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ABSTRACT

Scanning probe microscopes (SPMs) such as the scanning tunneling microscope (STM) and
the atomic force microscope (AFM) were used for surface modification tools at the nanometer
scale. Material surfaces, i. e, titanium, hydrogen-terminated silicon and trimethylsilyl
organosilane monolayer on silicon, were locally oxidized with the best lateral spatial resolution
of 20nm. The principle behind this proximal probe oxidation method is scanning probe
anodization, that is, the SPM tip-sample junction connected through a water column acting as
a minute electrochemical cell. An SPM-nanolithogrphy process was demonstrated using the
organosilane monolayer as a resist. Area-selective chemical modifications, i. e., etching,
electroless plating with gold, monolayer deposition and immobilization of latex nanoparticles,
were achieved in nano-scale resolution. The area-selectivity was based on the differences in
chemical properties between the SPM-modified and unmodified regions.

INTRODUCTION

Scanning probe microscopes (SPMs) have
become powerful instruments in the investi-
gation of material surfaces. Besides surface
imaging, many attrmpts have been made to
use the SPM as a surface modification tool at
the nanometer~atomic scale. Nanofbrication
based on SPM has potential application to
various technologies such as high-density
data storage, high-resolution lithography,
and the production of novel nano-structured
materials. Among the numerous approaches
towards nanofabrication, surface oxidation
induced by an SPM-probe tip is one of the
most promising, since it is applicable to a
wide variety of materials, e. g., metals, semi-
conductors and organic thin films!"'~*. Fur-
thermore, such oxidation nanoprocessing is

compatible with various nanolithographic pro-
cesses including pattern transfer transfer and
device fabrication !,

Here we report our recent progress in
research on scanning probe nanoprocessing.
First, we show the local oxidation of metal[e.
g., titanium(Ti)] and semiconductor [e. g.,
silicon(Si) ] surfaaces on the basis of SPM tip
-induced anodic oxidation using adsorbed
water as a chemical reagent. Next, we dem-
onstrate the patterning of an organosilane
monolayer using the same principle and a
nanolithgraphy process in which this mono-
layer serves as a resist ptternable by SPM.
Third, we present the chemical synthesis of
nanostructures on templates prepared by
scanning probe lithography. Finally, we dis-
cuss the utility of scanning brobe nanoproc-
essing and its future applications.
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SCANNING PROBE ANODIZATION OF
METALS AND SEMI CONDUCTORS

The nanoprocessing of conductive materi-
als on the basis of tip-induced oxidation in
scanning tunneling microscopy (STM) was
first reported in 1990 4. Dagata et al. have
modified hydrogen-terminated silicon (Si-H)
surfaces using an STM operated in an atmo-
sphere containing oxygen''.. Nagahara et al.
have conducted STM-oxidation of Si and gal-
lium arsenide (GaAs) in a dilute hydrofluoric
acid solution!?, In their experiments, an STM
tip was biased positively with respect to a
sample substrate and, thus, the substrate
worked as a cathode. Therefore, as pointed
out by Nagahara et al!*., the oxidation chem-
istry is not idntified as the normal electro-
chemical oxidation, 1. e., anodization, which
occurs on an anode!%.. Field-enhanced chem-
istry was proposed as its mechanism %, We
have reported that oxide patterns in nanome-
ter scale were successfully fabricated on Ti
and Si-H surfaces using an STM with a posi-
tive sample bias. An example is shown in Fig.
1. We have identified that the electrochemical
oxidation reaction locally induced beneath the
tip, 1. e. scanning probe anodization, is the true
oxidation mechanism @ "%,

In air or other humid atmospheres, both the
surface of the sample and the SPM-tip are
covered with a thin layer of adsorbed water.
When the tip approaches the sample close
enough for these adsorbed water layer of
adsorbed water. When the tip approaches the
sample close enough for these adsorbed water
layers to come in contact with each other, a

water column is formed around the tip-sam-
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Fig. 1 AFM image of anodic oxide lines fabri-cant-
ed on a Si-H surface. An STM was used
for patterning at a sample bias{Vs) of+5.0
V, a reference current(i) of 0.2 nA and a
tip scan rate(y) of 0.1um/s in nitrogen at-
mosphere with a relative humidity {(RH) of
20% . The region where the tip had scanned
protruded 1~2 nm from the surrounding
unscanned region due to volume expansion
accompanying the anodization of the sub-
strate Si.

