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We have fabricated an optical waveguide with a subwavelength cross section that propagates light.
A metal—oxide core is partially embedded into a metal clad by anodic oxidation using the probe tip
of a scanning near-field optical microscafNOM). Then, using the SNOM in transmission mode

we have evidence of light propagating more thaprd in the waveguide whose core width and
thickness are 300 and 70 nm, respectively.2@02 American Institute of Physics.
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Currently, in the field of optical communications, re- consisting of copper, silver, and titanium, which are depos-
search is underway to develop optical switches that are conited on cover glass plates with thicknesses of 10, 30, and 30
parable in size and efficiency to electronic circuits. Onenm, respectively. Using the thin copper film as the bottom
problem in realizing this goal is that diffraction limits the layer, the roughness of the metal films is suppressed below 5
size of optical devices including waveguides. An area of renm. The small roughness is necessary for the fabrication and
search showing potential in constructing smaller optical cirfor the longer propagation of the SPP, because scattering on
cuits is photonic crystals, because of their ability to maniputough surfaces is the main cause of propagationid&se
late light, such as dispersion confr@ind the sharp bending titanium film is oxidized electrochemically and the resulting
of light.2 For photonic crystals, light is fundamentally con- titanium—oxide structure is used as the dielectric core of the
fined by the difference between the refractive index of thewaveguide. The silver film is in contact with the oxide core
semiconductor and the air. Thus, photonic crystals are curand plays a role in the clad instead of the titanium. With a
rently larger than electric-integrated circuits. silver clad we expect the propagation length of the SPP to be

In order to increase the difference in refractive index,5000 times longer than that for the titanium cfad.
materials with a negative index such as metals are employed. The schematic setup for the fabrication and evaluation of
The metallic surface has the ability to let light pass throughthe waveguide is shown in Fig. 1. The waveguide is con-
due to the action of surface plasmons. When surface plastructed using a SNOM probe tip that is made by the con-
mons interact with an electromagnetic field, an excitationventional heat and pull method and is coated by aluminum
occurs at the boundary of the metal and dielectric material tand gold for the confinement of light and for electric con-
form a surface plasmon polaritai$PP.> While metal-clad  ductivity. The distance between the probe tip and the sample
waveguides have been studied for more than 20 years, thoge controlled using the shear-force feedback systefhe
have mostly been applied to macrosized polariZeRe-  film under the probe tip is oxidized electrochemically by
cently, Takahareet al. have investigated waveguides with applying a positive bias voltageBy altering the bias volt-
nanometer-sized metal structures. They have proved theoreti-
cally that light can be propagated in waveguides with a metal
coaxial structure, even when the core size is much smaller | .-
than the wavelength.

In this letter, we present a metal-clad waveguide with Wetaroceies s
nanometer-order cross-section size that propagates light. By BIORS LD _
anodic oxidation using the probe tip of the scanning near- Metaloxte Bii;’ifge Computer
field optical microscopdSNOM), a waveguide, where the .. \ F ]
. . . . . N O
metal—oxide core is partially embedded in a clad, is created.
The propagation of light in the waveguide has been deter- Ghsspbte/
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mined using near-field optical techniques.
The waveguide is fabricated on a multilayer metal film
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dAlso at: Science University of Tokyo, Noda, Chiba 278-8510, Japan; elec-

