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We demonstrate the terahertz-wave near-field imaging with subwavelength resolution using a
bow-tie shaped aperture surrounded by concentric periodic structures in a metal film. A
subwavelength aperture with concentric periodic grooves, which are known as a bull’s eye structure,
shows extremely large enhanced transmission beyond the diffraction limit caused by the resonant
excitation of surface waves. Additionally, a bow-tie aperture exhibits extraordinary field
enhancement at the sharp tips of the metal, which enhances the transmission and the subwavelength
spatial resolution. We introduced a bow-tie aperture to the bull’s eye structure and achieved high
spatial resolution ��� /17� in the near-field region. The terahertz-wave near-field image of the
subwavelength metal pattern �pattern width=20 �m� was obtained for the wavelength of
207 �m. © 2006 American Institute of Physics. �DOI: 10.1063/1.2387984�

The demonstration of terahertz �THz� imaging has at-
tracted much attention because of its many practical applica-
tions ranging from biomedical imaging to the inspection of
semiconductor devices.1 The spatial resolution of THz imag-
ing, however, is limited by diffraction, and thus, only fea-
tures with dimensions of hundreds of micrometers to milli-
meters can be distinguishable. To improve the spatial
resolution, near-field imaging techniques, such as scanning
near-field optical microscopy, have been applied to the THz
region, and various methods based on this approach have
been demonstrated.2–6 A subwavelength aperture is one of
the promising approaches to obtain subwavelength resolu-
tion. The main limitation of this method is the low transmis-
sion through the aperture, as most of the radiation is reflected
at the aperture plane. According to standard aperture theory,
transmission through a subwavelength aperture �d��� is
proportional to d6 /�4, where d is the aperture diameter and �
is the wavelength of incident radiation.7 This low transmis-
sion efficiency results in low sensitivity and it limits the
spatial resolution.

Recently, a number of designs have been reported for
subwavelength optics that obtain high spatial resolution and
high power throughput simultaneously.8–17 One takes advan-
tage of the excitation of surface waves, often referred to as
surface plasmon polaritons in the optical region, generated
by using periodic structures.8,9 A single subwavelength aper-
ture surrounded by concentric periodic grooves, known as a
bull’s eye structure, shows extremely large enhanced trans-
mission beyond the diffraction limit.10,11 We have also re-

ported on the bull’s eye structure for the THz region and its
application to THz-wave near-field imaging with subwave-
length spatial resolution.12,13 Another design uses various
shapes of the aperture, such as C-,14 I-,15 or H-,16 and
bow-tie16,17 shaped aperture. They have one feature in com-
mon, the small gap region formed by the ridge or ridges,
which provide high transmission. In particular, a bow-tie ap-
erture with sharp tips exhibits extraordinary field enhance-
ment near the apex of the tips, resulting in extremely large
transmission and subwavelength spot size.

In this letter, we propose to use the bow-tie aperture with
the bull’s eye structure. First, we analyze this structure by
numerical simulation and then explain its fabrication and
evaluation in detail. Finally, we describe the THz-wave near-
field imaging of a subwavelength metal pattern with a spatial
resolution below the diffraction limit.

Figure 1 is a schematic illustration of the bow-tie aper-
ture with a bull’s eye structure. The bull’s eye structure con-
sists of a thin metal film covering a substrate with concentric
periodic grooves. The bow-tie aperture is arranged in the

a�Electronic mail: k-ishihara@da.jp.nec.com

FIG. 1. Schematic illustration of bow-tie aperture with bull’s eye structure.
In the illustration, the number of concentric grooves �N� is 3, but N=10 was
used in the fabricated one.
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metal film at the center of the concentric grooves. The sub-
strate is transparent in the THz region and the incident THz-
wave is illuminated from the substrate side.

First, we evaluated the effect of the bow-tie aperture in
the bull’s eye structure in an electromagnetic simulation us-
ing the three-dimensional finite-difference time-domain
�FDTD� method. Figure 2 shows the calculated transmission
spectra for the bow-tie aperture and the circular aperture with
and without the bull’s eye structure. The bow-tie aperture has
been reported to have a peak in the transmission spectrum,17

and its peak wavelength greatly depends on the aperture di-
ameter, as shown in Fig. 2�a�. The bull’s eye structure also
has a sharp resonant peak because of the resonant excitation
of the surface waves caused by the periodic structure.10–13

Therefore, we designed the bow-tie aperture with a bull’s eye
structure, as both peak wavelengths coincide. Figure 2�b�
clearly shows that the bow-tie aperture with bull’s eye has
extremely large enhanced transmission peak. In particular,
the bow-tie aperture with bull’s eye exhibits higher transmis-
sion than the circular aperture with bull’s eye �conventional
bull’s eye� though the bow-tie gap is 6 �m. This result is
caused by the fact that the transmission of the single bow-tie
aperture �without bull’s eye� is several times as high as that
of the single circular aperture.

The E-field distribution is useful in understanding the
cause of this high transmission. Figure 3�a� shows the time-
averaged �E�2 distributions at a cross section through the cen-
ter of a bow-tie aperture. The standing wave supported by
the periodic grooves is built up on the substrate side and an
extremely large E-field enhancement near the center is ob-
served. This result can be explained by the fact that the in-
cident wave couples to the surface mode, and the generated
surface waves propagate to the center of the bull’s eye. This
phenomenon hardly depends on the aperture shapes. How-
ever, the �E�2 distribution of the vicinity of the bow-tie aper-
ture is greatly different from that of the circular aperture, as
shown in Figs. 3�b� and 3�c�. In the bow-tie aperture with
bull’s eye, a highly enhanced E field is observed at the apex
of the tips, and the maximum intensity is 1780 times the
incident intensity. This result indicates that the surface waves

generated by the bull’s eye structure are strongly scattered at
the apex of the sharp tips and reradiated to the exit plane of
the aperture. Consequently, the bow-tie aperture with bull’s
eye achieves the extremely large enhanced transmission
through the narrow gap between the tips, and therefore, it is
expected to realize a high spatial resolution for the applica-
tion of the near-field imaging.

