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ELECTROPEN LITHOGRAPHY

[0001] This invention was made with Government support
under contract number DE-AC02-98CH10886, awarded by
the U.S. Department of Energy. The Government has certain
rights in the invention.

BACKGROUND OF THE INVENTION

[0002] The present invention relates to methods for pro-
ducing a patterned surface having nanoscale features, and in
particular, to novel scanning probe nanolithography tech-
niques for producing such patterned surfaces.

[0003] There is a need in many diverse technologies for
providing complex structures and patterns on the nanoscale
level, and especially on the molecular level. For example,
nanoscale structures and patterns are of great importance in
the fabrication of advanced electronic, photonic, and sensing
devices, among others.

[0004] However, producing nanoscale patterns presents a
significant challenge. For example, conventional “top
down” methods such as photon, electron, and ion methods,
have been relied upon to produce ever smaller patterns.
However, these methods have serious limitations in produc-
ing nanoscale patterns, especially when approaching the
molecular level.

[0005] Another approach which has been receiving con-
siderable attention for creating such nanoscale patterns is the
“bottom up” approach. For example, one popular approach
has been to adapt the well known imaging techniques of
scanning probe microscopy (SPM) to manipulating atoms
and molecules. Such methods are known as scanning probe
lithography (SPL) techniques. SPL. makes use of such SPM
techniques as, for example, atomic force microscopy (AFM)
and scanning tunneling microscopy (STM), to precisely and
selectively place individual molecules in specific locations.

[0006] For example, SPL has been used to nanograft
molecules in a self-assembled monolayer (SAM). In con-
ventional nanografting techniques, SAM molecules are
selectively removed by the scanning probe tip. The resulting
void is then filled with other molecules, also known as ink
molecules or patterning molecules. Some of the most sig-
nificant drawbacks of the nanografting technique are its slow
speed and the dependence on the size of the tip.

[0007] Another widely used SPL technique is dip-pen
lithography. In dip-pen lithography, the scanning probe tip
functions similarly to a fountain pen, but on a molecular
level. When the ink-coated tip is in contact with a suitable
surface, the ink molecules on the tip are transferred from the
tip to the surface.

[0008] One significant drawback of dip-pen lithography is
its slow speed due to the requirement of the tip to continu-
ously withdraw from writing in order to replenish the tip
with ink. Another significant drawback of dip-pen lithogra-
phy is that characterization of features thus fabricated is a
difficult and inconvenient process. For example, when using
the same tip in situ, very fast scan speeds would be required
in order to image while minimizing ink delivery. Such fast
scan speeds, especially after numerous repetitions, destroy
the pattern. When a separate tip is used for imaging, specific
features of the pattern must again be located, thus presenting
a time consuming and difficult task.
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[0009] Most recently, it has been found that patterns can
be made on SAMs by applying a voltage to an AFM tip when
the tip is in contact with certain molecular groups of the
SAM. For example, it has recently been shown that methyl-
terminated and vinyl-terminated SAM molecules can be
selectively oxidized to carboxylic acid groups via tip-in-
duced nanoelectrochemical oxidation. The carboxylic-ter-
minated molecules that form the pattern are then reacted in
solution with ink molecules that contain functional groups
reactive to carboxylic acid groups. See, for example, R.
Maoz, et al., Advanced Materials, 12 (10), pp. 725-731
(2000); R. Maoz, et al., Advanced Materials, 11 (1), pp.
55-61 (1999); S. Hoeppener, et al., Advanced Materials, 14
(15), pp. 1036-1041 (2002).

[0010] However, due to the required dipping of the sub-
strate into a solution of ink molecules, the conventional
tip-induced nanoelectrochemical oxidation methods dis-
cussed above share the same drawbacks noted above. For
example, after the solution dipping step, any features thus
fabricated cannot be characterized or imaged using the same
tip in-situ. Thus, locating and characterizing specific fea-
tures of the pattern is a time consuming and difficult task.

