristics such as, for example, whether the mechanical inter-
action is attractive or repulsive, and the tapping amplitude ∆z (Hillenbrand et al .
2000b; Stark et al . 2002). We found that with small ∆z < 50 nm, and large setpoint
∆z/∆zfree > 0.9, mechanical harmonics are negligibly small. To fully exclude an
influence on the optical signal a routine control is recommended, taking approach
curves such as those in figure 6 at the beginning of an s-SNOM imaging session.

We demonstrate near-field optical mapping using higher-harmonic demodulation
by imaging a common test sample (figure 7). Its nanoscale structure is made by
evaporating metal on a substrate which is covered by a monolayer of polystyrene
(PS) microspheres. These are subsequently dissolved by dichloromethane and washed
away (Fischer 1998). Here we use a Si substrate with 20 nm high Au islands, as doc-
umented by the topographic image. Furthermore, figure 7 shows two optical near-
field images taken at the fundamental and the third harmonic demodulation orders,
respectively. The former image (figure 7b) displays—due to the influence of consid-
erable background scattering—large patches which do not correspond to real sample
structures. Furthermore, the islands appear in reversed, dark contrast. We explain the
large patches by interference between various components of background-scattered
light, and the reversed contrast of the islands by a negative interference between the
near-field-scattered light and the background-scattered light. The latter explanation
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can be experimentally tested by slight adjustments of the illuminating laser focus.
Indeed small variations suffice to reverse the apparent near-field contrast, evidently
by changing the background’s phase (Knoll & Keilmann 1999c, 2000a). The optical
image taken at third harmonic demodulation order (figure 7c), however, displays the
Au islands with uniform brightness and in the positive contrast expected from cal-
culations (see figure 8), independently of slight adjustments of the illuminating laser
focus.

In our infrared set-up we use a CO2 laser for tip illumination, common to both
groups which pioneered the mid-infrared s-SNOM (Lahrech et al . 1996; Knoll &
Keilmann 1999b, c). We have exploited the fact that our laser is step-tunable in the
region between 9.2 and 11.2 µm to demonstrate near-field nanospectroscopy using
infrared vibrational (Knoll & Keilmann 1999c; Hillenbrand et al . 2002) or electronic
(Knoll & Keilmann 2000b) resonances for the first time.

The incident beam is attenuated to ca. 10 mW (LASNIX, www.lasnix.com) and
focused to the tip apex by a Cassegrain mirror objective with a numerical aperture
of 0.55 (Ealing, www.cohr.com). A focal spot with diameter as small as 15 µm has
been experimentally demonstrated (Knoll & Keilmann 2000a). The polarization is
set to maximize the component along the tip shaft, in order to optimize the antenna
coupling. Orthogonal polarization was experimentally shown to lead to loss of con-
trast (figure 2) (Knoll & Keilmann 1999b).

The infrared s-SNOM work already mentioned and that of a third laboratory
(Akhremitchev et al . 2001) used simple direct detection of the scattered infrared
light by an HgCdTe detector. While there is no external reference beam, we have
observed that this detection is nonetheless of interferometric type (Knoll 1999; Knoll
& Keilmann 1999c, 2000a). The reason is the omnipresent background scattering
which constitutes a reference beam that superimposes coherently with the near-
field scattered light. Because there is no frequency offset, the detection system is
therefore, strictly speaking, a homodyne receiver. As mentioned above the phase
of this interferometer can be adjusted by adjusting the focus of the incident beam
(Knoll & Keilmann 2000a).

