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This paper reviews silicon nanofabrication processes using atomic force microscopy (AFM). In particular, it summarizes recent
results obtained in our research group regarding AFM-based silicon nanofabrication through mechanochemical local oxidation by
diamond tip sliding, as well as mechanical, electrical, and electromechanical processing using an electrically conductive diamond
tip. Microscopic three-dimensional manufacturing mainly relies on etching, deposition, and lithography. Therefore, a special
emphasis was placed on nanomechanical processes, mechanochemical reaction by potassium hydroxide solution etching, and
mechanical and electrical approaches. Several important surface characterization techniques consisting of scanning tunneling

microscopy and related techniques, such as scanning probe microscopy and AFM, were also discussed.

1. Introduction

Nanoelectronic devices and nanomachines could soon be
manufactured by manipulating atoms and molecules [1].
Microfabrication is essential for the development of these
nanotechnologies but remains challenging. Conventional
microfabrication relies on lithography, the most common
semiconductor manufacturing technology, which is usually
combined with deposition and dry and wet etching pro-
cesses. More recently, new nanoprocessing methods, such as
nanoprinting and molecular self-organization, have emerged
with the development of nanotechnology, but these methods
are limited by the shape and dimensions of workpiece mater-
ials.

Mechanical processing methods that transcribe a tool
locus can produce three-dimensional microshapes with high
precision using the tribological properties of tool geometry
and a workpiece [2]. For example, a 1 ym wide knife edge can
be formed by fine abrasive grinding [3]. Using microtribo-
logical action and degrees of freedom of materials, the shape
and size of processed objects can increase if shape processing

is achievable at the micron and nanometer scales [4, 5].
Therefore, microfabrication applications can be significantly
extended through such novel processes [2-10].

Meanwhile, processing methods combining chemical and
mechanical actions have been widely used to machine high-
quality surfaces with high precision [3]. Mechanochemi-
cal processing (MCP) is a machining method that utilizes
mechanical energy to activate chemical reactions and struc-
tural changes [11], providing highly flat surfaces with few
defects. Recently, chemical-mechanical polishing (CMP) has
been applied in the fine processing of semiconductor devices.
Furthermore, a complex chemical grinding approach that
combines chemical potassium hydroxide (KOH) solution
etching and mechanical action has been studied, thereby
improving the processing properties of CMP [3].

In recent years, maskless and friction-induced process-
ing techniques have been utilized for nanofabrication [12-
21]. The elevated internal stress and plastic deformation
of masks formed at high load resulted in highly damaged
mask surfaces and oxidation layers [17-21]. Mechanically
processed mask patterns obtained from plastically deformed



damaged layers withstood the selective wet etching processes
conducted for pattern transfer called maskless patterning
or friction-induced fabrication [17-23]. The mechanistic
evaluation of these processes showed that plastic deformation
and oxidation layers may block the reactive KOH solution
layer. Therefore, the damage remained superficial [18-21]. In
contrast, the direct patterning of etching mask was proposed
to reduce damage [8-11].

Few studies have used MCP at the atomic scale. For exam-
ple, marking has been assessed as a physical-thermal excita-
tion machining approach to produce storage devices, requir-
ing complex mechanochemical processes at the nanometer
scale [9]. However, severe adhesion during silicon machining
made high precision difficult to achieve. Therefore, the
potential application of this approach in a liquid chemical
environment was investigated [3, 24]. Furthermore, a rigid
silicon cantilever bearing diamond particles was produced
experimentally, making the processing characteristics of sili-
con clearer [25].

New processing methods can achieve high-precision
and high-quality machining through combined mechanical-
chemical nanofabrication approaches. During mechanical
processing, tool shape machining is mostly applied to mate-
rial removal. Nanosized convex shapes are very difficult to
obtain with high precision on surfaces. A mechanochemical
approach can circumvent this issue by mechanically pro-
moting the reaction between atmospheric gas and surface
adsorption layer.