[0011] Accordingly, there is a need for a method that
provides the benefits of tip-induced nanoelectrochemical
oxidation, and that does not have the drawbacks discussed
above. In this regard, none of the art discussed above
disclose a patterning method based on tip-induced nanoelec-
trochemical oxidation, wherein the tip performs the oxida-
tion and simultaneously provides the ink to react with the
resulting oxidized species. The present invention relates to
such methods and patterned surfaces produced thereby.

SUMMARY OF THE INVENTION

[0012] In one aspect, the present invention relates to a
method for producing a nanoscale patterned surface. The
method includes: providing an ultrafine tip having a first
group of patterning molecules provided thereon; providing a
substrate surface having oxidizable groups accessible to the
ultrafine tip; contacting the ultrafine tip with a selected
portion of the substrate surface; positioning the ultrafine tip
to be sufficiently proximal to the substrate surface in the
presence of a liquid transporting medium to form a meniscus
between the ultrafine tip and the substrate surface; applying
to the ultrafine tip a negative voltage capable of oxidizing
the oxidizable groups to an oxidized form; whereby the
substrate surface and the ultrafine tip are at least partially
electrically conductive; and the first group of patterning
molecules are capable of being hydrolyzed by, and/or
capable of reacting with, the oxidized form, thereby pro-
ducing a nanoscale surface patterned with a first group of
patterning molecules.

[0013] Preferably, the substrate surface is at least partially
covered with substrate surface molecules. Preferably, at least
a portion of the substrate surface molecules include methyl,
vinyl, acetylenyl, or mercapto groups, or a combination
thereof. More preferably, at least a portion of the substrate
surface molecules are terminated with one or more methyl,
vinyl, acetylenyl groups, mercapto groups, or a combination
thereof.

[0014] The substrate surface can be chemically the same,
or different from, the bulk substrate. For example, the bulk
substrate and/or the substrate surface can be independently
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selected from a metal, metal alloy, metal oxide, metal
sulfide, metal selenide, metal telluride, metal nitride, metal
phosphide, metal arsenide, metal boride, metal carbide,
metal silicide, metal salt, superconducting material, con-
ducting polymer, or a combination thereof.

[0015] Some examples of metals suitable as substrate
surfaces and/or bulk substrates include copper, nickel, alu-
minum, n- or p-doped silicon, gold, silver, palladium, plati-
num, rhodium, iridium, titanium, graphite, zinc, iron, beryl-
lium, magnesium, or calcium. Some examples of metal
oxides include n- or p-doped silicon oxide, mica, indium tin
oxide, titanium oxide, iron oxide, copper oxide, yittrium
oxide, zirconium oxide, thallium oxide, lithium oxide, mag-
nesium oxide, calcium oxide, and aluminum oxide. Some
examples of metal sulfides include cadmium sulfide, gallium
sulfide, iron sulfide, nickel sulfide, copper sulfide, lead
sulfide, and zinc sulfide. Some examples of metal selenides
include cadmium selenide, gallium selenide, copper
selenide, and zinc selenide.

[0016] Some examples of metal nitrides suitable as sub-
strate surfaces and/or bulk substrates include gallium nitride,
indium nitride, aluminum nitride, and boron nitride. Some
examples of metal phosphides include gallium phosphide,
indium phosphide, and zinc phosphide. Some examples of
metal arsenides include gallium arsenide, indium arsenide,
and zinc arsenide.

[0017] Some examples of metal carbides suitable as sub-
strate surfaces and/or bulk substrates include tungsten car-
bide, silicon carbide, molybdenum carbide, titanium car-
bide, aluminum carbide, vanadium carbide, boron carbide,
lithium carbide, barium carbide, calcium carbide, and tan-
talum carbide.

