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Abstract—A promising approach to localized spectroscopy
at far-infrared (
5 m) and terahertz frequencies (100–
3000 GHz) is with scanning probe microscopes by transducing
far-field radiation to the near field with a field confinement
structure—a near-field antenna. Here we discuss the background
of this idea and show encouraging results from a scale-model
experiment using 3-GHz microwave radiation. We also present
experiments to scale antennas to visible wavelengths and we
discuss limits to scale modeling.
Index Terms—Atomic force microscopy, coaxial aperture
antennas, infrared spectroscopy, millimeter-wave antennas.

I. INTRODUCTION

T

HE SUBVISIBLE electromagnetic spectrum has not enjoyed the wide range of results obtained in visible microscopy because the diffraction limit for focusing wavelengths
from 1.6 to over 300 m precludes achieving microscopically
interesting resolution with ordinary optics. Although recent developments have stimulated great interest [1]–[4], the wealth of
spectroscopic information available in this regime has thus remained untapped except in collective (far-field) measurements,
such as Fourier-transform infrared spectroscopy (FTIR), which
is a mainstay of chemical analysis.
To achieve a better spatial resolution than possible with a
far-field microscope, the concept of near-field microscopy was
introduced in 1928 [5]. Antenna radiation emerges from the
static, reactive near-field region via the radiating near-field region to the far field. The static reactive near-field region can
be much smaller than the corresponding wavelength and can be
used to locally illuminate a sample or device under test (DUT).
so that the reacThe DUT needs to be very close to the tip
tive near field overlaps with its boundary and is raster scanned
with respect to the near-field source, resulting in better spatial
resolution than possible with a far-field microscope. Ash and
cm
Nicholls demonstrated this technique in 1972 using
microwaves confined to a subwavelength aperture, achieving
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resolution [6]. Following this demonstration, researchers
developed many of the principles of near-field microwave and
far infrared (FIR) scanning using both aperture and antenna
probes for millimeter-scale samples [7]–[10]. Lately, the advent
of scanning probe microscopy (SPM) [11], [12] has opened this
field to optical wavelengths, since the distance between sample
and near-field source can be more tightly controlled with force
or current feedback. SPM is now also employed in microwave
near-field microscopy mode for its superior distance control and
ability to map topography simultaneously [13]. This multifunctional ability is particularly important in submicrometer field
resolution, since the tip-sample distance should be stabilized independent of the field measurement.
Near-field imaging has been most prominent in the visible, where near-field scanning optical microscopy (NSOM)
[14]–[19] confines light within a subwavelength aperture (or
scatters it with a subwavelength tip [20]–[22]) to excite or detect evanescent waves on a sample. However, there are myriad
electromagnetic phenomena with characteristic frequencies
below the visible but above the radio, including integrated
circuit (IC) electromagnetic fields (between 100 MHz and
300 GHz), biological membrane absorption in the FIR range of
100 GHz to 30 THz (10 m), molecular rotational or vibrational
absorption (also primarily in FIR), and conductive or dielectric
properties of materials. Just as far-field optics enable traditional
spectroscopy, which measures the collective response of large
numbers of elements (such as molecular electric dipoles),
near-field techniques now enable localized spectroscopy.
In the FIR and IR bands, a wide range of techniques is
employed, with most ideas being ported from the visible or the
RF regime due to a lack of unique and optimal solutions for the
infrared. Modern aperture probes for the microwave through
FIR regime include both conventional open-ended hollow
waveguides [23], [24] and specially fabricated tapered focusing
cones [1]. Aperture probes are the predominant near-field
source in the visible and have the advantage of being better
shielded than point scattering antennas. Since their resolution
and throughput depend inversely on wavelength, however,
they are not suited for achieving high spatial resolution in the
microwave regime. The opposite of an aperture probe is an
apertureless one: a sharp needle probe can serve to scatter the
near-field energy in a nanometer-scale region of an illuminated
surface. A few groups [25], [26] have adapted this technique
to probe samples at the 10.6- m (CO laser) wavelength since
it readily accommodates conventional SPM tips, which serve
double duty as scattering probes and topography sensors. Other
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Fig. 1. SPM cantilevers incorporating waveguides and antennas feeding
near-zone coaxial tips. From top to bottom: coplanar waveguide, slot-V
antenna, and resonant slot antenna.

