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We report on a novel lithography technique for patterning of hydrogen-passivated amorphous
silicon surfaces. A reflection mode scanning near-field optical microscope with uncoated fiber
probes has been used to locally oxidize a thin amorphous silicon layer. Lines of 110 nm in width,
induced by the optical near field, were observed after etching in potassium hydroxide. The uncoated
fibers can also induce oxidation without light exposure, in a manner similar to an atomic force
microscope, and linewidths of 50 nm have been achieved this way. ©1996 American Institute of
Physics.@S0003-6951~96!03730-8#
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Over the last decade, the scanning near-field optical
croscope~SNOM!1 has become a very popular tool for op
cal imaging, photoluminescence spectroscopy, and su
modifications in the submicrometer regime.2–6The SNOM is
a direct spin off of the invention of the scanning tunnel
microscope ~STM! and the atomic force microscop
~AFM!.7,8 In contrast to conventional optical micro
scopy the interaction with the sample in a SNOM is based
the nonpropagating, or evanescent field mode, so tha
achievable lateral resolution surpasses the far-field diff
tion limit. In recent works by Mlyneket al.5 and Smolyani-
novet al.,6 the technique of using a SNOM for direct writin
in photoresist has been reported. Lateral resolutions o
and 100 nm have been demonstrated using metal-co
probes and uncoated probes, respectively. Another
promising lithographic process is patterning of hydrog
passivated silicon surfaces via local oxidation. This te
nique has been introduced using STM,9–13 AFM,14,15 and
electron beam lithography.12,16Krameret al.17 have recently
reported on a purely optically induced oxidation. An opti
interference pattern~l5350.7 nm! has been projected onto
hydrogen-passivated silicon surface, which produces su
crometer lines after etching.

In this letter, we report on a novel lithographic tec
nique, where a reflection SNOM has been used for lo
oxidation of a layered silicon structure. A passivated am
phous silicon surface was locally illuminated through an
coated tapered fiber probe. The 457.9 nm line from an a
ion laser was used as the illumination wavelength. T
wavelength matches approximately the Si–H binding ene
of ;3 eV.17 Directly written optically induced lines down t
110 nm in width have been measured after exposure
potassium hydroxide~KOH! etch. Further, linewidths of 5
nm have been observed without light exposure, prob
produced by an electrostatic potential between the fi
probe and the amorphous silicon layer.

A schematic diagram of the SNOM setup is shown
Fig. 1.18 The most important single component is the SNO
probe, an uncoated tapered single-mode optical fiber.
probe-to-sample distance is controlled by a shear-f
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544 Appl. Phys. Lett. 69 (4), 22 July 1996 0003-6951
Downloaded¬23¬Nov¬2009¬to¬192.38.67.112.¬Redistribution¬subjec
mi-
ti-
face

ng
e
-
on
the
ac-

g
80
ated
ery
n-
ch-

al
a
mi-

h-
cal
or-
n-
gon
his
rgy

and

bly
ber

in
M
The
rce

microscope.19 For general purposes, this enables simulta
neous imaging of topographical and optical features with
subwavelength resolution. SNOM probes are drawn from
standard single-mode optical fibers in a commercially avail
able micropipette puller.20 A scanning electron microscope is
used to characterize the size of the probes. The radius
curvature of the very end of the probes is typically 10–15
nm. Compared to the more commonly used metal-coated fi
ber probe,21 the uncoated probe has some important advan
tages. In terms of manufacturing, the reproducibility is
higher since the coating process is avoided. This also reduc
the fabrication time. In terms of instrumentation of the
SNOM, the uncoated probe is more convenient to work with
since it provides a more efficient coupling to the evanescen
field mode. Further, heating and melting problems of the
metal coating are completely avoided.

Samples for the writing process are prepared by growin
a 1000 Å thick thermal oxide on a Si~100! substrate. A hy-
drogenated boron-doped amorphous silicon layer with
thickness of 135 Å is then deposited onto the thermal oxid
by dc magnetron sputtering. The samples are dipped in 5
diluted hydrofluoric acid~HF! for 60 s to passivate the sur-

FIG. 1. Schematic of the reflection mode SNOM setup. The SNOM probe i
an uncoated tapered single-mode optical fiber. The illumination source is a
argon ion laser operating atl5457.9 nm. The SNOM employs a shear-force
microscope to control the probe-to-sample distance.
/96/69(4)/544/3/$10.00 © 1996 American Institute of Physics
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face with hydrogen. The passivated surfaces are stable fo
least 4 h after the HF dip.