Recently, the infrared s-SNOM has been improved qualitatively (Taubner et al .
2003) by introducing interferometric detection with an external reference beam which
is, of course, much more controllable. This is achieved by splitting the incoming colli-
mated CO2 laser beam to generate a reference beam which is reflected from a piezo-
electrically movable plane mirror. Thus we form a Michelson interferometer which
has the scattering tip at the end of the other side arm. The reference is much stronger
than the background-scattered light, and we therefore now have a homodyne receiver
in which the reference phase can be conveniently set by moving the Michelson mirror.
In practice, we continuously alternate between recordings using two mirror positions.
The first position is obtained at the beginning of an experiment, by maximizing the
lock-in amplified detector signal (usually second or third harmonic demodulation).
This position corresponds to positive interference between near-field scattered light
and the reference beam. The second position is obtained by moving a distance of
λ/8, which changes the reference phase by ψ = 90◦. Simple computing yields an
unambiguous pair of values, the amplitude and the phase of near-field scattering,
for each pixel of the scanned image. Each scan line is repeated once, and the mirror
position is switched after each scan. Typically, it takes 1 s to completely determine
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Figure 8. Predicted s-SNOM amplitude s3 of various sample materials at two different illumina-
tion wavelengths, on a general graph where the abscissa is the real part of the sample’s dielectric
function, and the imaginary part serves as a parameter (Pt tip with a = 20 nm, ∆z = 20 nm).

one 256 pixel line. With this method, the infrared s-SNOM produces simultaneous
near-field phase-contrast images and near-field amplitude-contrast images.

6. Contrast and resolution in s-SNOM images

We recall from equation (3.3) that the observable scattering seiϕ (and consequently
also sneiϕn) depends on the dielectric values of both the tip and the sample. This
means that the choice of a tip material can influence what is seen in s-SNOM.
For example, when using an Au tip in the visible region, the s-SNOM amplitude
and phase varies with frequency due to the strong variation of εt of Au, as we
have calculated (Hillenbrand & Keilmann 2000, fig. 2). While such influences can
be straightforwardly corrected for (equation (3.3)), clearly a tip material which does
not itself show a strong dispersion within the studied spectral region is preferred
when measuring a sample’s near-field spectrum. For a fixed-frequency application,
the choice of a resonant tip material (see below) could greatly enhance the amplitude
and/or phase sensitivity of the s-SNOM.

In the following we discuss how the dielectric value εs of the sample determines
the near-field signal at contact, z = 0. We use equation (3.3) to predict the relative
contrast between various sample materials (Taubner et al . 2003), thereby assuming
a sinusoidal tapping motion between z = 0 and z = 40 nm, and taking account of the
harmonic signal demodulation in s-SNOM signal processing, here at 3Ω. We assume
that the sphere material is Pt, for the practical reason that AFM tips coated with
this metal are both durable and readily available. As seen in figure 8, the theory
thus predicts that typical, low-refractive-index dielectrics such as PS produce a very
weak near-field scattering s3. It might, however, increase when such materials were
absorbing. Much stronger near-field scattering is predicted for materials with large
dielectric value Re(εs). Interestingly, this remains true independently of whether
Re(εs) has positive or negative sign, and also independently of whether the imaginary
part is small or large. The highest s-SNOM amplitudes sn are predicted for materials
with negative Re(εs) ≈ −1 and very small Im(εs), which we call polariton-resonant
materials as discussed below.

Phil. Trans. R. Soc. Lond. A (2004)

 on March 14, 2014rsta.royalsocietypublishing.orgDownloaded from 

http://rsta.royalsocietypublishing.org/
http://rsta.royalsocietypublishing.org/


798 F. Keilmann and R. Hillenbrand

Au

PS

Si

250 nm

he
ig

ht
 (

nm
)

op
tic

al
 a

m
pl

itu
de

IR:  = 9.7 µmvis:  = 633 nm

30

0

10 nm

Au

PS
Si

250 nm

x

x

λ λ

(a) (b)

Figure 9. Experimental s-SNOM images obtained with a three-component test sample. Use
of two different wavelengths ((a) visible and (b) mid-infrared) testifies that (i) resolution is
independent of wavelength (10 nm from line trace through visible image), and (ii), that image
contrast is independent of wavelength, confirming predictions of the theoretical model.
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Figure 10. Experimental s-SNOM images obtained with a three-component test sample
(λ = 633 nm). (a) Topography, (b), (c) s-SNOM amplitude taken at demodulation orders of
n = 3 and n = 4, respectively.