[0018] Some examples of metal salts suitable as substrate
surfaces and/or bulk substrates include the metal salts
derived from one or more alkali or alkaline earth metal ions
in combination with one or more counteranions selected
from halide, sulfate, nitrate, phosphate, carboxylate, borate,
carbonate, silicate, selenoate, and arsenate.

[0019] Some examples of conducting polymers suitable as
substrate surfaces and/or bulk substrates include polyaniline,
polypyrrole, polythiophene, poly(para-phenylene), poly(p
phenylenevinylene), polyacetylene, and combinations
thereof, chemical derivatives thereof, and doped derivatives
thereof.

[0020] When the oxidizable group is methyl, vinyl, or
acetylenyl, the oxidized form is preferably a carboxylic acid
group. When the oxidizable group is a mercapto group, the
oxidized form is preferably a sulfonic acid group.

[0021] In a preferred embodiment, the ultrafine tip is a
scanning probe microscopy tip. The surface of the tip is
typically composed of a metal, metal alloy, or semiconduc-
tor material. More preferably, the ultrafine tip has a surface
which includes doped silicon, silicon nitride, tungsten, tung-
sten carbide, diamond-coated silicon, metal-coated silicon,
or metal-coated silicon nitride. Some examples of metal-
coated silicon nitride tips include platinum-coated silicon
nitride, titanium-coated silicon nitride, copper-coated silicon
nitride, and silver-coated silicon nitride.

[0022] In apreferred embodiment, at least a portion of the
substrate surface molecules are independently saturated or
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unsaturated; straight-chained or branched; cyclic, polycy-
clic, fused ring, or acyclic hydrocarbon molecules having 1
to 50 carbon atoms. Optionally, one or more carbon atoms
of'the hydrocarbon molecules are substituted by one or more
heteroatom linkers or heteroatom groups. Alternatively, or in
addition, one or more hydrogen atoms of the hydrocarbon
molecules are substituted by one or more heteroatom
groups.

[0023] 1In a further preferred embodiment, at least a por-
tion of the substrate surface hydrocarbon molecules
described above are substituted by one or more silano
groups. A silano group is any group containing one or more
silicon (Si) atoms. Some preferred examples of silano
groups include —Si(R”),, —Si(R"),—, —Si(R”)=, —Sis=,
—SiCl,, —SiCl,—, —SiCl=, —Si(0—);, —Si(0—),—,
—Si(0—)=, —Si(OR"),, —SiR’(OR"),, and
—Si(R7),(OR”). In the examples of silano groups, the
symbols = and = represent two and three separate single
bonds, respectively, wherein each single bond is between a
silicon atom and a carbon atom or suitable heteroatom.
Preferably, R” independently represents H, or a saturated or
unsaturated; straight-chained or branched; cyclic or acyclic
hydrocarbon group having 1 to 6 carbon atoms.

[0024] 1In a further preferred embodiment, at least a por-
tion of the substrate surface molecules containing one or
more silano groups are surface siloxane molecules. Prefer-
ably, the surface siloxane molecules are represented by the
formula:

RYLR? R SIORY  pnnp &

[0025] In formula (1), R', R?, and R? preferably indepen-
dently represent H; or saturated or unsaturated; straight-
chained or branched; cyclic, polycyclic, fused ring, or acy-
clic hydrocarbon groups having 1 to 50 carbon atoms.
Optionally, one or more carbon atoms of the hydrocarbon
groups of R*, R? and R® are substituted by one or more
heteroatom linkers or heteroatom groups. Alternatively, or in
addition, one or more hydrogen atoms of the hydrocarbon
groups of R*, R? and R® are substituted by one or more
heteroatom groups. R* preferably independently represents
H; or a saturated or unsaturated, straight-chained or
branched, cyclic or acyclic hydrocarbon group having 1 to
6 carbon atoms; or a silano group.

