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Nonuniform silicon oxidation and application for the fabrication of aperture
for near-field scanning optical microscopy
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In this letter, a technological approach for the fabrication of a miniature aperture for near-field
scanning optical microscopy using silicon micromachining technology is described. The aperture
with diameter sizes from 10 to 500 nm at the apex of a,$ion a Si cantilever is fabricated using

a “Low temperature Oxidation & Selective Etching” technique. The Sip is formed by
nonuniform Si wet oxidation at 950 °C with a thickness of aboytd. The aperture is created by
selective etching SiQin a buffered-HF50% HF:40% NHF, 9cc:100cg solution at 36 °C using a

thin chromium(Cr) layer deposited on the oxidized sample as a mask. Using the fabricated probe,
atomic force microscopy and corresponding near-field scanning optical microscopy images of 300
nm diameter latex spheres on mica substrate are obtained.999 American Institute of Physics.
[S0003-695(199)05248-1

Together with scanning tunneling microscop$TM)  probe with a high reproducibility for mass production has not
and atomic force microscop}AFM), which are capable of yet been achieved. In this letter, we present a simple method
observation and modification of surfaces at atomic and nadsing a low temperature oxidation and selective etching
nometer scales, the near-field scanning optical microscopft OSE) technique to fabricate the aperture for the NSOM
(NSOM) has been extensively studied owing to the capabilifprobe.
ties for optical imaging with a spatial resolution beyond the It is known that the thickness of oxide grown at a low
diffraction limit of the light! for subwavelength temperature at convex and concave corners is thinner than
photolithography’, and for next generation optical data that at a flat surface of Si due to the compressive stress at the
storagé using the near-field light. The most crucial part of corner structuregsee Fig. L° The nonuniform Si oxidation
the NSOM probe is a subwavelength size aperture at theffect at the convex corner has been used for fabrication of
apex of the tip. Currently, tapered optical fiber probes areSi conical sharp tips for the AFM or field emitt&t.The
most widely used for the NSOM. Although improvementsanomaly of the thermal oxidation at the concave corner has
have been achieved in fabricating such optical fiber NSOMoeen used to produce a mold for fabrication of gNgipy-
probes, problems remain. The fiber tip is very fragile. Theramidal sharp tip for the AFM!
shape of the tip and the size of the metallic aperture of the On the other approach, we applied the nonuniform Si
fiber tip are not reproducible. The opening angle of the fibeloxidation effect at the pyramidal etched pit to fabricate the
tip is small. Therefore, most of the light is absorbed at theaperture for the NSOM probe using the LOSE technique.
metal wall, which leads to a low optical transmission effi- The process flow of the LOSE technique is schematically
ciency. Moreover, it is very difficult to fabricate the fiber shown in Fig. 2. First, a Si wafén-type, resistivity 0.01-0.1
NSOM probe in a mass production. Q cm, 200 um thick, (100 orientation is thermally oxi-

Contrarily, Si based NSOM probe can be easily fabri-
cated in a batch process. It is very easy to combine the mi-

crofabricated NSOM probe with a well-developed AFM as g.”g";fal " Si0y
an AFM/NSOM probé8 In order to create the aperture at ' surtace ‘

the apex of the tip, several technological approaches have /

been developed such as coating and selective etching metal Convex

at the apex of a $iN, tip,> metal molding with an aperture at corner

the pyramidal etched pit on Si cantileenr creating the Si

metallic aperture at the apex of a metal coated,Si®on Si

cantilever by field evaporatiohetc. However, until recently Concave

a simple method to fabricate the aperture for the NSOM corner

FIG. 1. Schematic diagram of Si thermal oxidation at convex and concave
dAuthor to whom correspondence should be addressed; electronic maitorners. The thickness of the oxide at convex and concave corners is thinner
minh@mems.mech.tohoku.ac.jp than that at the flat surface of Si due to the compressive dfiRefs 9.
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FIG. 2. Process flow for making aperture at the apex of the 8jon Si  FIG. 4. SEM micrograph of a fabricated NSOM probe using the LOSE
cantilever for NSOM probe using the LOSE technique. technique.

dized. Next, photolithography is done to define the masketched out in a conventional Cr etchastiep §. Finally, a Cr
patterns for etching Si9 In order to make a perfect pyra- film with the thickness of about 40 nm is entirely deposited
midal etched pifi.e., four(111) surfaces should intersect at onto the back side of the cantilever to form an opaque layer
a poini, electron beam lithography is used to define squaréstep g. It is found that the size of the aperture observed by
patterns on a resist as a mask for Si@pening. Consecu- scanning electron microscosEM) at step f was almost
tively, pyramidal etched pits and structure of cantilevers ardédentical to that of the aperture at step g. This means that the
formed by anisotropic etching of Si in a tetramethyl ammo-effect of filling the aperture by the Cr film deposited from
nium hydroxide(TMAH) (step a. Next, a SiQ film is ther-  back side at step g has not happened at least in the distinction
mally grown by wet oxidation at 950 °C with a thickness of of the SEM image.