Micromachining mainly utilizes three-dimensional micr-
oscopic manufacturing processes comprising etching, depo-
sition, and lithography. Scanning probe microscopy (SPM)
techniques, which include the most common atomic force
microscopy (AFM) and scanning tunneling microscopy
(STM) [26, 27], are useful for surface property evaluation.
These techniques involve scanning surfaces with a tip that
includes a piezoelectric element. SPM is a promising tool in
the nanofabrication of functional nanometer-size materials
and devices [28] because of its ability to produce such
nanostructures at the atomic scale. Several researchers have
also attempted to use SPM techniques for local surface
deposition and modification [5, 28-30]. In particular, the so-
called local oxidation has been proven highly promising for
the fabrication of electronic devices at the nanometer scale
[31-33]. In this method, under room temperature conditions,
oxidizing agents contained in the surface adsorbed water
drifted across the silicon oxide layer under the influence of
a high electric field, which was produced by voltage applied
to the SPM probe [2, 33]. This SPM-generated oxide can
function as a mask for the etching step and insulating barrier.

Mechanical friction has also been exploited using AFM
in contact mode in air to fabricate silicon nanostructures
on a H-passivated Si(100) substrate [34]. An AFM diamond
tip sliding on a silicon surface formed protuberances on
the substrate under ambient conditions [35-37]. A proper
mechanical action of the sliding tip on the silicon sur-
face resulted in local mechanochemical oxidation [35, 36].
Conversely, CMP has achieved the damage-free and high-
accuracy processing of silicon wafers. If diamond tip sliding
results in suitable mechanochemical action on the silicon
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surface, local oxidation can be performed without damaging
the oxide mask during the selective wet etching process used
for pattern transfer [35-38].

A similar AFM nanoprocessing method has previou- sly
been developed and evaluated in our research group on a
Si(100) surface without bias voltage [35-40]. The mecha-
nochemical reaction used a conductive diamond tip with
superior wear resistance and produced nanoprotuberances
and grooves under ambient conditions. A KOH solution
selectively etched the unprocessed silicon area, leaving pro-
cessed surfaces mostly intact [35-38]. An AFM investigation
was conducted to evaluate the KOH etching of silicon
specimens that were initially processed by diamond tip
sliding at low and high scanning densities at different rates,
confirming this observation [38]. These results suggested that
an approach combining mechanical and electrical processes,
such as an AFM technique that simultaneously used mechan-
ical load and bias voltage, could be developed. Previous
electrical nanoprocessing systems [41] indicated that this
complex approach should use a conductive diamond tip. The
mechanism of this complex approach was compared to those
of the mechanical and electrical processes [41]. Investigations
of fundamental nanostructure characteristics are expected
to provide a better understanding of the morphological and
electric properties of processed areas, which is crucial to
process improvement. Conductive atomic force microscopy
(CAFM) has been shown to directly determine the local con-
ductivity distribution, which is independent of topography
[38, 42]. However, the local structure and electric properties
of these nanostructures remain poorly understood because of
their complexity.

This paper reviews the most recent developments in (1)
silicon nanoprocessing through mechanochemical reaction
by diamond tip sliding, followed by (2) KOH solution etching
using the processed area as a mask, and (3) nanofabrication
through mechanical and electrical processes using a conduc-
tive diamond tip.

2. Silicon Nanoprocessing through
Mechanochemical Reaction and Etching

Several mechanochemical techniques have been developed
for silicon nanoprocessing using natural pyramidal AFM
diamond tips of various radii [40, 43]. The diamond tips
were fabricated by polishing, and their radii were estimated
by tracing on a standard sample. MCP by diamond tip
sliding and the resulting silicon protuberances and grooves
were evaluated by AFM in situ under atmospheric con-
ditions. Sharp tips produced grooves, whereas wide tips
produced protuberances on the silicon surfaces. KOH etching
of the mechanochemically processed surfaces revealed that
protuberance-covered areas were barely etched. In other
words, processed areas that displayed a plastic deformation
also acted as etching masks for the KOH solution. Three-
dimensional nanoprofiles, which consisted of squares (1000
x 1000 nm?), lines interspaced by 200 nm intervals, and a
two-step table, were fabricated on silicon using similarly
oxidized areas as etching masks. Using thick masks that
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FIGURE 1: Mechanochemical processing of silicon by AFM tip
sliding.

were mechanochemically oxidized at high load and mechan-
ical removal of the natural oxide layer at low load, three-
dimensional nanometer-sized profiles were processed by
additional KOH solution etching.

To clarify the mechanism of this approach, the contact
stress was analyzed using the boundary element method [40].

