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Identification of a Resonant Imaging Process in Apertureless Near-Field Microscopy
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We report on apertureless near-field microscopy in the far infrared. We identify a configurational
resonance of the scanning tip-surface system to be the dominating mechanism that forms the image.
Experimental data such as the high imaging contrast and its spectral properties can be well explained
and make the framework of a mesoscopic resonance an alternative to conventional scattering models
that are used to interpret near-field data. Our findings are plausibly not restricted to the far infrared and

may impact on near-field spectroscopy in general.
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The development of the scanning near-field optical
microscope (SNOM) has revolutionized optical imaging
and led to applications ranging from biophysics to optical
data storage [1,2]. Spatial resolutions down to 10 A have
been achieved using apertureless SNOMs, where a nano-
meter-size scanning tip provides the resolution [3,4].
Today, most apertureless SNOMs operate in the visible
region of the spectrum and first attempts have been under-
taken to access the near-infrared and midinfrared ranges
in order to image the vibrational resonances of the speci-
men [5]. Further developments towards far-infrared
wavelengths hold promise, for instance, for mapping of
biological cells and for semiconductor device inspection,
where nanometer resolutions may enable tracing of charge
carrier distributions in submicron devices. Despite such
stimulating opportunities for applications, the develop-
ment of apertureless SNOMs for the far infrared is chal-
lenging. A frequently cited concept for the physics of
apertureless SNOMs is that of a Mie scatterer, which
probes the near field by diffuse scattering [2,6].
However, in the far infrared Mie scattering becomes
inefficient. The cross sections for scattering and absorp-
tion scale down with 1/A% and 1/A, respectively [6]. Thus,
demonstrations of far-infrared near-field imaging as de-
scribed in Refs. [7,8] indicate that processes other than
Mie scattering are involved and that the general under-
standing of apertureless near-field imaging is far from
complete. This is supported by the progress achieved by
theoretical works on near-field physics. Methods such as
finite-difference time-domain techniques, discrete dipole
approximation techniques, or Green dyadic techniques
allow going beyond the approximation of a pointlike
Mie scatterer and taking into account the mesoscopic
properties of the imaging system [9,10]. Configurational
resonances similar to those of antenna systems [11] are
expected to occur in near-field imaging [12,13].
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Several works have addressed near-field imaging in the
far infrared using THz techniques and resolutions of
several micrometers were achieved using aperture filter-
ing techniques [14-16]. Recently, apertureless THz imag-
ing with 10 um resolution was reported [7,17] and our
group demonstrated a THz-SNOM with 150 nm resolu-
tion [8]. We observed an image contrast that exceeded
those values, which were expected from conventional
scattering theory by orders of magnitude. Thus, a refined
understanding and the identification of the physical pro-
cess behind it is required. In this Letter, we exclusively
analyze the underlying physics of apertureless imaging in
the far infrared and identify a mechanism, which results
from a mesoscopic resonance and makes imaging with
nanometer resolution possible. We will show by time-
resolved THz experiments that imaging is dominated by
an ac coupling between incident light field and the tip-
surface system. The imaging process distinguishes from
that expected from conventional scattering theory by its
signal strength, spectral dependence, and optical phase of
the image-giving THz signal. Although our experimental
work exclusively addresses the far-infrared range, it can
be extrapolated that the observed ac coupling may play a
dominant role in other spectral ranges such as the near
infrared and maybe even in the visible. Independent of
whether the field of application is in biology or semicon-
ductor device inspection, the ac coupling mechanism
affects significantly the interpretation of microscopic
images, when physical properties such as the dielectric
function of a surface are deduced.

The THz-SNOM experiments are performed in a ge-
ometry as illustrated in Fig. 1. Few-cycle THz pulses are
focused onto the sample to a spot diameter D = 4A,
which is given by the numerical aperture of the focusing
optics. The angle of incidence is about 60° and the electric
field is p-polarized. At the THz spot the electric field is
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FIG. 1. Schematic of microscope head and sample. The THz
beam is focused to the diffraction limit onto the surface, where
the tip scans the near field. Only the specular reflection of the
THz radiation is detected. The lower part shows a THz image
of a CR grating with 14 um period that was fabricated on a
gold surface. High amplitudes of the specularly reflected THz
field are shown by white dots.