From the results in figure 8 we predict that s-SNOM images will readily allow us
to distinguish categorical material classes by amplitude contrast alone: polariton-
resonant materials give exceptionally large signals, metals large signals, semiconduc-
tors medium signals, and low-index dielectrics low signals (Hillenbrand & Keilmann
2002). Different metals will appear indistinguishable if probed with mid-infrared illu-
mination, but should appear with marked difference in contrast when probed in the
visible (Koglin et al . 1997).

We have used a test sample composed of three different materials for determining
the relative contrasts and the obtainable spatial resolution (figure 9). We have studied
this sample both in the visible and in the infrared s-SNOM, with the aim of comparing
the results obtained at widely different wavelengths (Taubner et al . 2003).
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(a) Topography, (b), (c) s-SNOM amplitude s2 taken at two different mid-infrared illumina-
tion frequencies which are on and off the tip-induced, phonon-polariton near-field resonance,
respectively.

The sample is prepared as in figure 7 but without complete dissolution of the
PS microspheres. Irregularly shaped PS remainders are found in many places. The
topography alone does not suffice to distinguish between Au and PS, and the near-
field images provide the needed extra information. In good agreement with our model
calculation (figure 8) the Au islands appear brighter than Si, which in turn appears
brighter than PS. The near-field signal on PS is in the noise level for both wave-
lengths. When we compare the amplitude contrasts between Au and Si quantita-
tively, we find for n = 3 a ratio of about 3:1 at a wavelength of 633 nm and 1.7:1
at a wavelength of 10 µm (averaging over several images). These values are in close
agreement with the predicted ratios of 2.5:1 and 1.8:1, respectively, so the ability
of s-SNOM to distinguish material classes is excellently confirmed. In addition, this
agreement can be taken as verification of the theoretical model.

Figure 10 shows further images from this test sample. Here we demonstrate the
influence of the demodulation order n on the three-component image contrasts. Evi-
dently, there is no qualitative difference between the images obtained at n = 3
(figure 10b) and n = 4 (figure 10c). This indicates a general robustness we have often
observed of the s-SNOM image against changes of parameters of the background
elimination procedure.

As to the spatial resolution, we observe in the visible near-field image (left-hand
part of figure 9a) that the bright-to-dark transition between Au and PS materials
occurs within 10 nm (see line scans). Since there is a negligible height step at this
boundary, our measurement excludes the possibility of a height-induced artefact, and
proves that the near-field optical resolution is indeed 10 nm. The mid-infrared image
shows approximately the same resolution of ca. 20 nm, λ/500. Here the fact that the
PS particles are somewhat higher makes an exact determination less stringent. These
images can be taken as a direct proof that the s-SNOM’s resolution does not depend
on the illuminating wavelength.

7. Near-field-induced polariton resonance

We have demonstrated in two cases (Knoll & Keilmann 2000b; Hillenbrand et al .
2002) that the near-field-scattering amplitude when probing a polaritonic sample
material can be enormously enhanced. By polaritonic material we mean a material
which interacts so strongly with light that its dielectric value becomes distinctly
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negative. At the frequency where Re(εs) = −1 our model equation (3.3) shows that,
because the dielectric surface response function β (equation (3.2)) becomes large,
the scattering also becomes large. As figure 8 illustrates, the amplitude can indeed
become very high at this dielectric value, much higher than that of the noble metals,
especially if the damping expressed by Im(εs) is small. This ‘tip-induced near-field
resonance’ is accompanied by strong phase changes, as evaluated in the prediction
shown in fig. 3 of Knoll & Keilmann (2000b).

