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Tip-induced local anodic oxidation on the native SiO2 layer of Si„111… using an atomic
force microscope
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Atomic force mocroscope~AFM! tip-induced local anodic oxidation on a native SiO2 layer of Si~111! which
is in contact mode is presented in an ambient way. This local anodic oxidation was subjected to varying sample
voltages. When an AFM tip was positioned on a surface point with various voltage pulses of 10 V point oxide
protrusions were tip induced. The protruded height grew exponentially due to the duration. Large-area oxide
bumps also become tip induced when an AFM tip was swept across large surface areas. The bump height
increased and was linearly dependent on the sample voltage. Two possible approaches to local anodic oxidation
on the native SiO2 layer are discussed.
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I. INTRODUCTION

Various techniques, including thermal oxidization,1 can be
employed to oxidize semiconductors. Since the direct and
local anodic oxidation of hydrogen-passivatedn-type Si~111!
surfaces in an ambient way using a scanning tunneling mi-
croscope~STM! was first presented,2 creating surface oxide
patterns within a nanometer scale has attracted significant
interest in nanoelectronic devices—field effect
transistors,3–10 single-electron transistors,11 as well as in
other applications.12–17The atomic force microscope~AFM!/
STM local tip-induced anodic oxidation has been applied to
not only Si, but other materials, such as Ti,5,11,13,18Al,14 Cr,19

MoS2,12 TiN,20 and Si3N4.17,21Many factors, such as tunnel-
ing current, scan speed, pulse duration and contact force,
may affect local tip-induced anodization. However, it has
been widely accepted22–25 that a strong local electric field
between tip and sample surface performs a significant func-
tion in initiating a local anodic oxidation in an ambient way.

In this work the AFM tip-induced local anodic oxidation
on a native SiO2 layer of Si~111! is presented in an ambient
way. When an AFM tip rests on a surface point with a pulse
of 10 V for the duration of an experiment, an oxide protru-
sion becomes tip induced. Applying various 10 V pulses to a
surface point, the protruded oxide height grows as an expo-
nential function of duration. When an AFM tip is scanned
across a large surface area, a large-area oxide bump also
becomes tip induced at varying voltages, which range from 4
V to 10 V. Furthermore, this bump height increases with a
linear dependence on the sample voltages. Growth rate and
kinetics of the local anodization on the native SiO2 layer of
Si~111! will be discussed regarding point and large-area
oxidations.

II. EXPERIMENTS

Using an ambient AFM~Solver-P47 model, NT-MDT,
Moscow, Russia! this experiment was performed at room
temperature with humidity that ranged from;60% to
;68%. A commercial Si~111! sample of 737 mm2 was cut

from an n-type wafer ~Sb dopant, resistivity;0.1V cm),
and the surface of Si~111! was capped with a thin native
SiO2 layer at room temperature with humidity at approxi-
mately ;35%. The SiO2 layer of Si~111! was cleaned and
rinsed in acetone and alcohol for 5 min each in an ultrasonic
bath, and then blown dry with nitrogen gas. AFM images
were obtained in the contact mode via NT-MDT-madep-type
silicon cantilevers ~B dopant, resistivity ;0.01V cm)
within a force constant 0.6 N/m. For point anodic oxidation,
various 10 V pulses, which ranged from 1 to 100 sec, acted
on various surface points through AFM tips. However, for
large-area oxidation, AFM tips were scanned backward and
forward across a large area with various sample voltages that
ranged from 2 V to 10 V. The scan speeds were 5000 nm/s,
10 000 nm/s, 15 000 nm/s, and 20 000 nm/s, and the thresh-
old voltage for the local anodic oxidation on the native SiO2
layer of Si~111! was;4 V, respectively.

III. RESULTS AND DISCUSSION

When an AFM tip contacts and rests on a surface point of
the native SiO2 layer, an oxide protrusion becomes tip in-
duced due to a static voltage pulse of 10 V for the duration.
Figure 1~a! shows an AFM image (850031000 nm2) in
which a series of point oxide protrusions, from left to right,
are produced via 10 V pulses of 1, 5, 10, 30, 60, and 100 sec,
respectively. Obviously, the average full width at half maxi-
mum of the point oxide protrusions is;100 nm, and the
protruded point oxide height increases concurrently with
pulse time@Fig. 1~b!#. This indicates that point oxide growth
follows the direction~perpendicular to the surface! of the
electric field with time. Notably, this experimental result is
similar to those presented previously24,25 regarding anodic
oxidation at varying static voltages and pulses for the
duration.