sampled by a tungsten probe, which has a tip radius of
1 pm, a cone angle of 16°, and an overall length [/ > D.
The THz radiation is generated by femtosecond laser
excitation of n-doped InAs. The center frequency of the
few-cycle THz pulses is about 2.0 THz, which corre-
sponds to 150 um wavelength. In order to prevent ab-
sorption by atmospheric humidity, the experiments are
performed in a vacuum chamber where the water partial
pressure is less than 30 X 1073 mbar. A more detailed
description of the spectroscopic specifications can be
found in Refs. [18,19]. After transmission through the
microscope head, the THz pulses are time resolved by
electro-optic sampling [20]. What distinguishes our geo-
metric configuration from most SNOM geometries is that
the specularly reflected beam is detected and not the
scattered signal. This allows us to measure the relation
between incident and reflected light. Furthermore, our
time-resolved THz experiments map the electric field of
the beam. This provides direct information about both the
spectral amplitude distribution and the optical phase of
the detected signal and allows us to draw a complete
picture of the physical processes that are involved in
near-field imaging.

organic grating, which consists of 350 nm thick lines of
cresol resin (CR) compound with € = 1.36 on top of a
gold layer. The image was recorded at zero time delay,
when the incident THz pulse has its maximum field
strength. During imaging, the tip was held at a constant
height of 400 nm above the gold surface, which corre-
sponds to 50 nm above the CR. The 14 um period of the
structure can be clearly resolved. A spatial resolution of
about 2 pum is achieved. Taking into account the thick-
ness of the CR lines, we deduce that our technique can
detect volumes as small as 1.4 X 1078 m3. Spatial reso-
lutions down to 150 nm were achieved with a probe of
100 nm tip radius when the distance between tip and
structure is reduced [8]. It is important to compare the
experimental findings with the basic concept of Mie
scattering in order to make clear the necessity for a novel
physical framework that goes beyond the concept of a
pointlike scatterer. Two properties of our experimental
data were unexpected: (i) An image contrast of 0.2% is
deduced when comparing the field amplitudes, which
were recorded above the gold and the CR. This exceeds
the expected values due to scattering by about 2 orders of
magnitude. (ii) The fact that higher signals of the spec-
ularly reflected beam are measured above the CR lines. It
should be emphasized that in all experiments the tip is
held at constant height with respect to the gold surface.
The electric field lines that are induced by the THz
radiation below the tip are grounded in the metal surface.
Thus, in terms of physical properties, above the CR lines
only the dielectric constant of the tip-surface system is
increased. In this case, an enhanced loss of the specularly
reflected field due to scattering would be expected accord-
ing to the standard model [2,6]. Our results clearly show
the opposite (see Fig. 1). The phenomenon is not material
specific. It was observed on all organic as well as inor-
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FIG. 2. Dependence of (a) THz signal and (b) capacitance on
the altitude of the tip above the gold surface. The THz data were
recorded at zero time delay, which corresponds to the temporal
maximum of the THz pulse.
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ganic structures we investigated. Furthermore, com-
pletely different results are obtained when deducing di-
electric constants from the image data. According to the
scattering model an increased specular reflection indi-
cates a reduced dielectric constant [2,5,6], while our data
shows that the opposite is the case. The above findings
contradict the exclusive validity of the scattering concept
and indicate that a yet unreported mechanism dominates
image formation.

In order to understand the mechanism that allows for
near-field detection, we will focus in the following on
measurements, which are performed on a plain metal
surface. Figure 2(a) shows the dependence of the spec-
ularly reflected THz field on the distance z between tip
and gold surface. Approaching the tip towards the surface
leads to a decreasing THz signal, which is due to diffrac-
tion losses when the tip moves into the THz beam and
casts a shadow. However, at distances smaller than
1.5 um the detected signal increases again. It is this
increase, which gives the image contrast in apertureless
THz near-field microscopy. An understanding of the
underlying physics can be deduced from the dependence
of the capacitance of the tip-surface system on the tip
altitude z, which reveals a strong increase on the same
distance scale [Fig. 2(b)]. In the following, we will show
that this increase in capacitance affects a nearly resonant
ac coupling of the tip-surface system and allows for THz
imaging with nanometer resolution.