2.1. Processing Methods. The effects of load and diamond tip
radius on the height and depth of features obtained through
MCP by diamond tip sliding were studied [36]. N-type Si(100)
samples were not cleaned prior to AFM processing so that
their surface was covered by a natural oxide layer, which was
less than 2 nm thick. First, the surfaces were mechanochem-
ically processed under atmospheric conditions at room tem-
perature. During this process, the specimens were driven
using a piezoelectric element. Changes in processed area
profiles were examined by applying a load of 10-40 4N and
expanding scanning areas. The scanning procedure (256 scan
lines) is shown in Figure 1 [40]. Diamond tip radii (50, 100,
and 200 nm) and applied loads were changed to control the
oxidation level.

Processed areas were expected to act as etching masks;
therefore, the etching properties of KOH were evaluated
after AFM processing. These processed wafers were etched
in a 10% KOH solution at room temperature. Differences in
etching rates between processed and unprocessed areas were
determined by AFM measurements at low load using the
processing tip.

2.2. Dependence of Silicon Nanoprocessing on Tip Radius
and Load. The dependence of silicon nanoprocessing on tip
radius and load was evaluated to determine the protuberance
processing properties and the deformation characteristics of
processed areas. Contact pressure displayed static pressure
(stress). The additional stress generated during processing
was measured when the tip moved and slid. Therefore,
changes in processed protuberance heights and plastic defor-
mation characteristics of processed area were investigated by
measuring principal contact and shear stresses. The principal

contact and shear stress of 50 and 200 nm radius diamond
tips were analyzed through the boundary element method.
Load effects on maximum principle and shear stresses were
also studied.

Figure 2(a) shows a square silicon area (1 um?*) processed
using a tip with a 50 nm radius under an applied load of
10-40 uN, along with its section profiles (Figure 2(a) (I-1II))
[40]. The AFM profile suggests that plastic deformation or
cutting debris accumulated at the periphery of the processed
square. The 50 nm tip produced grooves whose depth reached
20nm and increased with increasing load on the silicon
surface. AFM imaging showed that small-radius tips could
remove silicon from the surface at loads as low as 10 uN.

In contrast, a 200 nm radius diamond tip produced 0-
2nm high silicon protuberances, as shown by the profiles
of processed silicon square area (1 ymz) (Figure 2(b)). The
section profiles (Figure 2(b) (I-III)) also suggested that pro-
tuberance height increased with increasing applied load (50—
80 uN). For example, an 80 uN load formed 1.5nm high
protuberances.

Diamond tips with radii of 100 nm simultaneously pro-
duced protuberances and grooves, as shown in Figure 2(c).
Section profiles (Figure 2(c) (I-1II)) revealed that protuber-
ances appeared at loads as low as 50 uN, and grooves formed
at loads as high as 70-80 uN.

Figure 3 shows the effects of tip radius and load on
protuberance height and groove depth for radii of 50, 100,
and 200 nm. The maximum height was obtained at a load
of 40 uN using the 100 nm radius tip. In contrast, the groove
depth significantly increased at a load of 40 uN and reached
a maximum of 7 nm at a load of 80 4N with the 50 nm radius
tip.

These AFM measurements suggest that protuberances
may originate from the mechanochemical action of tip
sliding on the sample. Protuberances have not been observed
under vacuum and dry nitrogen conditions [44]. The
mechanochemical reaction of silicon with carbon appeared to
be enhanced with rising temperature under vacuum, but pro-
tuberances did not form. Protuberances have been produced
using other tip materials, such as silicon nitride or silicon, but
the mechanochemical reaction between silicon and diamond
was negligible. Protuberances were difficult to detect when
the diamond tip was used under dry conditions (less than
40% humidity), suggesting that the presence of water on the
silicon surface contributes to the mechanochemical reaction.

Mechanistic models of protuberance and groove pro-
cessed by diamond tip sliding were proposed using the
processing characteristics. Models for height-increasing and
height-decreasing processes [37] are shown in Figures 4(a)
and 4(b), respectively. These protuberance processing phe-
nomena may stem from the local atomic destruction of bonds
concomitant with concentrated stress. Sliding enhances the
reaction of damaged silicon with oxygen and water that are
present on the surface due to the destruction of silicon-
silicon bonds. This reaction forms silicon oxide (SiO,) or
silicon hydroxide (Si(OH),), increasing the height of the
processed parts. The mechanochemically processed layer
thickness is greater than the protuberance height.
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When the radius equaled 50 or 100 nm with a higher
applied load, the maximum surface shearing stress exceeded

the strength of silicon, leading to plastic deformation fol-
lowed by the sliding-induced silicon removal from the sides
and front. However, during plastic deformation, oxygen and
water also reacted mechanochemically with silicon through
a reaction similar to that occurring during the height-
increasing process (Figure 2(b)). The nanoindentation hard-
ness of processed protuberances and grooves was approx-
imately 10% higher than that of unprocessed parts. The
reaction of silicon with surface water and oxygen produces
Si(OH),, or SiO,,, which exhibits the same hardness as silicon
and is harder than Si(OH),.. Therefore, instead of soft silicon
hydroxide, a silicon oxide layer is speculated to form on
processed protuberance and groove surfaces.