Using the SNOM, a line grating pattern with a period
2.2 mm is written via local desorption of hydrogen in air a
room temperature. This causes a local oxidation of the s
con surface where the hydrogen passivation is removed.
ferent writing intensities, probe shapes, and scanning spe
have been investigated during the experiments. The loc
grown native oxide is, then, used as a wet etch mask.
samples are etched in KOH for 30 s at room temperature,
characterized in a Rasterscope 4000 AFM, operating in c
tact mode. During the direct writing process, the laser out
power is stabilized at 120 mW. The maximum far-field i
tensity emitted from a typical SNOM probe is measured
be;25 mW. With a scanning speed of 80mm/s, and assum-
ing an exposed area of 1mm2, the maximum achievable
illumination dose reaches;30 000 J/cm2, which is sufficient
for hydrogen desorption.17

Figure 2 shows an AFM image of a line pattern writte
with the SNOM after the KOH etch. The inserted cros
sectional profile clearly illustrates the 2.2mm period of the
pattern, and the height of the pattern transferred into
amorphous silicon layer after the KOH etch is about 10 n
To determine the linewidth, the scanning algorithm must
known. The exposed area consists of 32 parallel lines se
rated by 2.2mm. After scanning one line in the forward
direction, the probe should ideally return along the same
to its initial position. However, due to creep in the piezoele
tric scanner tube, the lateral position of the probe is displa
when returning to the starting point. Since the SNOM
active during both forward and backward scans, this lead
a broadening of the exposed area in Fig. 2 due to an ove
of two slightly displaced scans.

In some regions, the creep effect is large enough to se
rate forward and backward scans. Such an area is show

FIG. 2. AFM image~5.735.7 mm2) of optically induced double lines in a
hydrogen-passivated silicon surface. After exposure the sample is etch
KOH. The period of the line grating is 2.2mm. The image is taken in
contact mode.
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Fig. 3. Three lines are observed in each scanning direction
narrow center line and two slightly broader side lines. A
cross-sectional profile of Fig. 3~a! is seen in Fig. 3~b!. The
narrow center lines, labeled C1 and C2, are believed to
directly written with the optical near field emitted from the
very end of the fiber probe. The side lines are interpreted
be the result of an interference pattern, mainly dominated
the optical far field emitted through the side walls of the
uncoated probe. The spacing of the side lines from the cen
line is 230–240 nm, i.e., approximatelyl/2. A similar pat-
tern has recently been observed in connection with near-fie
lithography on photoresist, also using uncoated fibe
probes.22 Theoretically, the same kind of intensity distribu-
tion has been predicted by Bozhevolnyiet al. in relation to
phase conjugation of optical near fields.23 It should be noted,
that the radius of curvature of the probes, as measured wit
scanning electron microscope, is at most 20 nm. After sca
ning, the probes were checked to confirm their shape had n
changed. Thus, the side lines cannot be due to a multiple
effect. The experimental data representing the shape of
center lines are best fitted by a Gaussian intensity distrib
tion ~solid line!. The widths of the center lines are in the

ed in

FIG. 3. ~a! AFM image ~3.533.5mm2) of two separate scans. The narrow
center lines are believed to be directly written with the optical near field
The broader side lines are introduced via an interference pattern, mai
dominated by the optical far field emitted from the side walls of the un
coated fiber probe.~b!: Cross-sectional profile of~a!. The widths of the
center lines, C1 and C2, are 126 and 111 nm, respectively. The widths of
side lines are typically 200–230 nm.
545Madsen et al.
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range 110–130 nm. The widths of the side lines are 200–
nm.

In Fig. 4 a hydrogen-passivated silicon surface w
scanned without light coupled into the probe. After scanni
the sample was again etched 30 s in KOH at room temp
ture. Two pairs of lines are seen, each pair being due to
forward and one return scan, the two being separated by
nm due to creep. The linewidths are;50 nm after KOH
etch. In this case, the mechanism behind the hydrogen
sorption may be an electrostatic potential between the pr
and the amorphous silicon layer, which is electrically is
lated from the Si~100! substrate. This mechanism is know
from AFM experiments.24

Using the same samples, we have written optically
duced features using a laser direct-writing facility.25 This
system operates in the optical far field. A 100 mW las
beam~l5457.9 nm! is focused to a 0.5mm spot. Operating
the system at optimum conditions, linewidths of;0.5 mm
are measured in the amorphous silicon layer after KOH e
The resolution obtained using the SNOM as a direct-writ
facility is ;4 times higher, if the far-field contribution to th
writing process can be suppressed. We are investigating
use of coated fiber probes to achieve an even higher res
tion. In addition, an optical modulator can be included in t
setup for generating complex two-dimensional patterns
the hydrogen-passivated silicon surfaces.

FIG. 4. AFM image~535 mm2) of lines directly written with a dielectric
fiber probe without illumination. As illustrated in the inserted cros
sectional profile, the linewidth is;50 nm. The lateral separation betwee
the forward and backward scanning direction is clearly seen.
546 Appl. Phys. Lett., Vol. 69, No. 4, 22 July 1996
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In conclusion, we have reported on a novel lithographic
technique, where a reflection mode SNOM with an uncoated
fiber probe has been used to locally oxidize a hydrogen-
passivated amorphous silicon surface. With this technique,
linewidths of down to 110 nm, induced by the optical near
field, have been achieved after a KOH etch, although fea-
tures are broadened in practice due to 250 nm wide side-
bands produced by the optical far field. Further, linewidths of
50 nm have been directly written without optical exposure,
apparently due to an electrostatic potential between the probe
and the sample.
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