ple junction due to capillarity. By applying an
appropriate bias voltage across this junction,
electrochmical reactions both between the
water and the sample material and of the
wateritself are induced at both the tip and
the sample electrodes. If the sample is pola-
rized positively, the tip and the sample work
electrochemically as anode and cathode,
respectively, as illustrated in Fig. 2. Anodic
oxide is formed on the sample surface at the
point beneath the tip. The net electrochemical

reaction at the anode is shown in eq. (1).

sample (anode) reaction : M+nH,0—MO,
+2nH" 4 2ne” (D
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anodic oxides

0%

Fig. 2 Schematic illustration of scanning probe
anodization. When an STM was used, both
Vs and 7 were kept constant. In all of the
STM-based experiments, a conductive-di-
amond STM-tip was used due to its dura-
bility. When an AFM was used, the tip
contacted the substrate surface and only
Vs was kept constant. Metal-coated
(20nm thick NiCr)conducting pro-bes were
used to allow electrical condu-ctance.

Hydrogen generation most certainly occurs
at the tip as the counter electrochemical reac-
tion eq. (2).

tip (cathode) reaction .
2nH, 0+ 2ne"—nH,+ 2nOH~ (2)
A part or all of the current flowing thro-E

EEugh the

responsible for the faradaic current accompa-

tip-sample  junction is
nying these electrochemical reactions.
Detailed study of STM-based scanning
probe anodization was conducted by examin-
ing the effects of humidity and bias on the
anodization!"%. The process strongly depe-
nds on the amount of adsorbed water and,
therefore, atmospheric humidity. Since the
thickness of the water column formed around
the tip-sample junction increases with an in-
crease in humidity, the spatial resolution of
scanning probe anodization worsens as hu-

midity increases. Under low humidity condi-
tions, the water column is confined to just
under the tip. Therefore, the size of the ano-
dized area is rimarily governed by the size of
the tip end. However, under high humidity
(relative humidity (RH)=90%), the ano-
dized area is no longer restricted to only that
beneath the tip. In our experiments, under
such a highly humid atmosphere, the sample
surface was anodized in a broadened area of
4ym in diameter when the STM tip was kept
located at a single point for 40min!%. We
concluded that the lateral diffusion of the
ionic species carrying faradaic current was
significant under such a high humidity condi-
tion since the adsorbed water layer on the
sample surface was relatively thick. This hu-
midity effect i1s clear evidence that the oxida-
tion is primarily governed by an electrochem-
ical rection, 1. e., anodization.

Scanning probe ancdization is simple but
very advantageous since it requires no In-
tentional solvents or chemical reagents for
electrochemical reactions and is applicable to
a wide variety of materials, e. g., chromium,
aluminum and silicon nitride [1°~12,

In particular, Si has been the focus of interest
due to its importance as an electronic materi-
altt 2 713718 Tt ig possible to added an active
reagent to adsorbed water for SPM tip-ain-
Educed electrochemical nanofabrication. An
oxide superconductor surface was electro-
chemically etched by using an STM with
acidic adsorbed water formed in a humid at-
mosphere with a high concentration of car-
bon dioxide!”. Such control of the acidic/
basic condition of the adsorbed water might
be useful for the electrochemical nanofabr-

lcation of various materials.
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SCANNING PROBE NANOPROCE SSING
OF ORGANIC THIN FILMS

The patterning of organic then films is of
special importance due to their application as
lithographic resists. There have been many
reports describing the SPM-based patterning
of organic molecular films. For example, spin
-coated polymer films and Langmuir-Blod-
gett films have been patterned using STMs
operated in vacuum!'®*? as well as by using
STMs or AFMs operated in air!® 4, Resist
films for scanning probe microscope lithogra-
phy must be prepared in a thin and uniform
layer in order to attain high spatial resolut-
ion. Furthermore, these films must be com-
patible with pattern transfer processes such
as chemical etching. Self-assembled monola-
vers (SAMs) of organosilane molecules spon-
taneously chemisorbed on certain substrates,
such as oxides of Si or Ti, have attracted at-
tention due to their excellent uniformity in
molecular order and their resisti-vity to vari-
ous of solvents and chemical reagents(®l,
Therefore, such monolayers have been em-
ployed as resists for a variety of lithographic
methods employing photon, electron and ion
beams!* %!, An STM operated in a vacuum
has been applied to the patterning of organo-
stlane SAM films®. SPMs operated in air
can serve as patterning tools for organic thin
films on the basis of scanning probe anodizat-
ion as described in the previous section. We
have succeeded in fabricating nano-scale pat-

terns on an alkylsilane monolayer on si and a.