To clarify the mechanism of mechanochemical protuber-
ance and groove processing, the surface contact stress was
evaluated using the boundary element method [40]. Contact
model and material parameters are presented in Figure 5.
Figures 6 and 7 show the contact principal stress and shearing
stress, respectively, of 50 and 200 nm radius diamond tips
analyzed by the boundary element method [40]. Maximum
principal stress and shearing stress dependences on load
are shown in Figure 8. Hard and brittle materials such as
silicon are easily fractured under tensile stress. In maximum
tensile stress areas, silicon bonds appear to break under
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tensile stress caused by the friction of the diamond tip.
Therefore, the reaction of silicon may occur at the rear edge
of the sliding contact area where the elongation stress is the
highest. This protuberance processing phenomenon accom-
panies mechanochemical reaction during which tensile stress
increases. Its mechanism may involve adsorbates, such as
surface water and oxygen, which mechanochemically react
with silicon [40].

Shearing stress was evaluated to estimate the plastic
deformation of silicon. The effect of the evaluated contact
stress on protuberance heights and groove depths is shown in
Figure 9 [40]. Protuberance heights increased until the tensile
stress reached 4.5 GPa and decreased. At this peak height,
the maximum shear stress attained more than 8 GPa. This
suggests that MCP using a 100 nm radius diamond tip is load
dependent when the shear stress exceeds the strength of sil-
icon, including a plastic deformation of several nanometers.
At lower loads, the 100 nm radius tip provided protuberances
through silicon oxidation. However, the maximum shear
stress increased beyond the yield criterion with increasing
load, resulting in silicon removal from the side and front
surfaces and a subsequent decrease in protuberances height.
Conversely, the tensile stress at the rear edge increased with
increasing load during this removal process, indicating that
water and oxygen reacted with silicon, and a mechanochem-
ical reaction similar to the protuberance height-increasing

process occurred. The silicon oxide layer is also assumed to
form on processed groove surfaces, as shown in Figure 4(b).

2.3. Additional KOH Solution Etching of Processed Areas

2.3.1. Load Dependence of KOH Solution Etching on Mecha-
nochemically Processed Areas. The KOH solution etching of
a mechanically processed area is shown in Figure 10 [40].
Thick oxidized layers were mechanochemically formed on
the processed areas, and these locally oxidized parts were
expected to work as etching masks for KOH solution [37, 40,
43]. For short KOH etching times, the area processed at a high
scanning density and the unprocessed area covered with a
natural oxidative layer acted as masks and were not etched,
enabling various types of nanofabrication processes via
mechanochemical action. Nanoscale local oxidation based
on mechanochemical action may find application in future
nanodevice processes and nanolithography technology.

The effects of KOH etching on protuberance and groove
processing on silicon were investigated at room temperature.
Silicon protuberance and groove processing were conducted
in air using a 140 nm radius diamond tip on a l‘um2 square
area at loads ranging from 10 to 90 uN [43]. As shown in
Figure 11(a), protuberance heights remained below 1nm for
10-30 uN loads, but they increased to 1-2 nm for loads of 40,
50, and 60 uN, indicating that protuberance heights increased
with increasing applied load. However, loads of 70, 80, and
90 uN generated grooves on the processed areas as well as
plastic deformation. The maximum depth of the grooves was
4.5 nm. These results are in between those obtained using the
100 and 200 nm radius tips.

Silicon samples processed at loads ranging from 0
to 90 uN were etched using KOH solution for 10 min.
Figure 11(b) shows that unprocessed areas were etched,
whereas all processed areas remained almost intact. Pro-
cessed features protruded over the surface because of KOH
etching, reaching a maximum height of 8 nm. Areas pro-
cessed by tip sliding clearly showed an erosion resistance to
KOH solution. For high loads of 70, 80, and 90 N, the shape
of plastically deformed areas did not change after etching in
KOH solution. The etching speed of processed areas with
inherent defects was accelerated under normal processing
conditions [37, 38], but the processed regions could not be
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etched, even with plastic deformation. This may result from
the formation of a dense oxide layer by tip sliding.