[0026] Informula (1), at least a portion of the hydrocarbon
groups of R!, R?, and R? are terminated with methyl, vinyl,
acetylenyl, or mercapto groups, or a combination thereof.
The subscripts m, n, and p independently represent 0 or 1,
provided that at least one of m, n, and p is 1 and at least one
of R, R?, and R? groups represents the hydrocarbon groups
of R', R?, and R?; or, when m, n, and p are all 0, then R*
represents the hydrocarbon groups of R*, wherein at least a
portion of the hydrocarbon groups of R* are terminated with
methyl, vinyl, acetylenyl, or mercapto groups, or a combi-
nation thereof.

[0027] In a further preferred embodiment to formula (1),
the surface siloxane molecules are represented by the for-
mula:

RISI(ORY), 3

[0028] In formula (3), R' preferably represents a saturated
or unsaturated; straight-chained or branched; cyclic, poly-
cyclic, fused ring, or acyclic hydrocarbon group having 1 to
50 carbon atoms. R* is preferably as defined above.
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[0029] Inone embodiment, the OR* groups in formulas (1)
or (3) are not involved in a hydrolysis reaction. In another
embodiment, the OR* groups are hydrolyzed in the presence
of surface-adsorbed water to form crosslinked surface silox-
ane molecules. The crosslinked surface siloxane molecules
have intermolecular silicon-oxide-silicon bonds and/or sili-
con-oxide-metal bonds between the surface siloxane mol-
ecules and the metal of a metal oxide surface.

[0030] More preferably, the crosslinked surface siloxane
molecules described above are formed by surface-mediated
hydrolysis of the corresponding chlorosilane precursors. An
example of a class of such chlorosilane precursors includes
the formula:

RLR? R, SICL @

[0031] In formula (2), R', R?, and R® are as defined in
formula (1) above. The subscripts m, n, and p independently
represent O or 1, provided that at least one of m, n, and p is
not 0, and at least one of R!, R?, and R? is not H.

[0032] In a further preferred embodiment to formula (2),
the crosslinked surface siloxane molecules are formed by
surface-mediated hydrolysis of trichlorosilane precursors of
the formula:

RISiCl, )

[0033] Informula (4), R' preferably represents a saturated
or unsaturated, straight-chained or branched, cyclic, poly-
cyclic, fused ring, or acyclic hydrocarbon group having 1 to
50 carbon atoms.

[0034] In a further preferred embodiment of formula (4),
R! is represented by the formula CH,(CH,), —, wherein s
represents 0, or an integer from 1 to 30. More preferably, s
represents an integer from 10 to 20. Even more preferably,
s is approximately 17.

[0035] Some examples of trichlorosilane precursors
according to formula (4) include methyltrichlorosilane, eth-
yltrichlorosilane, n-propyltrichlorosilane, iso-propyltrichlo-
rosilane, n-butyltrichlorosilane, iso-butyltrichlorosilane,
t-butyltrichlorosilane, n-pentyltrichlorosilane, n-hexyl-
trichlorosilane, n-heptyltrichlorosilane, n-octyltrichlorosi-
lane, n-nonyltrichlorosilane, n-decyltrichlorosilane, n-unde-
cyltrichlorosilane, n-hexadecyltrichlorosilane,
n-octadecyltrichlorosilane, n-docosyltrichlorosilane, n-tria-
contyltrichlorsilane, 18-nonadecenyltrichlorosilane,
(3-acryloxypropyl)-trichlorosilane, allyltrichlorosilane,
3-butenyltrichlorosilane, methacryloxypropyltrichlo-
rosilane, 7-octenyltrichlorosilane, 10-undecenyltrichlorosi-
lane, and vinyltrichlorosilane.

[0036] Preferably, the substrate surface molecules are
capable of forming a positive interaction with the substrate
surface and/or intermolecular bonds between the substrate
surface molecules. The interactions or bonds can be inde-
pendently covalent or non-covalent in nature. By forming
these positive interactions or bonds, an ordered layer, e.g., a
molecular monolayer, of the substrate surface molecules on
the substrate surface is possible. Even more preferably, such
interactions and/or bonds are capable of forming a self-
assembled monolayer of the substrate surface molecules on
the substrate surface.