fluoroalkylsilane monolayer on Til® -3,
Both STM and AFM were compatible with
patterning of these monolayers. There have
been reports that alkylthiol SAM s prepared

on Au and GaAs surfaces were patterned
using STM in air, and very recently, it was
proven that the patterning mechanism in
these experiments was electrochemistry be-
tween organic molecules and the adsorbed
water 1731, This is the same electrochemistry
which we earlier demonstrated as occurring
in organosilane monolayer patterning (4,

In this section, we describe scanning probe
lithography in which an organosilane moola-
yer served as a self-developing resist (Fig. 3).
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Fig. 3 Schematic diagram of SPM lithography.

(a) Cleaning of Si substrates.

(b) formation of the TMS monolayer
resist,

(c) Patterning. Either an STM of an AFM
was used.

(d) Pattern transfer to the Si substrates
by chemical etching.
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An organosilane monolayer was formed on a
Si substrate by chemical vapor deposition
(Fig. 3b). The Si substrate was first cleaned
by ultraviolet light-generated ozone cleaning
using an excimer lamp of A=172 nm. By this
cleaning, organic contamina tion on the sub-
strate was removed and a clean surface
oxide was chemically prepared (Fig. 3a). The
oxide surface was hydroxy-lated and, there
fore, completely hydrophilic. The cleaned sub-
strate was then exposed to hexa-methyld-
isilazane [(CHs)sSi-NH-Si(CH;); HMDSN]
vapor at 150°C for more than 5hours. The
hydroxyl groups on the substrate surface re-
acted with the HMDSN molecules, resulting
in the formation of a monolayer of trimethy-
Isilyl (TMS) groups [eq.(3) ], Its thickness
was less than 1 nm as estimated by AFM
and ellipsometry.

2=S8i-0H + (CH3) ;Si-NH-Si(CH3) 7~
2=8i-0-Si(CH;3);+NH; (3)

The sample surface became hydrophobic
after the deposition of this monolayer. Since
this CVD method depends on the spontaneous
chemical reaction between the -OH groups
and the HMDSN molecules, hydroxylation of
the substrate surface is crucial for the film
deposition.

Next, the Si-TMS sample was patterned
by scanning probe ancdization in a N, atmo-
sphere under controlled humidity. Each sam-
ple was patterned by either an STM or AFM.
Local degradation of the TMS layer occurred
due to the anodic reactions under the path of
the SPM-tip scan (Fig. 3c). The degraded re-
gion on the sample became hydrophilic again,
indicating that, as a result of the tip-scan,
TMS groups were removed and probably re-
placed with —~-OH groups. We also confirmed

using the AFM that the tip-scanned region
slightly protruded (~0.5 nm) from the sur-
rounding undegraded area as shown in Fig.
4a. This protrusion was due to volume expan-
sion accompanying the anodization of the
substrate Si, which followed the monolayer
degradation. The degradation rate of the
TMS monolayer was governed by several pa-
rameters® *, The degradation rate incre-
ased with an increase in humidity showing
that the reaction is primarily governed by the
amount of adsorbed water. THe presence of
oxygen In the atmoaphere also resulted in an
acceleration of the degradation rate. There-
fore, it is crucial to control the patterning at-
mosphere to obtain the best results. The de-
gree of the TMS degradation in the tip-
scanned region decreased with an increase in
the probe scan rate. That is to say, the degra-
dation rate is governed by the amount of in-
jected current per unjt area. Therefore, the
patterning became incomplete at a high pat-
terning speed of hundreds of m/s due to
insufficent degradation of the monolayer. On
the other hand, the current at the tip-sample
junction increase in the bkas voltage applied
to the junction. By applying a relatively high
bias voltage of 20V, we have obtained suffi-
cient current density even with a high-rate
probe-scan and have succeeded in patterning
at 500 ums which is the limit of our AFM in-
strument 1%,

Finally, the patterned sample was immer-
sed in an etching solution (NH,F/H,0,/H,0=
10/3/100, weight ratio). A Si nanostru-cture
was fabricated by this chemical etching
rusing the patterned TMS resist as an etch-
ing mask (Fig. 3d). An AFM image of the
etched Si grooves is shown in Fig. 4b. The
results clearly show that the region where the
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Fig. 4 (a) AFM image of the patterned Si-TMS
sample surface. AFM-probe scan was con-
ducted with Vg=+10.0V at v=04um/s in
air with RH=18%. Line pitch of the pattern
is about 150nm. The scanned region slightly
protrudes due to anodization of the sub-
strate Si. (b) AFM image of the etched Si
~-TMS sample surface. AFM-probe scan
was conducted with Vs=+10.0V at v=03
pm/s in air with RH=20%. The patterning
current was not meas-ured but based on
results from other experiments, it is sup-
posed to be approximately 0.1nA at this
bias voltage!®®. Etching was conducted for
5min. The scan-ned region was selectively
etched resul-ting in the formation of fine
grooves. The width and depth of the
grooves are 30 and 15nm, respectively.