Figure 12(a) shows plastically deformed protuberances
produced using a 100 nm radius diamond tip. The KOH solu-
tion selectively etched the unprocessed Si area, leaving pro-
tuberances and grooves processed by tip sliding unchanged.
The depth of grooves processed at 80 uN was approximately
5nm. Protuberances processed at 40 uN reached heights of
nearly 1 nm. Figure 12(b) shows the surface profile after KOH
solution etching for 30 min, revealing that processed protu-
berance and groove areas were barely etched. Height differ-
ences between processed and unprocessed areas amounted
to approximately 50 nm after KOH solution etching. These
results suggest that protuberances and grooves formed by
diamond tip sliding consist of silicon oxide (Figure 4), which
is chemically resistant to KOH. The protuberances exhibited
similar upper surface profiles before and after KOH etching.
Plastically deformed areas shown at the start and end of tip
sliding process remained intact after KOH solution etching,
suggesting the formation of silicon oxide on these areas.

Figure 13 shows the profiles of three square areas (a)
processed by AFM and (b) etched using KOH [40]. Mean
protuberance heights of 2.3, 2.1, and 1.2 nm were obtained
by diamond tip sliding for loads of 50, 40, and 30 uN,
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respectively. At higher loads, the plastically deformed debris
accumulated at the end of the sliding. Three squares with
mean heights of 82, 80, and 78 nm were clearly observed
after etching. The lower profile of the KOH etched surface
(Figure 13(b)) matched that of the upper profile for AFM
tip processed surface (Figure 13(a)), indicating that the three
processed squares were barely etched.

Figure 14 shows the profiles of lines and spaces produced
by tip sliding at 50 N before and after KOH solution etching
[40]. The 2 ym long lines were interspaced by intervals of
(a) 500, (b) 400, (c) 300, and (d) 200 nm. The sliding scar
of the processed lines was barely visible by AFM. After
KOH solution etching, four lines were clearly observed and
displayed rounded ends because of side etching. Line heights
ranged from 40 to 42nm, while line spacing narrowed to
200 nm. Even without changing the profiles, tip sliding forms

a silicon oxide layer that protects the processed surface from
KOH etching.

2.3.2. Load and Scanning Density Effects on the KOH Solu-
tion Etching Rates of Mechanochemically Processed Areas.
Figure 15(a) shows the process used to control etching rates
by changing the tip loads [37, 38, 40]. A uniform natural
oxide layer was formed on the silicon surface before process-
ing (Figure 15(a)). The mechanochemically processed area
exhibited a thick oxidized layer at a high load and high-
density scanning (Figure 15(b)), while a low load and low-
density scanning mechanically removed the natural oxide
layer (Figure 15(c)).

Figure 16 shows a two-step table obtained from mecha-
nochemically processed areas etched using KOH solution at
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different rates [40]. To change the degree of oxidation of the
processed area, the atomic force between the Si(100) surface
and tip was changed. First, a high square protuberance of
0.6nm (2 x 2 ymz) was processed at 25 uN (Figure 16(a)).
Next, a second area (5 x 5um?) was processed at a low load
and low-density scanning. Profiles obtained after additional
KOH solution etching revealed that a low load and low-
density scanning resulted in a thin, 5 x 5 um®* oxidized area,
and a highload and high-density scanning resulted in a dense,
2 x 2 um? oxidized area on the same surface (10 x 10 ym?,
Figure 16(b)). Load and scanning density changes during
MCP can influence reaction rates. The height difference
between the processed areas amounted to approximately
18 nm and total height was 33 nm, evidence for the potential
fabrication of a nanometer-size two-step table.

The profile of a processed sample was obtained, as shown
in Figure 17. First, a 1 x 1 ym? area was mechanically oxidized
by diamond tip sliding at 40 4N and was assumed to undergo
partial plastic deformation. Another 1 x 1 um? area processed
at 10 uN displayed a 1.5 nm high protuberance. A 6 x 6 um*
area was processed by tip sliding at 1.5uN to remove the
natural oxide layer, and the sample was etched using KOH
for 25 min. Figure 17 shows the resulting three-dimensional
profile of the processed areas. The profile suggests that tip
sliding at 1.5 uN and over a wide area removed the natural
oxide layer, promoting a deep etching of 119 nm. In contrast,
the surfaces of areas processed at 10 and 40 yN exhibited
little differences from the unprocessed basal plane covered
with a natural oxide layer. The natural oxide layer worked
as an etching mask for the unprocessed surface for 25 min
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but, thereafter, was removed by low load and wide-range
processing at 1.5 N, increasing the etching rate.