groups have used total internal reflection tips [27] or heated
tips as black body sources for local FTIR spectra [4].
The most richly developed approaches to subvisible microscopy, however, use structured near-field waveguides and
antennas. Various configurations that incorporate waveguides
and antennas on cantilevers can be envisioned (Fig. 1) [28].
Seminal work demonstrating subwavelength field resolution
with a coaxial tip was published by Fee et al. in 1989 [29]
at about the same time as Keilmann independently submitted
a U.S. patent application on localizing optical radiation with
a tapered coaxial tip [30]. The advantage of using a coaxial
waveguide for near-field imaging in the subvisible regime is
that the shield greatly reduces interference from stray radiation
while enabling a noncutoff transverse electromagnetic (TEM)
mode of wave propagation up to or away from the tip. If the
tip is sufficiently sharp, it can also function independently as
an SPM topography probe, either in force [13], [31] or current
feedback [32].
II. BOWTIE ANTENNAS FOR NEAR-FIELD
IR AND FIR MICROSCOPY
While these coaxial waveguides are very efficient in the microwave regime, new techniques need to be employed at higher
frequencies where TEM waveguides are not available. The potential of antennas as far field to near-field transducers for nearfield microscopy has recently been pointed out in scale model
studies by Grober et al. [33], [34]. Unlike in conventional antenna applications, where they serve together with a feed line as
either source or detector for radiation, they are used here without
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feeds. The antenna acts as a transducer that converts incident
freely propagating radiation to current and reradiates this energy
again, originating from a near field spot, so it can have a conversion efficiency far exceeding that of cut-off aperture probes.
We choose a three-dimensional (3-D) bowtie antenna since it
is easy to pattern, consisting only of two triangular metal patches
that can be lithographically defined with high resolution, even
for relatively short wavelengths. Its broad-band character simplifies design and allows application over a wide wavelength
range. Furthermore, it is particularly well suited for microfabrication on pyramidal SPM tips, while the highest field concentration lies at the center of the antenna, coincident with the sharp
SPM tip.
Here we examine a bowtie patterned on a silicon-oxy nitride
tip and cantilever. These SiO N tips have a pyramidal shape
since they are formed in a silicon mold produced by anisotropic
anisotropic potassium hydroxide (KOH) etching. This tip geometry is often applied in SPM and it lends itself to maskless
antenna fabrication as shown in the fabrication suggestion in
Fig. 2. Here, it can be seen how a bowtie shaped metallization with nanometer gaps between the flares can be realized
without using electron beam lithography. By positioning the tip
at an angle to the stream of metal in an evaporator, it is possible to coat only one side of the pyramid. The entire tip is
coated from the tip side with a thin layer of cantilever material (SiO N ) by plasma-enhanced chemical vapor deposition
(PECVD). This layer determines the spacing between the two
patches of metallization. Finally, another step of angle evaporation defines the second flare. This probe is illuminated from the
top with a free-space laser beam and creates a near-field spot at
its apex.
In order to assess the viability of such a probe for near-field
microscopy, including the effects of its 3-D geometry, we have
built a scale model of a SiO N cantilever and tip used with
10.6- m laser radiation. This scale model was built with the
correct angles of KOH silicon etching in mind and can accurately model an actual probe with the metal patches being in the
correct planes, at a 70 angle to each other. The refractive index
of the scale model material at the scaled frequency must be
the same as that of the silicon-oxy-nitride at the frequency corresponding to a wavelength of 10.6 m. The refractive index
of SiO N depends upon fractions and , and Modreanu et
al. [35] show it to vary between 1.5 to 2.2 depending on these
% up to 18 GHz for the
values. We measure
acrylic material in our model, making it ideal for modeling sil, which gives
icon-oxy-nitride. We choose a scale factor of
a scaled frequency of 3 GHz and a corresponding free-space
cm. The scale model is shown in Fig. 3
wavelength of
with a schematic of the measurement setup as inset. The base
length of the pyramid is 5 cm and the thickness of the acrylic
is 5 mm. This scales to a pyramid side length of 5 m and a
membrane thickness of 0.5 m, which are reasonable values for
microfabrication.
To test the model, a dipole probe is coupled to a power meter
and scanned over the pyramid tip as shown in the inset of Fig. 3.
A pyramidal horn is used with a C-band waveguide at 3.25 GHz
to launch a plane wave in the -direction at the model. This
frequency is used to accommodate the C-band waveguide and
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Fig. 2. Maskless fabrication technique for bowtie antennas with nanometer gaps on a SPM cantilever and tip. (I): Starting with a standard silicon-oxy-nitride tip
(white), metal is shadow-evaporated (II) from one side first (gray). (III): A thin layer of tip material is deposited on the structure, defining the gap between antenna
flares. (IV): Shadow evaporation from the other side forms the second metal patch.

