
APPLIED PHYSICS LETTERS VOLUME 76, NUMBER 23 5 JUNE 2000
Nano-oxidation of silicon surfaces by noncontact atomic-force microscopy:
Size dependence on voltage and pulse duration

Montserrat Calleja and Ricardo Garcı́aa)
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28760 Tres Cantos, Madrid, Spain

~Received 24 January 2000; accepted for publication 12 April 2000!

Local oxidation of silicon surfaces by noncontact atomic-force microscopy is an emerging and
promising method for patterning surfaces at the nanometer scale due to its very precise control of
the feature size. Here, we study the voltage and pulse duration conditions to generate a motive of a
given height with the minimum lateral size. We find that for a fixed tip–sample separation, the
combination of short pulses and relatively high voltages~;20 V! produces the highest height:width
ratio. The application of relatively high voltages produces a fast growth rate in the vertical direction
while the lateral diffusion of oxyanions is inhibited for short pulses. The above results are applied
to generate lines of tens of microns in length with an average width at half maximum of about 10
nm. © 2000 American Institute of Physics.@S0003-6951~00!04823-3#
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Local oxidation of semiconductor and metallic surfac
by scanning-probe microscopy is arguably the most relia
and versatile scanning-probe-based lithography method
the fabrication of nanometer-scale structures. A conduc
tip is brought into contact or near contact with a surface t
is wetted by a water layer. An external voltage pulse is
plied between the tip~negative electrode! and the sample to
induce the anodic oxidation of the surface. Silicon,1 III–V
semiconductors,2 titanium,3 and molybdenum4 surfaces have
been locally oxidized by tunneling and atomic-force micro
copy ~AFM!. The fabrication of single-electron5 and
metal–oxide6 transistors illustrates some of the nanoele
tronic applications. Local oxidation in combination with la
ser lithography is also useful to fabricate nanomechan
devices.7 Machining of silicon structures has also been de
onstrated by AFM oxidation.8 Furthermore, the local oxida
tion is compatible with the operation of parallel-tip array9

This opens the possibility to pattern cm2 surfaces with
nanometer-size motives.

To gain a precise control of the feature size and to
prove the reproducibility of the whole process, we have p
posed the use of noncontact AFM to locally oxidi
surfaces.10,11 This method requires the field-induced form
tion of a liquid bridge. The liquid bridge provides the oxy
nions (OH2,O2) needed to form the oxide. It also confine
the lateral extension of the region to be oxidized. This
proach has dramatically improved the tip’s lifetime for mod
fication purposes. For example, it has been shown that ar
of several thousands of dots with a periodicity of 40 nm a
an average width of 10 nm can be generated.11

A nanolithography method based on noncontact AF
oxidation should also demonstrate the ability to make lo
uniform, narrow, and continuous lines. Lines and dots are
basic elements to generate complex nanostructures. Fur
more, lines could be used as etch masks in the fabricatio
nanowires.12 However, to generate in a reproducible a
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controlled way very small features, the relative role of t
different parameters that control the oxide size in noncon
AFM should also be clarified.

Here, we study the oxide width and height depende
on voltage and pulse duration for noncontact AFM oxid
tions. Those studies provide the conditions to pattern a m
tive of a given width and height. The results are applied
pattern continuous lines that are several microns in len
while their lateral width is about 10 nm, i.e., they show
1000:1 ratio.

Several experiments have already outlined the influe
of the oxidation time on the oxide height.10,13,14 It has also
been shown that the doping in silicon samples15,16 influences
the reaction kinetics. Additionally, some experiments ha
shown a voltage modulation dependence.17,18 The voltage
modulation has been linked to a space-charge buil
process.16 Recently, we have shown that the liquid bridg
size also influences the lateral dimensions of the oxid11

Although different models have already been proposed
explain the mechanism and kinetics of the local oxidation
silicon,13,14,16,19the rich and complex interdependence of t
above parameters has yet to be explained.