To demonstrate this mechanism, nine squares (1 x lymz)
were mechanically oxidized by tip sliding at 15 N, and the
processed area was expanded to a 10 x 10 um® square to
remove the natural oxide layer at 1uN. Subsequent KOH
solution etching was performed for 30 min. As shown in
Figure 18, the nine square areas and the unprocessed natural
oxide layer were negligibly etched, indicating that they acted
as etching masks.

3. Nanofabrication through Mechanical and
Electrical Processes Using an FElectrically
Conductive Diamond Tip

Several mechanical and electrical methods, including com-
plex combinations of both approaches, have been devel-
oped for silicon nanoprocessing using an electrically con-
ductive diamond tip [41]. In these approaches, nanostruc-
tures were formed on naturally oxidized silicon wafers
through mechanochemical and/or electrochemical reactions.
Mechanochemical and electrochemical reactions were con-
ducted by applying a load and/or electrical voltage using an
electrically conductive diamond tip with a radius of approx-
imately 45 nm. Surface morphology and electrical properties
of processed areas were examined by AFM, which provides
topographic and current images, as well as current-voltage

(I-V) curves [41]. These investigations showed that nanos-
tructure height and morphology depended on applied load
and voltage. The electric properties of the processed regions
were identified using Schottky I-V curves, which showed
their dependence on the extent of local mechanochemical
and electrochemical reaction generated by tip sliding during
processing. In particular, complex approaches that combined
mechanical and electrical processes enhanced the local oxi-
dation at high load and voltage.

3.1. Experimental Method. Experiments were conducted
using AFM apparatus with a cantilever equipped with a
conductive diamond tip. Process evaluation consisted of two
steps. First, sample surfaces were scanned using the tip at a
relatively high contact load over a 500 x 500 nm” area under
the conditions shown in Table 1. Second, surface topography
and electrical current were examined using the same tip at
a low contact load of 1nN over an enlarged scanning area
(5 x 5um?). Current images and I-V curves were generated
while scanning by applying a bias voltage (0.5 V) between the
sample and the conductive tip and measuring of the electrical
current flowing through the tip. The reaction occurred on
the ultrasmall part of the contact area, and processing time
is the same for either mechanical or electrical process. The
oxidation reaction was assumed to occur during processing
and last as long as the processing time. The tests were
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FIGURE 13: AFM profiles of three square areas processed at different loads (a) before and (b) after KOH solution etching.

performed three more times. Measured values were different
but exhibited the same trend.

CAFM enables topography and current distribution mea-
surements in the contact mode [41]. Furthermore, I-V curves
of processed and unprocessed regions were obtained using an
applied bias voltage because a comparison between current
image and topography revealed no clear relationship between
local conductivity and morphology. The probe used here
consisted of a B-doped chemical vapor deposition diamond-
coated silicon tip with a radius of approximately 45 nm and
an average electrical resistance of approximately 0.0031 Qcm
at 22°C. Under ambient conditions (room temperature of
approximately 22°C), the specimens were coated with an
approximately 2 nm thick natural oxide layer. The cantilever
(231 x 36 um?) displayed a spring constant of approximately
48 N/m and a resonance frequency of 185 kHz [41].

As shown in Figure 19, three areas (indicated by line A-
A') were mechanically processed by tip sliding at loads of 40,
80, and 120 nN. As indicated by line B-B', three areas were
electrically processed by tip sliding at a load of 2nN using
bias voltages of 1, 2, and 3 V. During electrical processing, the
applied force load is assumed to be 0 nN, which corresponds
to a nominal zero force scan because true zero force is actually

TABLE 1: Processing conditions.

Process Load (nN) Voltage (V)
Mechanical processing 40, 80, 120
Electrical processing 1,2,3
40
Mechanical + electrical processing 80
120 3

difficult to achieve. As shown by line C-C', mechanical
and electrical processes were combined using tip sliding at
nonzero loads and bias voltages. Three areas were processed
through this complex electromechanical approach at loads of
40, 80, and 120 nN and voltages of 1, 2, and 3V, respectively.
Sliding tracks appear as dashed lines in Figure 19.

