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Experimental demonstration for scanning near-field optical microscopy
using a metal micro-slit probe at millimeter wavelengths

Jongsuck Bae,a),b) Tatsuya Okamoto, Tetsu Fujii, and Koji Mizunob)

Research Institute of Electrical Communication, Tohoku University, 2-1-1 Katahira, Aoba-ku,
Sendai 980-77, Japan

Tatsuo Nozokido
Photodynamics Research Center, The Institute of Physical and Chemical Research (RIKEN),
19-1399 Aza-Koeji, Nagamachi, Aoba-ku, Sendai 980, Japan

~Received 9 September 1997; accepted for publication 14 October 1997!

Scanning near-field optical microscopy using a slit-type probe is discussed. The slit-type probe has
a width of much less than a wavelength,l, and a length on the order ofl, and thus has high
transmission efficiency. Two dimensional near-field images of objects have been constructed using
an image reconstruction algorithm based on computerized tomographic imaging. Experiments
performed at 60 GHz (l55 mm) show that this type of near-field microscopy can achieve a spatial
resolution of better thanl/45 for two dimensional imaging. A method for fabricating a submicron
width slit probe at the end of an optical fiber is presented for extending this microscopy to optical
waves. © 1997 American Institute of Physics.@S0003-6951~97!02250-X#
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Scanning near-field imaging technologies have attrac
much attention as a new optical technique to circumvent
fraction limits of about a half wavelength in convention
optics.1,2 In conventional near-field optical microscopes,3,4

tapered optical fiber probes with a submicroscopic aper
at the apex have been generally used because spatial re
tion is determined primarily by the aperture size.5 In aper-
tured probes with hole diameters less thanl/10 ~l: light
wavelength!, the transmission efficiency~or coefficient! is
typically 1027 or less for incident light power.6 This low
transmission efficiency results in low probing sensitivity a
becomes a serious problem, particularly in some applicat
such as spectroscopy of semiconductors measured in
illumination-collection hybrid mode7 and high density data
storage where high probing power is required to spee
read and write data.8 For these near-field optics application
a tapered metal micro-slit is proposed as a new near-fi
optical probe with high transmission efficiency.

Figure 1 shows the configuration of the metal micro-s
probe. The metal micro-slit is fabricated at the end of a
pered optical fiber. The slit width,d, is much less thanl, but
the slit length,l , is larger thanl/2. Since the tapered sli
probe acts as a simple parallel plate transmission line, cu
effects,9 which largely decrease transmission power in ap
tured probes, do not occur. Therefore, the slit probe
achieve a higher transmittance even thoughd is much less
than l. From transmission line theory, it is found that th
transmission efficiency for the slit probe is roughly propo
tional to d/l, compared to (d/l)26 for the ideal case of a
circular aperture with a hole diameter ofd.10 In this letter,
we demonstrate two dimensional imaging with subwa
length resolution using the tapered slit probe at a millime
wavelength,11 and discuss the feasibility of optical near-fie
microscopy with the slit probe.

a!Electronic mail: bae@riec.tohoku.ac.jp
b!Also at: Photodynamics Research Center, The Institute of Physical

Chemical Research~RIKEN!, 19-1399 Aza-Koeji, Nagamachi, Aoba-ku
Sendai 980, Japan.
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As a different type of a slit probe, Golosovsky an
Davidov12 proposed a narrow resonant slit fabricated at
end of a metal rectangular waveguide for use in resistiv
microscopy at millimeter wavelengths. Since the slit acts a
resonant slot antenna, the transmission efficiency can
nearly unity by choosing precisely the slit dimensions, ev
though the slit width approaches zero. However, resona
in the slit results in narrow bandwidth. In addition, applyin
the structure of the resonant slit to an optical probe would
difficult in practical fabrication.

Since the metal slit probe is a one dimensional near-fi
probe, two dimensional near-field images with subwa
length resolution cannot be generated by using conventio
raster-scanning methods. This problem can be solved by
ing deconvolution techniques widely used in x-ray comp
erized tomography~CT!.13

Experimental demonstrations for this method were c
ried out at a millimeter wave frequency of 60 GHz (l
55 mm). Figure 2 shows the experimental setup. The m
slit was fabricated at the end of a tapered rectangular wa
guide. The slit dimensions wered582mm (;l/62), l
54.8 mm (;l), and a taper angle of 30°. The wavegui
with the slit probe, and a receiving horn antenna were c
nected to a WILTRON 360B vector network analyzer. A
aluminum patch with dimensions of 0.9 mm30.75 mm was

nd

FIG. 1. Metal micro-slit near-field probe.
3581)/3581/3/$10.00 © 1997 American Institute of Physics
e or copyright; see http://apl.aip.org/about/rights_and_permissions



su

n
h
u

as
d
e
ta
a

in
ize

n
e
n

nd
bout

een

ults
th
slit

ion
ust

erent
m-
ons
n a
m-

re-
een
the

as
his
ct at

o
als

os
end

of

slit

le-

Down
used as an observation object. The metal patch was
ported by a quartz plate with a thickness of 1.87 mm.