[0037] In a preferred embodiment, the first group of pat-
terning molecules are selected from the metal alkoxide,
metal amide, amino, phosphino, arsino, alcohol, and epoxide
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classes of molecules. More preferably, the first group of
patterning molecules are selected from one or a suitable
combination of metal alkoxides.

[0038] Metal alkoxides suitable as patterning molecules
are preferably alkoxides of one or a suitable combination of
alkaline earth, transition metal, main group metal, lan-
thanide, or actinide classes of metals. More preferably, the
metal alkoxides are alkoxides of the main group metals.
Even more preferably, the main group metal in the metal
alkoxide is silicon, thereby resulting in siloxane patterning
molecules.

[0039] In a preferred embodiment, siloxane patterning
molecules are represented by the formula:

R®,RSI(ORY) 4 3)

[0040] In formula (5), R® and RS independently represent
H; halo; or saturated or unsaturated straight-chained or
branched; cyclic, polycyclic, fused ring, or acyclic hydro-
carbon groups having 1 to 50 carbon atoms. Optionally, one
or more carbon atoms of the hydrocarbon groups of R® and
R® are substituted by one or more heteroatom linkers or
heteroatom groups. Alternatively, or in addition, one or more
hydrogen atoms of the hydrocarbon groups of R> and R® are
substituted by one or more heteroatom groups. In addition,
the hydrocarbon groups of R® and R® are optionally con-
nected to form a ring having three to six ring carbon atoms.

[0041] R*in formula (5) independently represents H; or a
saturated or unsaturated; straight-chained or branched;
cyclic or acyclic hydrocarbon group having 1 to 6 carbon
atoms; or a silano group. The subscripts q and r indepen-
dently represent O or 1.

[0042] In a further embodiment of formula (5), at least a
portion of the siloxane patterning molecules are represented
by the formula:

R3Si(ORY)4 (6)

[0043] In formula (6), R* and R® are as defined above in
formula (5). More preferably, R® is represented by the
formula Y,—(CH,_,)—, wherein Y, represents one or more
functional groups; a represents 0, or an integer from 1 to 3;
and t represents an integer from 1 to 50. More preferably, t
represents an integer from 1 to 24. Even more preferably, t
represents an integer from 1 to 10.

[0044] Some examples of suitable functional groups for
Y include, independently: halo, —CH,, silano, —OR’,
—'SR7, —SeR7, —TeR’, —S—SR”, —N(R),, —N(R"),+,
—N,, —NO,, —C(O)N(R"),, —C(O)R’7, —C(0)0O—,
—C(O)OR?, —C(S)OR’7, —NR’C(O)OR’, —NR—
NR7"),, —NR’C(O)NR’7, —N=N(R7), =N—-NR),,
—OCN, —NCO, —SCN, —NCS, —PR"),, —P(OR"),,
—As(R"),, —CN, —NC, —S(0),0H, —SO0,,
—P(O)(OH),, —PO,>, —C(O)—O0—C(O)R’,
CR’™=C(R"),,—C=C—R’, maleimido, and biotiny]l groups.

[0045] Inthe functional groups given above, R” preferably
represents H; or a saturated or unsaturated; straight-chained
or branched; cyclic or acyclic hydrocarbon group having 1
to 6 carbon atoms. Optionally, R” in —C(O)OR” is an
ester-activating group.

[0046] Inoneembodiment, Y, represents —SH and a is 1.
Some examples of siloxane patterning molecules containing
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the —SH group include 3-mercaptopropyltrimethoxysilane,
3-mercaptopropyltriethoxysilane, or a combination thereof.

[0047] Inanother embodiment, Y, represents —NH, and a
is 1. Some examples of siloxane patterning molecules con-
taining the —NH,, group include 3-aminopropyltrimethox-
ysilane, 3-aminopropyltriethoxysilane, or a combination
thereof.