tronic mail: onuki-t@aist.go.jp FIG. 1. Schematic setup of fabrication by anodic oxidation and observation
YElectronic mail: t-tokizaki@aist.go.jp of light propagation using a scanning near-field optical microscope.
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FIG. 2. Schematic structure of waveguide A with a dot structure for confir-
mation of the light propagation. Light injected from the probe tip is propa-
gated in the waveguide, and is scattered to free space at the dot structure.
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age, the thickness of the oxide layer can be contrdiféd. Probe tip position [ m]
But, the width of the OXI.de appears to be determme.d by th%lG. 4. (a) Transmission SNOM images of the waveguides corresponding to
curvature of the probe tip. Using the same SNOM in trans'Fig. 3. (b) Cross-section profiles along waveguides A and B.
mission mode, the optical properties of the waveguide are
measured. A laser light with the wavelength of 830 nm and
the polarization parallel to the waveguides is injected into théstraight with a dot structure at the left end, and waveguide B
probe and illuminates the sample from a small aperture withs identical to waveguide A except for the dot structure. We
a diameter of about 200 nm. The light transmitted throughtan observe the oxidized area as the upheaval structure, be-
the sample is collected by a multimode fiber that correspondéause the molar volume of the titanium oxide is 2.5 times
to an objective lens with the numerical aperture of 0.2. Iarger than that of the metal titanium. From this value, we
In order to confirm the light propagation, we have cre-estimate that 40% of the volume of the oxide is embedded in
ated a waveguide that has a dot structure at the end of it, 48€ metal, and that the thickness of the oxide is 1.7 times the
illustrated in Fig. 2. Light is injected from the probe tip at observed height. Selecting a bias voltage of 35 V and scan-
various positions on the waveguide. The background SNOMINg the probe tip with a velocity of 8 nm/s, straight
signal is measured by transmitting light directly through thewaveguides 7um long, 300 nm wide, 70 nm thick, and a
metal clad. Since the near-field light has widely distributedroughness of 5 nm or less are fabricated. For this bias volt-
wave numbers, parts of the injected light can couple with thé2ge, the bottom of the oxide core is in contact with the silver
surface plasmon and propagate as the SPP in the waveguidéad. A dot with a diameter of 400 nm and a height of 70 nm
When the SPP reaches the dot structure, a portion of the SPPadded to waveguide A by raising the bias voltage to 45 V.
is scattered into the free space as light. Light transmission i¥ is possible that the silver clad may be partially oxidized at
easier through the silver clad at the dot, because the clad {§€ dot structure.
thinner there. Therefore, if the SPP reaches the dot structure, Figure 4a) shows the transmission SNOM images cor-
we expect the SNOM signal for the waveguide with the dotresponding to Fig. 3. Both waveguides show a larger trans-
to be stronger than the waveguide without a dot. mission compared to the unoxidized metal surface, but the
Figure 3 shows topographic images of the waveguidegransmission for waveguide A is much larger than that for

measured using the SNOM probe tip. Waveguide A iswaveguide B. Waveguide A also shows an intensity gradient.
The optical images of the wagveguides are three times wider

than the topographic images. The differences may be caused
by the aperture size of the probe tip and by the field size of
the waveguide mode, and we guess another origin that the
near field at the probe apex spreads along the gold film
coating®! To analyze the details, the cross-section profiles of
the SNOM images along each waveguide are compared us-
ing the transmission changeT/T,=(T—T,)/T,, whereT
andT, are the transmission intensity at the probed position
and that at the unoxidized surface, respectively. Since trans-
mission increases uniformly iAT/T, by ~0.1 along wave-
guide B with decreasing the clad thickness, we can conclude
0 nm that the signal for waveguide B is originated from the back-
ground signal® But, for waveguide A the value &€ T/T, is
Yradually increasing up to 0.35 from the right end to the dot
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FIG. 3. Topographic images of the fabricated waveguides with the sam

width, thickness, and length of 300 nm, 70 nm, andni. Waveguide A has

a dot structure with a radius of 400 nm and a height of 70 nm at the left end,StrUCture-

and waveguide B has no dot structure. Even though waveguides A and B are identical except
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for the dot structure on waveguide A, transmission signal€rometers. While there is large propagation loss, our proto-
for waveguide A are dependent upon the position of thdype waveguide is as small as wires in electronic-integrated
probe, whereas waveguide B is not. Therefore, we concludeircuits. In the future, lower-loss waveguides could be cre-
that the difference of the SNOM signals confirms light ated by combining several nanofabrication techniques with
propagation in the waveguide structure. By subtracting thdigher accuracy and by selecting different materials. These
transmission signal for waveguide B from that for waveguidewaveguides could be key in constructing optical-integrated
A, we can estimate the portion of the signal originating fromcircuits.
light propagation. The signal of the propagated light is de- , e
creased by half for the distance of:8n. We conclude that _ 1he authors would like to thank T. Shimizu of the Na-
the propagation lengttassuming ¥ decay is at least 5um. tional Institute of Advanced Industrial Science and Technol-
Our research suggests that SPP plays an important role @Y for fruitful discussions.
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