3.2. Surface Properties of Electrical, Mechanical, and Elec-
tromechanical Processes. Figure 20 shows the topographic
images of mechanically, electrically, and electromechani-
cally processed samples (Table 1). Along a-a', samples were
mechanically processed by tip sliding at loads of 40, 80, and
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solution etching.

120 nN, producing protuberances with heights of approxi-
mately 0.40, 0.26, and 0.20 nm, respectively. These protu-
berances were generated by tribochemical reaction [35, 36,
40]. In this process, protuberance heights depend on the
local oxidation and plastic deformation of the specimen
caused by tip sliding. Protuberance heights increased because
of the tribochemical reaction. However, compression from
the loading force limits protuberance growth, explaining a
decrease in height with increasing load. Along b-b', samples

were electrically processed by tip sliding using bias voltages of
1,2, and 3 V. The applied voltage triggered an electrochemical
reaction that resulted in the local oxidation of silicon. Pro-
tuberance heights of approximately 0.44, 0.50, and 0.71nm
were obtained for voltages of 1, 2, and 3V, respectively.
Protuberance heights increased with increasing voltage. The
net force is assumed to strongly depend on the voltage [45, 46]
so that the processing force at a load of 0 nN is substantially
greater at 3V than at 1V. Conversely, electrical processing
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produced taller protuberances than mechanical processing.
Therefore, local oxidation may be accelerated by the voltage-
induced electrochemical reaction, increasing the volume of
silicon oxide formed [41].

Along c-c', samples were electromechanically processed
by tip sliding using applied loads and voltages of 40nN,
1V; 80nN, 2V; and 120nN, 3V. The respective heights
of the three protuberances were 0.44, 0.56, and 0.64 nm.
The protuberance formed electromechanically at a 120 nN
load and at 3V was lower in height than the protuberance
formed electrically at 3V, indicating that compressive stress
resulting from the high load reduced the protuberance height.
This result is consistent with the reduced protuberance

13
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FIGURE 19: Scheme showing silicon square areas processed through
(A-A") mechanical, (B-B') electrical, and (C-C!) electromechanical
methods at different loads and voltages.

height being suppressed with increasing load in mechanical
processing. These results also suggest that mechanical and
electrical processing can effectively control the formation
and growth of nanostructures through mechanochemical
and electrochemical reactions. Sectional profiles showed
that the electrically processed protuberances were thicker
than the mechanically and electromechanically processed
protuberances. It is believed that electrical action is useful
in conjunction with mechanical action in protuberance fab-
rication. The effect of combined electrical and mechanical
actions on processing is emphasized and discussed in the next
section.

3.3. Electrical Properties of Electrical, Mechanical, and Elec-
tromechanical Processes. Figure 21 shows the current dis-
tribution images of areas obtained by mechanical, elec-
trical, and electromechanical processing (Figure 20) [41].
Differences in measured current between unprocessed and
processed areas were determined to compare the effect of
mechanical and/or electrical techniques on fabrication. In
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general, processed areas displayed lower current than unpro-
cessed areas, which stems from the formation of oxidization
layers during nanoprocessing. These layers are produced
by reactions between silicon and water, which included a
mechanochemical reaction caused by tip sliding and an
electrochemically induced anodic oxidation. A current of
0.191nA was measured in the unprocessed area for a bias
voltage of 2V, indicating that this area was covered with
an ultrathin natural oxidation layer formed under ambient
conditions.

Mechanical processing resulted in current differences of
0.079, 0.077, and 0.076 nA for loads of 40, 80, and 120 nN,
respectively, indicating that processed areas presented lower
currents than the unprocessed areas (a-al, Figure 21(a)).
These current differences decreased with increasing load in
the processed areas, meaning that the currents increased
with increasing load. This phenomenon may result from the
partial removal of the oxidation layer at high load, causing its
thickness to decrease.

Current differences between electrically processed and
unprocessed areas amounted to 0.120, 0122, and 0.122nA
for voltages of 1, 2, and 3V, respectively (b-bl, Figure 21(b)).
These current differences were greater than the current
differences for mechanically processed samples, suggesting
the formation of a thicker oxidation layer during electrical

processing than during mechanical processing. This thick
oxidation layer was impeded on conductivity in electrically
processed areas.