TMS layer had been degraded by scanning
probe anodization became an etching window,
while the surrounding area was blocked from
etching by the TMS monolayer. Thus, it is
demonstrated that the TMS layer can suc-
cessfully serve as a resist in scanning probe
lithography. This TMS monolayer resist pat-
terning was entirely accomplished through
scanning probe anodization without the need
for any further develooping processes. This
resist can thus be regarded as a self-develop-
ing resist. Both STM-and AFM-based scann-
ing probe anodization were effective in pat-
terning the TMS resist. At present, the spa-
tial resolution of 20nm has been the best ob-
tained.

Electron irradiation has been proposed as
the mechanism of the organosilane monolayer
degradation induced by an STM in vacuum?®.
However, we found that, under our experi-
mental conditions, water adsorption on the
surfaces of both the tip and the sample was
inevitable. A voltage of 4V, which was re-
ported as the minimum for the STM-expo-
sure in vacuum of an organosilane SAM
resist prepared from 4-chloromethylphenyl-
trichlorosilane ™, is high enough to induce
the electrolysis of water. In addition, we
found that at RH=60% the TMS monolayer
became degraded even below the reported
threshold voltage of 4V?, 1t is unlikely that
electrons emitted from the SPM-tip propa-
gate through the water layer and directly de-
grade the organosilane layer. Water electroly-
sis and the related electrochemical reactions
induced beneath the tip are responsible for
the degradation mechanism of the organos-
ilane layers under the atmospheric conditions,
of our experiments.
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CHEMICAL SYNTHESIS OF
NANOSTRUCTURES

If a substance with cemical or physical
properties different from those of the sub-
strate material can be area-selectively depos-
ited on patterns on patterns predefined by
scanning probe lithography, nano-scale pat-
terns of various functionalities can be fabri-
cated. In this section, we describe examples
of the chemical synthesis of nanostructures
through such an approach.

The chemical and physical properties of a
silicon oxide (SiOyx) surface are quite differ-
ent from those of a Si-H surface. Owing to
these differences, a variety of area-selective
chemical modifications of Si-H sample with
patterned SiOx become feasible. Dagata et al.
have demonstrated the area-selective deposi-
tion of GaAs onto a Si-H surface by molecu-
lar beam epitaxy®., We have deposited an
organosilane monolayer by chemical vapor
deposition area-selectively onto anodic SiOy
surfaces!® ¥, We have also made reports of
area-selectrve electroless plating, where the
plating.proceeded selectively on a Si-H sur-
face while a SiOy surface remained free of
deposits (¥ 41 Accordingly, through this area
~selective electroless plating, a negative pat-
tern of Au, that is, opposite to that of the
SPM-tip scanning pattern, was formed as
shown in Fig. 5

A hydrogen termination layer on Si is very
useful for template fabrication as demon-
strated above. Furthermore, since it is thin
and uniform in atomic scale, it can serve as
resist of high spatial resolution approaching
atomic scale. Lyding et al. have demonstrated
the fabrication of patterns lnm in width on

v el o
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Fig. 5 SEM image of Au nanostructures fabricated
on a Si-H sample. The oxide lines shown
by the dark regions in the image were gen-
erated by STM-based scanning probe
anodization with Vg=-+5.0V, 7=0.2nA and
V=0.6um/s. Plating was performed for 7
min at 50C. We have succeeded in plating
Si-H surfaces using two commercial Au
plating solutions of the galvanic displace-
ment type, K-24S{High Purity Chemetals
Laboratory) and Lectroless Prep(Electro-
plating Engineers Japan, EEJA). However,
a catalytic type solution, Lectroless Au
(EEJA), was found to be ineffective.
Therefore, it was concluded that the Au
deposition proceeded due to the galvanic
displacement of Si with Au. Due to the low
nucleation density of the Au on the Si-H,
the Au lines seen in the image are not con-
tinuous. However, the density was in-
creased by wet etching a sample prior to
plating. An agueous solution of 25wt %
tetramethylammonium hydroxide was used
for the etching. With this solution, etching
preceeded area-selectively on Si-H while