The metal patch was scanned linearly for differe
objection-rotation angles,u, as shown in Fig. 2. For eac
scan step, transmittance and reflectance were simultaneo
measured by the network analyzer which executes ph
sensitive heterodyne detection. This scan method is quite
ferent from the raster scan method used in conventional n
field microscopes. Two dimensional images of the me
patch were reconstructed from each set of measured d
i.e., the vector signals in reflection or transmission, by us
an image reconstruction algorithm based on computer
tomographic imaging.14

Figure 3 compares the optical image~a! and the recon-
structed image~b! of the metal patch measured in reflectio
mode. Experimental parameters used in this experiment w
as follows. The field of view was 2.1 mm. For linear motio

FIG. 2. Experimental setup for scanning near-field millimeter-wave micr
copy using a metal slit probe.

FIG. 3. Comparison of images of a metal patch at 60 GHz:~a! optical
image,~b! reconstructed near-field image in reflection mode.~c! and~d! are
one dimensional intensity variations along the linea-a8 and lineb-b8 in
~b!, respectively. The dotted lines in~c! and ~d! indicate the actual width
~0.9 mm! and length~0.75 mm! of the metal patch, respectively.
3582 Appl. Phys. Lett., Vol. 71, No. 24, 15 December 1997
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the sampling interval and total sampling number were 48mm
and 63 points, and for rotational motion they were 5.81° a
31 points, respectively. Probe-to-object separation was a
10 mm. Figures 3~c! and 3~d! show the intensity variations
along the linesa-a8 andb-b8 indicated in Fig. 3~b!, respec-
tively. From these results, the spatial resolution has b
estimated to be about 110mm (;l/45). Similar results were
obtained in transmission mode. Those experimental res
show that two dimensional imaging with subwaveleng
resolution is possible in a near-field microscopy using the
probe.

In a near-field microscopy using an image reconstruct
algorithm, it should be noted that heterodyne detection m
be chosen for signal measurement when the same coh
waves are used for both illumination and detection. CT i
aging requires projection data which are simple integrati
of scattered waves from an object at different positions o
straight line path through the object. In conventional CT i
aging, incoherent scattered waves are required for image
construction because they preserve the relationship betw
the measured data and the corresponding positions along
object’s cross section.14 However, a coherent source, such
a laser, is commonly used for near-field microscopy. In t
case, interference between scattered waves from an obje
different positions along a straight line path,~in our case the
length of the slit! breaks up the relationship. In order t
remove the interference effect from the measured sign

-
FIG. 4. Process sequence for the fabrication of a metal micro-slit at the
of an optical fiber: ~a! after patterning photoresist with dimensions
30mm310mm; ~b! after etching the optical fiber in HF:NH4F~51:6.5!; ~c!
after evaporating metal at a right angle to the desired slit surface;~d! after
wet chemical etching of the metal coated ridge structure to open a
aperture.

FIG. 5. A metal micro-slit fabricated at the center of the end of a sing
mode optical fiber:~a! ridge structure with a taper angle of 80°,~b! metal slit
with a width of 270 nm fabricated on the ridge structure.
Bae et al.
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~i.e., the projection data!, heterodyne detection must be use
This is the reason why we have used a vector network a
lyzer in the experiment. In a case where the signal waves
incoherent, such as in photoluminescence measuremen
objects, direct detection could be used.

For extending this near-field microscopy to the optic
region, a metal micro-slit probe with submicron wid
~shown in Fig. 1! is required. In order to fabricate such s
probes, a chemical etching technique was success
adopted.15 The fabrication process used here is shown in F
4. This fabrication method is almost the same as that
conventional probes,16 except for the photolithographic pro
cess. In Fig. 4~d!, the slit width must be controlled by adjus
ing the etching time because the metal thickness at the to
the ridge is thinner than that at other places.

Figure 5 shows the ridge structure fabricated at the c
ter of the core of an optical fiber with a 125mm diameter~a!,
and the same ridge after etching a 270 nm width metal
~b!. The ridge structure has a length of 5.5mm for a core
diameter of 8.8mm, a height of 7.2mm, and a taper angle o
80°. Both the flatness along the length of ridge and the ra
of curvature at the top of the ridge are less than 30 nm.
radius of curvature is comparable to that of conventio
apertured probes with hole diameters of several tens
nanometer.4 In Fig. 5~b!, the coating metal is aluminum an
its thickness is about 300 nm. Another probe with a 180
width slit was fabricated using gold instead of aluminum a
coating metal, through the same fabrication process. Th
results show that a metal slit probe with a sub-micron wi
can be fabricated by chemical etching. These probes ca
used in near-field microscopy in the near-infrared region

In order to fabricate slit probes with narrower width,
smaller taper angle than 80° for the ridge structure is
quired, to make precise fabrication of the slit through che
cal etching. A ridge structure with a smaller taper angle
about 20° could be fabricated by choosing an optical fi
with a higher doped core and the appropriate etching s
tion, in a way similar to how conventional probes with n
nometric apertures have been fabricated.17

In conclusion, we have proposed scanning near-field
Appl. Phys. Lett., Vol. 71, No. 24, 15 December 1997
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tical microscopy using a slit-type probe. Experiments p
formed at a wavelength of 5 mm show that scanning
near-field microscopy can perform two dimensional imag
with a spatial resolution of 110mm by utilizing a deconvo-
lution technique. We have shown that a metal micro-
probe with submicron width for use in optical microscop
can be fabricated by using a chemical etching techniq
These results indicate that near-field microscopy using a
probe has potential as a near-field imaging technique ov
wide range of electromagnetic spectra, from millime
through optical wavelengths.
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