The experiments were performed with an atomic-for
microscope operated in noncontact mode~Nanoscope III,
Digital Instruments! with additional circuits to perform the
oxidation. The microscope was placed into a closed box w
inlets for dry and H2O-saturated nitrogen. The relative hu
midity was kept around 30%–60%. Dopedn1-type silicon
cantilevers were used~Nanosensors, Germany!. The average
force constant (kc) and resonance frequency (f 0) were about
34 N/m and 330 kHz, respectively. The cantilever was
cited at its resonance frequency. The samples werep-type
Si~100! with a resistivity of 14V cm. Due to exposure to air
the surface has a native-oxide layer of about 2 nm. The fe
back is switched off during the lithographic process. Furth
description of the dynamic parameters needed to operate
AFM in a noncontact mode can be found elsewhere.20

The process to locally oxidize silicon surfaces in no
contact AFM has three major steps.11 First, an oscillating tip
il:
7 © 2000 American Institute of Physics
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is placed 5–10 nm above the surface, then a voltage pul
applied to form a liquid bridge between the tip and samp
Third, another voltage is applied to induce the anodic oxi
tion. We have also shown that the oxide width decrease
increasing the average tip–sample separation. Howe
thinning the liquid bridge is somehow limited to a few n
nometers. Once the liquid bridge is formed, it can only
stretched by 4–10 nm before it breaks.

To determine the conditions to produce a feature o
given size, the tip is placed at a fixed separation above
sample surface~average value!. Then, we apply different
voltage pulses. The data allow us to study the dependenc
the lateral and vertical dimensions of the resulting oxide d
as a function of voltage and pulse duration.

Figures 1~a! and 1~b! show the dot’s size dependence
pulse duration for five pulses of 8, 10, 12, 16, 20, and 24
respectively. Both width and height show a logarithmic d
pendence on the pulse duration. The logarithmic depende
of the oxide height on time has been report
previously,10,13,14although a detailed model to explain it
still lacking. For a given pulse duration the width and heig
increase with the applied voltage. Unless otherwise sta
the oxide width refers to the apparent dot’s width as m
sured from an AFM image. Due to tip–sample convoluti
effects, thereal oxide width of the dot could be several time
smaller than its apparent width.11 The slope of the oxide
width curves also depends on the voltage@Fig. 1~b!#. This
reflects the variation of the electrical field along the base
the liquid bridge.

Empirical height and width dependencies on time a
voltage can be deduced from Fig. 1:

h5h0~V!1h1~V!ln t, ~1!

w5w0~V!1w1~V!ln t, ~2!

where

h0522.110.5V– 0.006V2

FIG. 1. Oxide size dependence on applied voltage and pulse duration~a!
Height dependence on pulse duration for different voltages.~b! Apparent
width dependence on pulse duration for different voltages. Before the a
cation of a voltage pulse, the average tip–sample separation and the
lation amplitude were, respectively, 7 and 5 nm.
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h150.110.03V– 0.0005V2, ~3!

w0511.619V and w152.710.9V. ~4!

In the above equations size, voltage, and time are
pressed in nanometers, volts, and seconds, respectively

Figures 1~a! and 1~b! indicate that the combination o
short pulses and small voltages produces the smallest m
However, the above result is an obvious conclusion that
derlines the electrochemical character of the anodic ox
tion. More important is to realize that for any practical pu
pose a mark must have a minimum thickness. For exam
to block the formation of PtSi films a minimum thickness
1 nm is required.21 Then, the growth of an oxide shoul
incorporate the restriction of having a given height.

From Eqs.~1!–~4! it is possible to derive the coordinate
(V,t) that generate a mark of a height ranging between
and 5 nm. The curve that contains the (V,t) points that pro-
duce a dot of 1 nm in height is shown in Fig. 2. Figure 2 a
shows that an increase of the voltage requires a decrea
the pulse duration to keep the height at 1 nm. In other wo
different combinations of short pulses at high voltages
long pulses at relatively low voltages could be applied
generate a dot of a given height. However, the experime
dot with the minimum width is obtained for the pulse th
combines the shortest duration~0.3 ms! with a high voltage
~17 V!. This value~0.3 ms! was the shortest voltage puls
that could be generated by our instrument. The extrapola
of the curve to shorter pulses indicates that a dot’s width o
nm could be obtained for a pulse of 0.1 ms at 20 V.