Fig. 3. Photograph of the scale model with part of the cantilever and tip shown. The dark area is one half of the bowtie antenna, which is defined with copper
tape. The second flare of the antenna is on the other side of the pyramid (not visible). Inset: Schematic of the experimental setup, which simulates an FIR laser or
other far-field source illuminating the scanning antennas: shown are horn, cantilever, and dipole antenna of the detector.

is not significantly higher than the scaled frequency. The distance between the horn and the scale model is 3 m to ensure
away
far-field illumination. The dipole probe is 3 mm
from the apex of the pyramid. The dipole probe and the electric
field of the wave emanating from the horn are oriented along the
-direction. The scale model is positioned such that the apex of
direction. In
the pyramid is at the zero position in the scan
Fig. 4(a), multiple traces are plotted showing power detected
by the dipole probe as it is scanned with and without metallization to prove the field enhancement expected with an antenna
structure. Asymmetry in detected power about the zero position
is evident. For the case with probe metallization, two sides of
the pyramid were covered with copper tape. Fig. 4(b) shows the
result of normalizing the power data measured with metallization by data with no copper tape. From this figure, it is apparent
that the observed asymmetry is due to the styrofoam mount and
the dielectric cantilever model. Clearly, a near-field spot with
subwavelength extension is apparent in Fig. 4(b). Orienting the
incident electric field perpendicular to this direction does not re-

sult in field enhancement, hence we observe polarized antenna
action in Fig. 4. Although the antenna tines were 2.25 cm long
each, a sizable fraction of the wavelength, along the scan direction the antenna dimension is very small, resulting in deep subwavelength resolution. Lithographically defined antennas have
already been used for infrared far-field applications [36], [37].
Together with the results presented here, this offers a clear path
toward using near-field antennas in the IR and FIR.
III. USING PLANAR ANTENNAS IN THE VISIBLE
In principle, the use of antennas should be extendable to the
visible and ultraviolet region, but there are physical limitations
to scale modeling that prevent straightforward application of antennas beyond the difficulty of building them at the appropriate
size. One limitation is that in scale models, metals are assumed
to be almost perfect conductors, but as the frequency approaches
the plasma resonance, they become transparent [38]. This resonance frequency usually lies in the UV, while some metals
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(a)

(a)

(b)
Fig. 5. (a) An antenna mask defined by electron beam lithography.
(b) Scanning force microscope image of one antenna; the light areas
correspond to metal, and the gap is 70 nm.