about 1um (step b. Subsequently, a chromiufer) film of SEM image of a typical Cr coated Sj@ip with an ap-
about 100 nm in thickness is sputtered and lifted-off to formerture of about 500 nm diameter fabricated using the LOSE
a protective pattern on the upper side of the oxidizedspgp  technique is shown in Fig. 3. It can be seen that the aperture
¢). Using this Cr pattern as a mask, the Sabout 0.6um  is exactly situated at the apex of the tip. Pinholes were not
in thickness is partly etched as shown in step c. The remairfound on the side wall of the tip. The aperture sizes from 10
ing oxide of about 0.4:m in thickness is needed for follow- to 500 nm is experimentally achieved corresponding to etch-
ing steps. Next, the Si wafer is anisotropically etched froming time ranging from 3 to 6 min in BHF at 36 °C. SEM
the back side in the TMAH solution until forming Si canti- images of the fabricated probe and a close up view of the
lever with the SiQ tip at the end of the cantilevestep d. aperture with about 25 nm diameter are shown in Figs. 4 and
The wafer is then dipped into the buffered-kB0% HF:40% 5, respectively. Using the fabricated NSOM probe with an
NH,F, 9cc:100cg (BHF) solution for selective etching SiO  aperture of about 130 nm diameter, the contact mode AFM
until the Cr protrusion comes in sigkétep @. At this step, and the corresponding NSOM images of latex spheres with
only exterior wall of the SiQtip is etched in the BHF while 300 nm diameter on mica substrate are simultaneously ob-
the interior wall is protected by the Cr pattern. It is found tained as shown in Figs.(® and @b), respectively. The
that the protective Cr film formed at step ¢ was not etched oexperimental setup for the AFM/NSOM system was pre-
damaged during etching the sample either in the TMAH or insented in Ref. 8. The NSOM image is obtained in illumina-
the BHF. Next, the protective Cr layer on the upper side igion mode using a laser diode with 780 nm wavelength. From
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FIG. 3. SEM micrograph of a typical NSOM tip with an aperture of about FIG. 5. SEM micrograph of an approximately 25 nm diameter aperture at
500 nm diameter. the apex of the tip on the fabricated NSOM probe as shown in Fig. 4.
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In summary, the nonuniform Si oxidation at low tem-
perature is a very interesting effect. The effect has been ef-
fectively used for the fabrication of the Si or;8j, cantilever
having a sharp tip for AFM probe. The effect is also very
useful for making a small aperture for NSOM probe as pre-
sented in this letter. The process is quite simple, low cost,
mass productive, and highly reproducible. The fabricated
probe is actually operated as an AFM/NSOM probe.

This work was supported by the Japanese Ministry of
Education Science, Sports and Culture under a Grant-in-Aid
No. 10305033. The authdP.N.M. acknowledges the Japa-
nese Ministry of Education Science, Sports, and Culture for
supporting the Monbusho scholarship.

1E. Betzig and J. K. Trautman, Scien287, 189 (1992.

2L. P. Ghislain, V. B. Elings, K. B. Crozier, S. R. Manalis, S. C. Minne, K.
Wilder, G. S. Kino, and C. F. Quate, Appl. Phys. Lét, 501 (1999.

SE. Betzig, J. K. Trautman, R. Wolfe, E. M. Gyorgy, P. L. Finn, M. H.
Kryder, and C.-H. Chang, Appl. Phys. Lefl, 142 (1992.

“A. G. T. Ruter, M. H. P. Moers, N. F. van Hulst, and M. de Boer, J. Vac.
Sci. Technol. B14, 597 (1996.

5D. Drews, W. Ehrfeld, M. Lacher, K. Mayr, W. Noell, S. Schmitt, and M.
Abraham, Nanotechnologl0, 61 (1999.

6C. Mihalcea, W. Scholz, S. Werner, S. Munster, E. Oesterschulze, and R.

s Kassing, Appl. Phys. Let68, 3531(1996.

1 pm "P. N. Minh, T. Ono, and M. Esashi, presented at the National Conference

on Physical Sensor, Tokyo, Japan, November 1@®®ublishegl The Cr

coated SiQ@tip was placed close to a conducting substrate. A voltage was

applied between the tip and the substrate. Due to a high electric field, Cr

atoms around the tip were evaporated leaving an aperture.

8P. N. Minh, T. Ono, and M. Esashi, presented at the proceeding of Eleven
IEEE International Conference on Micro Electro Mechanical Systems,

Fig. 6(b), a resolution of much smaller than the diameter of AOrlando, 1999, Sens. Actuators(# be publishefi

. B. Maruss and T. T. Sheng, J. Electrochem. 3@8 1278(1982.
the aperture can be achieved. The probe was scanned maja B. Marcus, T. S. Ravi, T. Gmitter, K. Chin. D. Liu, W. J. Orvis. D. R.

times on the surface of the sample without damaging either ciario, c. E. Hunt, and J. Trujillo, Appl. Phys. Le@6, 236 (1990.
the sample or the tip. 115, Akamine and C. F. Quate, J. Vac. Sci. TechnolL@32307(1992.

(b)

FIG. 6. The AFM (a) and corresponding illumination mode NSOW)
images of 300 nm diameter latex spheres on mica substrate using the fabri-
cated NSOM probe with an aperture of about 130 nm diameter.
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