The tip-induced near-field resonance we have studied in greater detail (Hillen-
brand et al . 2002) is that of SiC caused by the phonon-polariton in the mid-infrared,
i.e. by the interaction of light with the fundamental lattice vibration. The s-SNOM
equipped with a (non-resonant) metal tip is used to determine the resonance spec-
trum peaking at a wavelength of 10.6 µm. The response is determined relative to that
of a 10 nm Au film partly covering the SiC crystal. At resonant illumination the near-
field amplitude of SiC exceeds that of Au by one order of magnitude (figure 11). The
resonance is extremely narrow (1% full-width half-maximum), more than an order of
magnitude sharper than the far-field ‘Reststrahlen’ reflectivity spectrum of SiC. This
spectral narrowing promises a sensitive spectral distinction of otherwise overlapping
infrared signatures of polar dielectrics. Thus it can be predicted that near-field micro-
scopy enables a much better material discrimination (‘chemical microscopy’) than is
possible with the common, diffraction-limited Fourier transform infrared microscope.
Especially, one can hope that the narrowing will enable us to discriminate not only
between chemically different species, but also between crystalline subtypes or physi-
cally different phases of chemically homogeneous nanostructures (Hillenbrand et al .
2002). The very strong scattering should make any polaritonic material exception-
ally visible in the ultraresolution microscopy of nanoscale composite structures. This
material-selective highlighting should prove widely useful in the nanosciences.

8. Nanoscale coherent imaging of optical eigenfield patterns

In small metal particles, light can resonantly excite collective oscillation modes of
conduction electrons. Such plasmon-resonant particles have long been known for their
strong scattering and enhanced near field close to their surface (Kreibig & Vollmer
1995). Because of the enormous potential for the application of plasmon-resonant
particles—for example, in SERS for single-molecule detection (Kneipp et al . 1997)
or to guiding light in nanoscale dimensions (Salerno et al . 2002)—a method for
studying the near-field distributions is of utmost importance. Krenn et al . (1999)
and Adam et al . (2000) have already demonstrated that the particle’s near fields
can be imaged by near-field optical microscopy using fibre and scattering probes,
respectively. With our visible s-SNOM we have shown that eigenfields of plasmon-
resonant particles can be mapped not only at nanoscale resolution but even in both
their amplitude and phase distributions (Hillenbrand & Keilmann 2001, 2003).

The possibility of imaging the eigenfield Ep of a resonant particle rests on the fact
that the particle can be directly excited by the illuminating field Ei (figure 12a).
We assume that this eigenfield acts as an additional illumination of the tip. The
tip is thus excited by a sum of fields, Eloc = Ei + Ep, and the measured field is
Es ∝ αeffEloc. After this model, a genuine mapping of the eigenfield Ep is directly
possible in the strong-enhancement limit, Ep � Ei. We further assume that only the
z-oriented component of Ep is detectable, since other components couple only weakly
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Figure 12. Dipolar surface-plasmon-polariton oscillation field pattern of an Au disc (91 nm
diameter, 20 nm high) on glass induced at a wavelength of 633 nm. (a) Schematic side view
of the incident plane wave Ei and of the particle’s eigenfield Ep. (b) Top view of near-field
amplitude (upper row) and phase (lower row) for the field’s z-component, obtained by exact
electrodynamic calculation of the total field 10 nm above the disc as marked by the dashed line
in (a). (c) Experimental s-SNOM amplitude E2 and phase ϕ2 images using a carbon nanotube
tip as near-field-scattering optical probe.

to the shaft’s antenna, which is, on the other hand, necessary for efficient emission.
Near-field phase contrast in eigenfield imaging arises from both an intrinsic phase
shift between Ep and Ei, and from the geometric separation between particle and
tip (Hillenbrand & Keilmann 2001).

Recently, we measured the eigenfield patterns of well-defined Au nanodiscs on
glass, tailored to be in optical resonance with λ = 633 nm used to illuminate our
s-SNOM (91 nm diameter, 20 nm height). As illustrated in figure 12a we expect
antiphase optical fields near two pole regions due to the designed, dipolar oscillation.
To minimize a possible perturbation of Ep by the probing tip we used a carbon nano-
tube tip (Hillenbrand & Keilmann 2003). We obtained good qualitative agreement
between the measured amplitude and phase images (figure 12c) taken at demodula-
tion order n = 2, and the exact electrodynamic field calculation (figure 12b), which
does not include any influence of the tip on the particle’s eigenfield. This demon-
strates that both the presence of the probing carbon nanotube and the harmonic
demodulation procedure do not perturb the eigenfield pattern significantly.