<

(b)
Fig. 4. Measured data points from the scale model of Fig. 3; the lines are
guides to the eye. (a) Power detected by the dipole probe along the cantilever
model with (black line) and without (gray line) the bowtie antenna metallization.
(b) Ratio of the two data sets in (a), demonstrating the field-enhancement effect
of the tip metallization pattern.

like Au have their resonance in the visible. Clearly, scale modeling will fail when approaching these frequencies, though in
the infrared, Rutledge et al. [39] report similar patterns for cat
whisker antennas using an RF scale model and an actual device.
A second limitation is that the surface impedance is higher for
higher frequencies because of the skin effect [36], [39]. The reactance of the surface impedance dominates the resistive part at
higher frequencies, which complicates antenna behavior. This
leads to difficulties in numerical modeling of antennas and deviations from experimental scale modeling.
Apart from these physical limitations, there are practical
problems when fabricating antennas for near-infrared and visible frequencies. One problem that decreases efficiency is that
of losses and slab modes associated with the finite thickness of
the substrate. While material quality affects dielectric losses,
mode losses can be minimized by using a substrate that is
given by
thinner than the optimal thickness [40]

where
is the vacuum wavelength and
is the relative dielectric constant of the substrate. For infrared and longer wave-

lengths, this is possible for cantilever-mounted antennas. For exm and SiO N as substrate
,
ample, using
the optimal thickness would be 1.53 m which is close to the
actual thickness of free-standing SiO N membranes used for
would be
SFM probes. For optical wavelengths, however,
less than 100 nm, which does not yield structures with sufficient mechanical stability. A second possibility to suppress such
losses is to sandwich the antenna between two layers of sub. This
strate [41], the top cover being much thicker than
would obviously interfere with the application of this antenna as
near-field probe since the near-field region would be removed
from the DUT. Since such a sandwich structure is not possible,
the ratio of radiation into the dielectric versus air scales gen[36], so it is important to use a substrate with a
erally as
very-low index of refraction for optical antennas. A third issue
is that of surface roughness, which quickly becomes comparable
to at infrared and optical frequencies. A wide range of values
is reported for the complex dielectric constant of the same metal,
depending on purity and fabrication process of the metal film,
making accurate characterization and modeling of these metal
films difficult. Finally, when evaporating small, thin metal islands, oxidation can drastically limit their effectiveness as antennas. While Au is oxidation resistant, it does not have ideal
optical properties to be used in the visible. Al and Ag, on the
other hand, have good optical properties but are known for their
high rate of oxidation.
To take steps toward building antennas for the visible, we
pattern a quartz mask with lithographically defined optical antennas and probe it directly (rather than using it to pattern another substrate, losing detail) using both a commercial fiberbased NSOM [42] and an experimental scattering-type NSOM
setup, both in transmission and reflection. The mask and some
of its features are shown in Fig. 5(a), and a closeup of one
bowtie antenna is shown in Fig. 5(b). For high definition, electron beam lithography and metal lift off are used to create arrays
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of 75-nm-thick Al antenna patterns. Although the antennas have
a wide range of flare angles and gaps, maximizing the chances
for discovering an effective combination, we observe only slight
field concentration effects and interference patterns parallel to
the metal edges indicative of standing waves. In addition to the
numerous loss mechanisms cataloged above, the conducting tip
used for the scattering NSOM in this experiment might influence the radiation properties of the planar antennas as well.
For future work, the lithography process has to define sharper
structures with smaller gaps than those in Fig. 5. Another important change will be to reduce the thickness of the metal layer. A
thick layer has two disadvantages: since the near-field region
extends in direction roughly as far as it does in the - plane,
the sample (or DUT) is effectively removed from part of the near
field if the gap is smaller than the metal is thick. The same is true
if the antenna is not used to scan a sample but is scanned itself
by an NSOM. In this case, the NSOM cannot see a large part of
the near field because its probe cannot penetrate deeply enough
into the gap. Furthermore, evaporating a thick layer gives the
antenna a more rounded shape in its vertical profile, reducing
field concentration close to the tip–sample interface.
IV. SUMMARY
We examine the concept of using antennas integrated with
SPM cantilevers for near-field microscopy, and in particular discuss scale modeling of a near-field probe using a silicon-oxy-nitride cantilever and tip with bowtie-patterned metallization on it
to be used as a far-field to near-field transducer, demonstrating
subwavelength field enhancement at the tip. Finally we discussed limits to scale modeling and fabrication for applications
of antennas in the visible. We conclude that state-of-the-art control over metal dimensions and surface quality will be necessary
to achieve antenna effects in the visible.
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