- Si0x remained unetched, and we succeeded
in fabricating a continuous Au line as nar-
row as 30 nmest],

Si-H sample surfaces using an STM in ultra-
high vacuum . Unfortunately, a hydrogen
termination layer has a sericus disadvantage
in its instability, since Si-H oxidizes in air
within several hours. Once it oxidizes, chemi-
cal selectivity between the scanned and the
unscanned regions is lost. Therefore, an alte-
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rnative surface termintion layer is necessary
for template preparation. The layer must be
thin and uniform, stable in air and compatible
with scanning probe nanoproc-essing. Organo
silane SAMs are promising , since they are
thin , uniform In molecular order and are sta-
ble. Furthermore, such monolayers are
patternable by varios lithographic tools in-
cluding SPM , as demonstrated in the
previous section.

Patterned organosilane SAMs have been
used as templates for the fabrication of micro
~structures madeup of a variety of materials
through various chemical modifications, in-
cluding mineralization', immobilization of
protein, fluorescent materials or biological
cells 41 electroless plating (" ** *1 mono-
layer deposition'** *), and chemical vapor de-
position 5% 51,

Figure 6 shows a schematic chart of two
processes for the chemical synthesis of
nanostructures, both of whic use a SPM-pat-
terned TMS monolayer as a temloate. In the
first case, a patterned sample was chemically
etched similar to the process previously sho-
wn in Fig. 3. Due to this etching, anodic and
surface oxides were dissolved in the SPM-
scanned region and, consequently, substrate
Si became exposed here (Fig. 6b). The etched
sample was then immersed in a Au plating
solution. Since the etched region is rfactive to
electroless plating, similar to a Si-H surface ,
Au deposition proceeded selectively in the
etched grooves (Fig. 6¢). Therefore, a positi-
ve pattern of Au correspondung to that of
the SPM-tip scan, as opposed to the negative
pattern shown in Fig. 5, was fabricated on
the Si-TMS sample. A SEM image of such
Au nanostructures is shown in Fig. 7a.

) O zpee 2aee
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e) latex particles
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Fig. 6 Schematic diagram of the process for the
chemical synthesis of nanostruct-ures.
{a) Template preparation.
(b} Chemical etching.
{c) Electroless plating.
(d}) Aminosilane coating,
{e) Particle immobilization.

In the second process shown in Fig. 6, we
employed the chemical reaction between the
organosilane molecules and -OH groups on
the oxide surface to chemically synthesize
nanostructures. The hydrohilic regions where
the TMS monolayer has been degraded due
to the tip scanning in Fig. 6a become reactive
again to organosilane molecules. The un-
scanned regions remain unreactive due to ter-
mination by the TMS monolayer. Therefore,
a different type of organosilane molecule
having functional groups other than alky!
groups can be attached ontothese scanned re-
gions. To test this hypothesis, we deposited 3
—aminopropyltrimethoxysilane (APS) molec-
ules onto the fabricated template. An amino
group is attractive due to its chemical react-
tvities. APS molecules reacted with the re-
gion where the TMS monolayer had been de-
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Fig. 7. {(a) SEM images of Au nanostructures fabricated on an etched Si-TMS sample. The lithographic

pattern was generated by STM-based scanning probe anodization in N,(RH==20%) with Vs=+5,
0V, i=0.2nA, and y=0.3umn/s. Plating was performed for bmin at 50°C after 5-min of etching in
NHF/H,0./H,0 at room temperature. The Au nucleation did not occur uniformly in the entire
groove area, but preferentially proceeded at the groove edges. The Au nucleation concentrated
on the groove walls, probably due to a high defect density on the wall surfaces. However, it was
found that the entire groove could be filed with Au deposits when the groove width was less
than 50nmt8. (b} AFM image of latex particles selectively deposited onto the tip-scanned area.
An STM-tip had been scanned at Vg=+5.0V, 1=0.2nA and v=0.2pm/s in N, with 80% RH. The
samples were washed in distiled water and ethanol in that order and dried by N, blow. Next, they
were immersed in a fresh solution of 1 vol.% APS, 4 vol. % CH;COOH and 4vol. % H,0O in methanol
for bmin, After this, the samples were rinsed in methano! twice and then in distlled water. Finally,
some of the APS—treated samples were immersed for 30min in 50md of morphoinoethane sulfonic
acid buffer (MES :50mM, adjusted to pH6.5 by adding ag~NH,0OH solution)and 0.2m¢ of an aqueous
suspension of aldehyde-modified latex particles(Molecular Probes, L-5401, 2% solids in H,O, di-
ameter =29nm=+20.1%). These samples were again rinsed in distiled water and “hen blown dry.

graded resulting in the formation of an APS
monolayer confined to the pattern(Fig. 6d).