Using bare Si tips, we could furthermore observe (Hillenbrand & Keilmann 2001)
highly confined (less than 10 nm) near fields in narrow gaps between resonant parti-
cles. Such fields may be basic for colossally enhanced SERS (Kneipp et al . 1997; Xu
et al . 1999), to provide a mechanism for the observation of single molecules. Strong
gap fields seem an ideal geometry for doing nonlinear spectroscopy of nanoscale
objects and for other high-field physics experiments. They could possibly be mapped
in nanometric resolution by s-SNOM equipped with a single-wall carbon nanotube
probe tip.

9. General application potential of s-SNOM

The s-SNOM has so many excellent capabilities that it should have a bright future
in the nanosciences. The presently achieved spatial resolution of less than 20 nm
could improve even more if sharper tips become available, possibly by as much as
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an order of magnitude. Various applications in nanophysics and nanotechnology can
be foreseen that use, for example, the ability to discriminate between a metal, a
semiconductor and a low-refracting dielectric. The s-SNOM when used in the visi-
ble should discriminate well between different metals (figure 8). The phase-sensitive
mapping of nanoscale field distributions could be valuable in plasmon photonics,
to analyse the coherent control of plasmon-polariton excitation. A special advan-
tage over any other form of light microscopy is that the s-SNOM can work with
mid-infrared and probably also far-infrared illumination. In fact, the antenna per-
formance of the metal tip improves with the tip material’s conductivity, which for
metals in the infrared increases monotonically with wavelength. Consequently, the
s-SNOM can be predicted to function even better in the long-wavelength or terahertz
spectral regions.

One unique capability of s-SNOM is the imaging of vibrational contrast, especially
the mid-infrared ‘fingerprint’ spectra which can identify any material’s chemical com-
position. This application has only barely been touched upon, mainly because the
narrow tuning range of the CO2 laser has not allowed us to deal with any strong
polymer or biopolymer resonances (Lahrech et al . 1996; Knoll & Keilmann 1999c;
Akhremitchev et al . 2001). In order to fully exploit this application, it will be nec-
essary to introduce other infrared coherent light sources, as, for example, fixed-
wavelength quantum cascade lasers (Faist et al . 1994) as we have already begun
(Hillenbrand et al . 2002), or optical parametric oscillators, or wide-band coherent
terahertz or mid-infrared radiation derived from femtosecond optical lasers (Auston
& Cheung 1985; Bonvalet et al . 1995), or, finally, free-electron lasers.

The ability to do nanoscale microscopy in the infrared has a further, enormous
application potential in solid-state physics, because many elementary excitation pro-
cesses apart from vibrations or phonons lie at specific infrared frequencies. We have
shown already that the conductivity of subsurface mobile carriers in Si can be probed
by the infrared near field; the electron density has even been measured quantita-
tively (Knoll & Keilmann 2000b). Wavelength tuning could in addition determine
the carrier mobility. A very interesting application of the s-SNOM’s general ability
to determine complex local conductivity on a nanoscale is to map conduction phe-
nomena such as Cooper pairs in superconductors, potential modulation in carbon
nanotubes or edge states in two-dimensional electron systems (Merz et al . 1993),
and seems especially valuable when performed at the infrared wavelength matched,
e.g. to Cooper pair breaking, plasmon-phonon coupling or cyclotron resonance, all
of which constitute well-established elementary solid-state excitations not yet spec-
troscopically investigated on a nanoscale.

It is a great pleasure to acknowledge the stimulating and close cooperation with Bernhard Knoll
and Thomas Taubner.
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