The above result can be qualitatively understood as
lows. The electrolysis of water molecules within the liqu
bridge produces the oxyanions (OH2,O2). Initially, the elec-
trical field drives the oxyanions towards the silicon interfac
It also effectively confines the oxyanions within a cylinder
diameter of the neck of the bridge. However, an increase
the pulse duration favors the thermal diffusion of ionic sp
cies in the SiOx/liquid bridge interface. It is assumed that th
diameter of the base of the liquid bridge is several tim
larger than its neck.

The lateral diffusion implies an increase of the oxi
width. Assuming a diffusion constant of OH2 in the solid–
liquid interface22 of aboutD51029 cm2 s21, then the aver-

li-
cil-

FIG. 2. Apparent oxide width dependence on applied voltage and p
duration for an oxide mark of a given height,h51 nm. The vertical lines
are shown as a guide to the eye. The square represents the shortest e
mental pulse used in these experiments.
IP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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age distance traveled by an ion is given byr;(4Dt)1/2. For
t51024 s, the above expression givesr;6 nm. We believe
that this effect should apply for oxidation times, say belo
1021 s. Those times already imply average distances
about 200 nm, i.e., larger than the experimental dot wid
even though the measured width overestimates thereal lat-
eral size of the dots. For longer pulses, other factors suc
the lateral dependence of the electric field at the SiOx/liquid
bridge interface and the space-charge buildup should do
nate the growth rate. On the other hand, a high-voltage p
is needed to have a fast growth rate in the vertical direc
to reach the fixed height.

We have applied the above results to generate long
narrow lines with sub-1-nm tolerances. Contact AFM oxid
tion has produced lines of up to 5mm long. However, in
most cases the lines are either broad or show width variat
of several nm. Broad features are related to a large w
meniscus while width variations could be attributed
changes in the tip–sample separation. To avoid those p
lems, we have chosen to build a line as a sequence of si
dots. Each dot is generated by the application of a sin
pulse. Between pulses the feedback is switched on to ke
fixed tip–sample separation~average value!. At the same
time the tip is laterally displaced.

Figure 3 shows an 11-mm-long line with a full width at
half maximum of 13 nm. The line is a sequence of 23104

pulses of 20 V for 1 ms. Between pulses the tip is latera
displaced 0.5 nm. The small number of data points in thy
direction ~256! and the length of the line give rise to th

FIG. 3. AFM image of an oxide line made with the noncontact AF
method.~a! Overall aspect.~b! Three-dimensional section of the line show
in ~a!. ~c! Cross section~apparent value! along the arrow shown in~b!.
Average tip–sample separation, 11 nm.
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pixeled aspect of the image. A three-dimensional section
the line is shown in Fig. 3~b!. The cross section@Fig. 3~c!#
allows us to measure the height and width of the line.

In summary, we have found that for a fixed tip–samp
separation, the application of short pulses at high volta
produces the highest height:width ratio in the fabrication
oxide marks by noncontact AFM. It is also predicted tha
dot 1 nm in height and 5 nm in width could be generated
the application of a voltage pulse of 0.1 ms at 20 V. T
application of short pulses restricts the lateral diffusion
ionic species while a high-voltage pulse produces a
growth rate in thez direction. We have applied those finding
to generate uniform and continuous 11-mm-long lines with a
full width at half maximum of 13 nm.

The authors acknowledge fruitful discussions with Jo
Dagata and Francesc Pe´rez-Murano. This work was finan
cially supported by the Commission of the European Co
munities, ESPRIT Contract No. 22955~LASMEDS! and the
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