To confirm the area-selective growth of
the APS monolayer, hte sample was labeled
with latex nanoparticles whose surfaces were
modified with aldehyde groups. It is known
that an aldehyde group reacts with an amino
group to form a chemical bonding as shown
by eq. (4) 4 ;

—CHO+H;N_——CHN_+H;0 4

The particles were immobilized by this re-
action between the amino groups in the APS
molecules and the aldehyde groups on each

particle (Fig. 6e). There were no particles
found on the surrounding unscanned area.
The AFM image in Fig. 7b shows the alde-
hyde-modifide latex particles deposited on
the tip-scanned region of a sample treated in
the APS solution. In addition, we confirmed
that, after the APS treatment, the tip-
scanned region remained unetched in a NH,F
/HO,/H,O solution. An APS monolayer
having a similar ability to block the etching
had formed on the tip-scanned area. There-
fore, it was concluded that APS molecules
chemisorbed area-selectively onto the tip-

scanned region.
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CONCLUDING REMARKS

We have deseribed in this paper the suc-
cessful fabrication of artificial nanostructures
using SPM. Scanning probe anodization tech-
nology was applied to the nanoscale pattern-
ing of metals, semiconductors and organic
thin films. A nanolithography process based
on an arga-nosilane SAM resist wasdeveloped.
The application of SPM-defined templates to
chemical nanofabrication was also demon-
strated.

The very slow patterning speed of SPM
compared with that of electron beams has
been believed to be a serious disadvantage
for practical lithographic applications. Howe-
ver, ther have been several recent reports
concerned with attaining pattering speeds in
the order of mm/s. Snow et al. predicted AFM
-patterning over 1 mm/s from their exterim-
ental results on AFM-oxidation of Si—-HUl,
Park et al. achieved 1 mm/s patterning speed
using spin-on-glass as a resist!®2. We have
demonstrated 0.5 mm/s patterning speed based
on an organosilane monolayer resist *, Since
this result do not represent the limit of resist
sensitivity, but rather limitations of the instr-
ument used for the experiments, we expect
that patterning of organosilane monolayer
resists is capable at a patterning speed of mm/s
order.

In scanning probe lithography, a probe-tip
writes lines one by one to construct an entire
pattern, while, in photolithography, a whole
pattern can be transferred at a single time
from a predefined mask to resist. This shows
also a shortcoming of scanning probe litho-
grphy, but it can probably be overcome
through multi-probe AFM. Minne et al. ave
reported the parallel operation of multi-probe

AFM allowing simultaneous patterning using
up to 5 probes ™.

At present, the productivity of scanning
probe nanoprocessing is insufficient. Howev-
er, this nanotechnology has been generally
accepted as a valuable tool for research labo-
ratories. Among the various scanning probe
nanoprocessing strategies, proximal probe ox-
idation is the most successful since it is reli-
able and readily applied to the fabrication of
nano-scale devices 't %7581 n
addition, compated with other high-resolution
lithographies such as electron beam methods,

electronic

scanning probe nanoprocessing as demon-
strated in this paper is advantageous since it
can be performed under ambient conditions.
Scanning probe lithography enables the flex-
ible combination of lithography with other
methods in order to exactly locate the probe
and/or characterize fabricated patterns in
situ. As an example, Snow et al. have report-
ed the AFM fabrication of metal-oxide devic-
es with in situ control of electrical proper-
ties [%9,

Scanning probe nanoprocessing is not
restricted to nanoelectronics. The spatial
arrangement of functional molecules on solid
surfaces with artificial control at minute
scales has attracted attention for the con-
struction of novel chemical systems or devic-
es. Potential applications range from funda-
mental scientific research in microchemistry
to practical applications, such as chemical
sensors and electronic or optical devices
based on organic molecules!® %1, Qur ap-
proach demonstrated here and in other pa-
perst®* #1 involving the immobilization of or-
ganic molecules onto intended sites using
nanostructured templates defined by scann-
ing probe nanoprocessing willplay a key role
in nanochemistry.
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