Time-domain measurements give more insight into the
underlying physics, because both the spectral distribution
of field amplitudes as well as their optical phases can be
deduced. Figure 3(a) shows the incident THz pulse and
the differential signal, which was obtained by measuring
the signal difference between tip altitudes of 0.1 and
1.6 um, respectively. The corresponding amplitude spec-
trum consists mostly of low frequency components
[Fig. 3(b)]. Additionally, we found that the optical phase
of the differential signal is zero with respect to the
incident THz pulses. Both findings contrast the model of
a light scattering tip-surface system. In this framework
one would expect a spectral frequency dependence of v"
with n = 1, 4 and a phase shift of 7, which is associated
with the signal loss due to scattering.

In the following, we will develop a model, which
addresses the dielectric properties of the tip-surface sys-
tem. We will consider exclusively the mesoscopic proper-
ties, i.e., those that appear in the near-field region of the
scanning system. The background is that the tip-surface
system has a resonance at v, = 1/27+/LC in case of
negligible damping. We deduced v, = 0.5 THz using the
capacitance C as deduced from our measurements and an
inductance L = 0.3 nH. This value is typical for a conical
monopole with a length [ = 2A, as given by the illumi-
nation of the tip within the THz spot. In terms of these
quantities, the relation between the power, which is dis-
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FIG. 3. (a) Time-domain measurements of the incident THz
pulse (solid line) and the differential signal AS (symbols),
which is the difference between the signals obtained at tip
altitudes of 0.1 and 1.6 um, respectively. (b) Corresponding
amplitude spectra of incident signal and differential signal,
where the incident spectrum has been divided by a factor of
700.

sipated by the tip-surface system, and the incident THz
power is given by
— Pdiss — RZO

Pinc 47T[R2 + (wL - ch)z]

n ()

where Z, is the vacuum impedance and R is the input
resistance, which describes the energy loss of the dipole
due to Ohmic dissipation as well as by emission into the
semisphere around the tip [21]. In our experiments, the
electric field is measured and the normalized image con-
trast of the electrical field amplitude due to dissipation is
AE/E;, =%A17, where An refers to changes of the
power dissipation.

Figure 4(a) shows the dependence of the dissipation
loss m for two tip altitudes. The dashed line illustrates a
calculation for a capacitance of 250 aF which is our
experimental value for a distance of 1.6 wm. Bringing
the scanning tip closer to the surface (0.1 wm) increases
the overall capacity of the system to about 600 aF (see
Fig. 2), thus lowering the resonance frequency (solid
curve in Fig. 4(a). However, both resonances lie below
the spectrum of the incident THz pulse. This causes a
reduced overall dissipation loss—i.e., an increased field
amplitude of the specular reflection—when the tip ap-
proaches the surface. The same happens when the dielec-
tric constant between tip and surface is increased. The
resulting spectral change is compared to the experimental
data in Fig. 4(b). A sound agreement is achieved when
using an input resistance R of about 1000 (), which is
reasonable for systems of several wavelengths scale [21].
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FIG. 4. (a) Calculated loss spectra for tip altitudes of 0.1 um
(solid line) and 1.6 wm (dashed line). The gray shaded curve
illustrates the spectrum of the incident THz field. (b)
Corresponding differential signal and experimental data. Two
calculations are shown, which base on an input resistance of
R = 1000 Q (solid line) and R = 2000 ) (dashed line), re-
spectively.

Both experimental as well as calculated data show a
frequency dependence that clearly distinguishes from
the 7" dependence of the standard scattering model
Additional confirmation for our approach comes from
the spectrally integrated changes of 0.16%, which are in
reasonable agreement with the observed 0.12% as de-
duced from Fig. 3(b).

We conclude that ac coupling of the tip-surface system
is the dominant mechanism that allows for near-field
microscopy in the far infrared. However, ac coupling
may play an important role at much higher frequencies,
provided that the geometry of the tip is scaled with
wavelength. Because the tip radius can be as small as
several nanometers [4], resonantly enhanced losses may
play an important role in nanoscale imaging in the near
infrared and maybe even in the visible.

In summary, we found that configurational resonances
dominate optical near-field imaging in the far infrared.
The resonances result from the mesoscopic properties of
the tip-surface system and lead to an efficient ac coupling
between light field and scanning tip. The concept that
imaging results from a resonance distinguishes it from
the commonly used framework to interpret the scanning
system as a scatterer by an unique spectral dependence
and optical phase of the image contrast. Both properties
lead to significant differences when the dielectric con-
stant of a surface is deduced from image data. We expect
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