To understand the effect of the quantitative voltage pulses,
the point oxide heights were measured with an AFM profile
function and averaged five times. Figure 2 shows a graph
that compares the point oxide height and the voltage pulse
duration. All data from the point oxide heights were curve
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fitted with an exponential growth, that is,

h5A2Be2t/t, ~1!

whereh and t represent the height and duration,A ~53.2!
and B ~52.9! are initial constants, andt ~530 sec! is the
curve-fitted constant, respectively. Therefore, the growth rate
becomes

dh/dt5~B/t!e2t/t>0.91e2t/30. ~2!

Several reports22–27 have proposed the local anodic oxi-
dation mechanism via STM/AFM, i.e., the humidity and
electric field between the tip and surface primarily affects the
kinetic local anodic oxidation. A model of AFM/STM silicon

oxidation has also been proposed.28 This paper shows two
possible approaches to local anodic oxidation on the native
SiO2 layer of Si ~111!, as shown in Fig. 3. Fig. 3~a! sche-
matically illustrates an AFM tip resting on a surface point
with a positive sample voltage. When a static 10 V pulse is
initially applied, electrons accumulate on the apex of the
AFM tip and equivalent positive charges are spontaneously
induced at the Si/SiO2 interface underneath the contact point;
O22 and OH2 are electrochemically generated at the air/
SiO2 interface. Pb paramagnetic centers exist at the Si/SiO2
interface,29,30 each center has Si atoms bonded to three other
Si atoms with an unpaired electron. The structure of Pb is
dSi[Si3, where the dot and three parallel lines represent the
unpaired electron and three discrete bonds. Concentrations of
Pb paramagnetic centers have been reported31 to be influ-
enced by the oxidation temperature and cooling rate: the con-

FIG. 1. ~a! An AFM image (8,50031,000 nm2) depicting a
series of point oxide protrusions, from left to right, which were
obtained at the 10 V pulses of 1, 5, 10, 30, 60, and 100 sec, respec-
tively. ~b! An outline of the AB line in ~a! for the point oxide
protrusion height.

FIG. 2. A linear graph of point oxide height and voltage pulse
duration.

FIG. 3. Schematic diagrams of two possible approaches for the
local anodic oxidation on the native SiO2 layer of Si~111!. ~a! When
an AFM rests on a surface point at the sample voltage of 10 V,
electrons accumulate on the apex of the AFM tip and equivalent
positive charges are induced spontaneously at the interface beneath
the contact point. Water vapor~or adsorbed water! and oxygen
gases are dissociated to produce OH2 and O22 ions near the apex
of the AFM tip. ~b! A possible approach is that the OH2 and O22

ions diffuse through the native SiO2 layer and enter the interface via
a strong electric field between tip and sample, and an oxide then
grows at the interface.~c! The other approach is that the OH2 and
O22 ions cannot completely diffuse through the native SiO2 layer,
but rather remain inside the oxide layer to form an oxide protrusion.
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centration of Pb paramagnetic centers is reduced when Pb
paramagnetic centers are terminated by hydrogen-related im-
purities, such as H and OH, during oxidation of Si wafers to
form passivated structures, H-Si[Si3 ~labeled PbH! or
H-O-Si[Si3 ~labeled PbOH!. Based on an anodizing model
proposed by Gordonet al.,23 water vapor~or adsorbed water!
and oxygen gas were dissociated to produce OH2 and O22

ions, which diffused through the native SiO2 layer: ion dif-
fusion is enhanced by AFM tips, which support a powerful
electric field, and the anodic oxidation occurs at the Si/SiO2

interface @Fig. 3~b!#. As the OH2 and O22 ions diffuse
through the native SiO2 layer and enter the Si/SiO2 interface,
they begin to react with the passivated PbH or PbOH centers
following the oxidation processes described in the model of
Gordonet al.23 Here, the tip-induced local positive charges
neutralize the OH2 and O22 ions. However, when a point
oxide occurs at the Si/SiO2 interface, the expansion of vol-
ume causes stress at a limited local space in the Si/SiO2

interface. The point oxide pushes the native SiO2 layer up-
ward to form a protrusion, and releases the extension stress.
Therefore, the thickness of the native SiO2 layer restricts the
growth of the point oxide. A greater thickness of the oxide
protrusion corresponds to a weaker electrical field, which
also limits point oxide growth.