Current differences between electromechanically pro-
cessed and unprocessed areas equaled 0.136 nA for a 40 nN
load and a voltage of 1V, 0.137 nA for a 80nN load and a
voltage of 2V, and 0.138 nA for a 120 nN load and a voltage
of 3V (c-c', Figure 21(c)), showing that currents were lower
in electromechanically processed areas than in unprocessed
areas. In addition, current differences increased with increas-
ing load and voltage, concomitant with the enhanced local
oxidation and plastic deformation induced by mechanical
and electrochemical reactions in the processed areas. More-
over, mechanically processed areas exhibited higher average
currents than electrically and electromechanically processed
areas, indicating that electrical and electromechanical meth-
ods may enhance local oxidation.

Schottky I-V characteristics were measured to study elec-
trical conductivity properties in unprocessed and processed
areas (Figures 22-24). The detection of a breakdown voltage
is expected to confirm the existence of an oxidation layer
on the processed area. This layer, which hinders current
flow between conductive tip and specimen, originates from
the mechanically, electrically, or electromechanically induced
local oxidation. Breakdown voltages obtained at different
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processing conditions are listed in Table 2. As shown in
Figure 22, breakdown voltages amounted to 1.1V through
mechanical processing at a 40nN load (track Al), 11V
through electrical processing at a voltage of 1V (track Bl), and
1.08 V through electromechanical processing at a 40 nN load
and a voltage of 1V (track Cl).

Figure 23 shows that the breakdown voltage increased
beyond 3V through electrical processing at a voltage of 2V
(track B2) and electromechanical processing with a 80 nN
load and a voltage of 2V (track C2). However, mechanical
processing at 80 nN load (track A2) displayed breakdown
voltage of approximately 1.2V, in agreement with previous
results suggesting the partial removal of the oxidation layer
at high loads. In the case of electromechanical process-
ing, the breakdown voltage increased beyond 3V (track
C2) because the oxidation was enhanced by simultaneous
mechanochemical and electrochemical reactions. Figure 24
shows that the breakdown voltage increased beyond 3V
through electromechanical processing with a 120 nN load
and a voltage of 3V (track C3) due to the production of a
regular and dense oxidation layer at high load and voltage.
The elevated breakdown voltage of the mechanical processed
area (track A3) indicates that the mechanochemical reaction
enhanced the oxidation at a high load despite a reduction in
protuberance height and the partial removal of the oxidation
layer by tip sliding. Electrical processing also promoted
the oxidation reaction with increasing bias voltage (track
B3), enhancing the conductive resistance. Consequently, the
breakdown voltage was higher in the electrical process than in
the mechanical process. Electromechanically processed areas

exhibited higher breakdown voltages than other processed
areas, indicating that this complex approach can generate
nanostructures with high oxidation density. Furthermore,
electrical and electromechanical processing may improve
nanofabrication rates because mechanochemical and electro-
chemical reactions enhanced oxidation rates.

4. Conclusions

This review evaluated silicon processing by diamond tip
sliding under ambient conditions using AFM. First, sili-
con nanofabrication through AFM-based mechanical and
mechanochemical processes, followed by additional KOH
solution etching, was examined. Mechanochemically reacted
surfaces and natural oxide layers acted as etching masks
for the etching solution. Protuberances and grooves were
processed on silicon surfaces in air using diamond tips with
different radii. Changing the scanning density during tip slid-
ing modulated the etching rates. Specifically, this approach
was used to manufacture three-dimensional nanoprofiles,
such as three squares, evenly interspaced lines, and a two-
step table. Second, a CAFM-based nanofabrication technique
was applied to oxidized silicon wafers. Topographic and
current images, as well as in situ I-V characteristics of
mechanically, electrically, and electromechanically processed
surfaces, revealed the effects of mechanochemical and elec-
tromechanical reactions on nanofabrication. Nanoscale local
oxidation based on these mechanical, mechanochemical,
and electrochemical reactions may be applied to future
nanodevice processes and nanolithography technology.
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TABLE 2: Breakdown voltages and processing conditions.

. Tracks
Processing
Al Bl Cl1 A2 B2 C2 A3 B3 C3
Load (nN) 40 40 80 80 120 120
Voltage (V) 1 1 2 2 3 3
Breakdown voltage (V) 11 11 1.08 1.2 3 or over 3 or over 3 or over 3 or over 3 or over
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