We fabricated a sample of the bow-tie aperture with a
bull’s eye structure. Figure 4�a� is a photograph of the
sample. We first created ten concentric periodic grooves of
66 �m wide and 13 �m deep with 132 �m periodicity on a
resin substrate �Tsurupica� using a diamond cutting tool. The
resin substrate is transparent in the THz region and the re-
fractive index is 1.5. Subsequently, a 0.4-�m-thick gold film
was deposited using ion beam sputtering at a 45° angle. Fi-
nally, we fabricated the bow-tie aperture in the gold film at
the center of the concentric grooves, which consists of 90°
angle tips with a 5 �m gap in a 50-�m-diameter aperture,
using the focused ion beam process. A THz-wave, which was
generated by a THz-wave parametric oscillator �a widely
tunable coherent THz-wave source�,18 was normally incident
from the substrate side of the sample, and the transmission

FIG. 2. Calculated transmission spectra for �a� bow-tie aperture without
bull’s eye �BE� with different values of aperture diameter d and for �b�
bow-tie aperture and circular aperture with and without BE, with
50-�m-diameter aperture. BE consists of six periodic concentric grooves
66 �m wide and 13 �m deep with 132 �m periodicity on the resin substrate
with a refractive index of 1.5 and is covered by a 2-�m-thick gold film.
Bow-tie aperture gap is 6 �m. y-polarized wave is incident from substrate
side.

FIG. 3. �a� Calculated time-averaged �E�2 distribution in logarithmic scale
for bow-tie aperture with bull’s eye in Fig. 2�b�. y-polarized Gaussian beam
at �=198 �m is incident to the z direction from bottom side �substrate side�.
�b� and �c� are distributions on the exit plane �x-y plane� at 2 �m distance
from aperture for the bow-tie aperture and the circular aperture with bull’s
eye with 50-�m-diameter aperture, respectively.

FIG. 4. �a� Photograph of bow-tie aperture with bull’s eye, and �b� measured
transmission spectra for bow-tie aperture with BE and circular aperture with
BE �conventional bull’s eye�.

201120-2 Ishihara et al. Appl. Phys. Lett. 89, 201120 �2006�

Downloaded 17 Feb 2010 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



power from the exit side of the aperture was detected by a
4 K Si bolometer.

Figure 4�b� shows the measured transmission spectra for
samples of the bow-tie aperture with bull’s eye and the cir-
cular aperture with bull’s eye �the conventional bull’s eye�,
with a 50-�m-diameter aperture. A larger enhanced transmis-
sion peak was observed in the bow-tie aperture with bull’s
eye compared with the conventional bull’s eye.

To estimate the spatial resolution of the sample for the
bow-tie aperture with bull’s eye, we performed a resolution
test by scanning a thin metal film edge across the bow-tie
aperture. For this purpose, a 200-nm-thick Cr film was de-
posited on a resin substrate �Tsurupica�. Figure 5�a� is a
schematic illustration of the resolution test, which was per-
formed in two directions for the bow-tie aperture. The sepa-
ration between the metal film edge and the sample was about
10 �m. The wavelength of the incident THz-wave was fixed
at 207 �m because the transmission peak was derived from
the wavelength, as shown in Fig. 4. Figures 5�b� and 5�c�
show the measured spatial resolution curves for the bow-tie
aperture with bull’s eye. In the x direction, we can quantify
the spatial resolution as 12 �m �corresponding to � /17� us-
ing the least squares approximation for a 10%–90% criterion
of the transmission power and 15 �m for the y direction.

Finally, we describe the near-field imaging of a metal
pattern using the bow-tie aperture with bull’s eye. Figure 6
shows a two-dimensional scanning image of the metal pat-
tern, which consists of a 200-nm-thick and 20-�m-wide Cr
line deposited on a resin substrate, at a distance of about
10 �m. It clearly shows that the introduction of the bow-tie
aperture to the bull’s eye structure makes it possible to obtain
a high-contrast image for the subwavelength structure be-
cause of its high spatial resolution as well as the extremely
large enhanced transmission.

In summary, we designed and introduced the bow-tie
aperture to the surface-wave-assisted, enhanced transmission
technique for THz-wave near-field imaging. A numerical
simulation was performed, and the coincidence of both peak
wavelengths of the bull’s eye and the bow-tie aperture led to
the extremely large enhanced transmission. The bow-tie ap-
erture with bull’s eye was fabricated and the spatial resolu-
tion of 12 �m �corresponding to � /17� was achieved. Fi-
nally, we demonstrated two-dimensional THz-wave near-
field imaging for the subwavelength metal pattern, resulting
in a high-contrast image with high spatial resolution.

This work was performed as part of the Cooperative Re-
search Project of the Research Institute of Electrical Com-
munication, Tohoku University.
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FIG. 5. �a� Schematic illustration of resolution test. �b� and �c� are the
measured spatial resolution curves in the x direction and y direction,
respectively.

FIG. 6. THz-wave near-field image of 20-�m-wide Cr pattern using bow-tie
aperture with bull’s eye structure at wavelength of 207 �m. The image
consists of 45�55 pixels with a 2�2 �m2 pixel size.
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