In addition, Fig. 3~c! depicts another approach to the point
oxide protrusion. The OH2 and O22 ions cannot diffuse
completely through the native SiO2 layer, but rather remain
inside the oxide layer. This phenomenon is similar to that of
ion implantation, in that the diffusing OH2 and O22 ions
disrupt the silicon compound and react to produce amor-
phous silica. In contrast to the native SiO2 layer that has the
crystalline nature of quartz, the amorphous silica contains
much disorder. The structure of SiO2 is based on a network
of SiO4 tetrahedra with shared oxygen atoms, whereas the
structure of amorphous silica may contain arrangements of
the interconnected SiO4 tetrahedra, such as silicate struc-
tures. Silicates have O/Si ratios exceeding 2:1, so that the
expansion of volume happens at a local surface of the native
SiO2 layer to form an oxide protrusion. In addition,E8 para-
magnetic centers have been found in silicon oxide;30–32each
center is an Si atom bonded to three O atoms with an un-
paired electron. The structure ofE8 paramagnetic centers is
dSi[O3, where the dot and three parallel lines represent the
unpaired electron and three discrete bonds. When the OH2

and O22 ions diffuse into the native SiO2 layer, these ions
react with E8 paramagnetic centers to give polyatomic
silicon-oxygen anions, possibly enhancing the expansion of
volume. While the rate of ion diffusion is unclear, an in-
crease in oxide thickness or decrease in electrical-field
strength may reduce this rate.

To more thoroughly understand the local tip-induced an-
odic oxidation, large-area oxidation by means of a moving
tip is presented. When an AFM tip scans a surface area,
large-area oxide bumps are produced at sample voltages that
exceed the threshold voltage~54 V!. Notably, the voltage
pulse duration that is applied to every surface point (256
3256 points! is 2 ms. In Fig. 4~a! an AFM image (13,100
39300 nm2) reveals that there is an array of 12 rectangular

large-area oxide bumps on the native SiO2 layer of Si~111!.
The average size of the large-area oxide bumps is;1100
3950 nm2. Figure 4~a! displays three rows of the large-area
oxide bumps, from top to bottom, which were obtained at the
sample voltages, 6 V, 8 V, and 10 V. However, various scan
speeds, 5000 nm/s, 10 000 nm/s, 15 000 nm/s, and 20 000
nm/s, respectively, were employed. Two lines, fromA andB
and fromC andD, pass through three and four oxide bumps.
Figures 4~b! and 4~c! illustrate the two outlines of theseAB
andCD lines. These figures also confirm that the heights of
the three large-area oxide bumps are proportional to the posi-
tive sample voltages but independent of the scan speeds. This
experimental result accords with those presented

FIG. 4. ~a! An AFM image (1310039300 nm2) displaying an
array of 12 rectangular large-area oxide bumps on a native SiO2

layer of Si~111!. Two graphs in~d! and ~c! present two outlines of
the AB andCD lines in ~a!.
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previously.26,27 Figure 5 demonstrates a graph, which com-
pares height to sample voltage. A linear line with error bars
of 0.2 nm fit all data from the large-area oxide heights. It
indicates that the height of the large-area oxide bump is lin-
early dependent on the sample voltage.

In addition, comparing Fig. 2 to Fig. 5, the height of the
large-area oxide bump obtained at 10 V is;4 nm greater
than that of the point oxide protrusion obtained at a static 10
V pulse of 100 sec, hence indicating that the growth limita-
tion of the former differs from that of the latter. When an
AFM tip contacts an initial point on the surface, a point
oxide protrusion occurs at an applied pulse of a static voltage
~threshold voltage!. As the tip begins to scan the surface
forward from the initial point, a series of point oxide protru-
sions appears at sequential static voltage pulses. Here, the

latter point oxide protrusions are higher than the former
ones. This is due to the latter point oxide protrusions, which
grow constantly at a range of the neighboring voltage pulses,
until the voltage pulse power is terminated. When the tip
sweeps back and forth, the growth process repeatedly forms
a large-area oxide bump. According to two growth ap-
proaches presented in Fig 3~b! and 3~c!, this oxide bump
may grow at the interface, or on the surface. Therefore, via
magnitude and pulse control of the applied voltage, oxide
protrusion or bumps are produced within the gate oxide,
which can be further applied for nanodevice fabrication.

IV. CONCLUSIONS

Growth of point and large-area anodic oxidations on the
native SiO2 layer of Si~111! were presented. The protruded
height grew exponentially as a function of duration, and the
bump height increased due to a linear dependence on the
sample voltage. Two approaches were proposed for the oxide
growth mechanism, that is, OH2 and O22 ions undergoing a
strong electrical field diffuse through the native SiO2 layer to
form oxides at the Si/SiO2 interface or in the native SiO2
layer.
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