[0048] Inanother embodiment,Y represents —CH=CH,
and a is 1. Some examples of siloxane patterning molecules
containing the —CH=CH, group include 18-nonadecenyl-
trimethoxysilane, 18-nonadecenyltriethoxysilane, allyltri-
methoxysilane, allyltrimethoxysilane, allyltris(trimethylsi-
loxy)silane, 3-butenyltriethoxysilane,
21-docosenyltriethoxysilane,  10-undecenyltrimethoxysi-
lane, vinyltriethoxysilane, vinyltrimethoxysilane, vinyltri-
isopropoxysilane, vinyltriisopropenoxysilane, vinyltriph-
enoxysilane, 7-octenyltrimethoxysilane, or any suitable
combination thereof.

[0049] Preferably, the negative voltage bias applied on the
tip is a minimum of approximately 5 volts. The maximum
negative voltage bias can be, for example, approximately 15
volts.

[0050] Preferably, the liquid transporting medium is aque-
ous. The aqueous transporting medium can be composed of
strictly water, or alternatively, a mixture of a non-aqueous
solvent and water. In the mixture, the water can be in a trace
amount. The non-aqueous solvent can be, for example, a
protic, polar aprotic, or hydrocarbon solvent.

[0051] An example of a protic solvent includes the class of
alcohol solvents, such as methanol, ethanol and isopropanol.
Some examples of polar aprotic solvents include acetoni-
trile, dimethylsulfoxide, methylene chloride, chloroform,
ether-containing solvents, ester-containing solvents, and
amide-containing solvents. Some examples of hydrocarbon
solvents include the pentanes, hexanes, heptanes, octanes,
benzene, toluene, and xylenes.

[0052] An aqueous transporting medium preferably results
from performing at least some portion of the method under
conditions of non-zero humidity. Preferably, the humidity is
a minimum of about fifty percent to a maximum of about one
hundred percent. More preferably, the humidity is approxi-
mately one hundred percent.

[0053] A further embodiment to the method includes
imaging the patterned surface using any of the suitable
images techniques known in the art. Preferably, the pattern
is imaged using a scanning probe microscopy imaging
technique. Even more preferably, the pattern is imaged using
the same ultrafine tip which was used for patterning.

[0054] Another further embodiment to the method
includes producing one or more additional patterns on top of
the first group of patterning molecules which have been
patterned on the substrate surface. For example, the method
can further include: contacting an ultrafine tip having a
second group of patterning molecules provided thereon with
a selected portion of a substrate surface having a first group
of patterning molecules having oxidizable groups accessible
to the ultrafine tip; positioning the ultrafine tip to be suffi-
ciently proximal to the substrate surface in the presence of
a liquid transporting medium to form a meniscus between
the ultrafine tip and the substrate surface; applying to the
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ultrafine tip a negative voltage capable of oxidizing the
oxidizable groups to an oxidized form; whereby the second
group of patterning molecules are capable of being hydro-
lyzed by, and/or capable of reacting with, the oxidized form,
thereby producing a surface patterned with a second group
of patterning molecules. The process, as described above,
can be optionally repeated using any number of subsequent
groups of patterning molecules to produce a surface pat-
terned with the same number of subsequent groups of
patterning molecules.

[0055] In another aspect, the invention relates to a nanos-
cale patterned surface produced by any of the methods
described above. For example, a silicon oxide nanoscale
patterned surface can be produced by a method comprising:
providing an ultrafine tip having a first group of siloxane
patterning molecules provided thereon; providing a silicon
oxide surface at least partially covered with siloxane mol-
ecules terminated with methyl, vinyl, acetylenyl, or mer-
capto groups, or a combination thereof; contacting the
ultrafine tip with a selected portion of the silicon oxide
surface; positioning the ultrafine tip to be sufficiently proxi-
mal to the silicon oxide surface in the presence of a liquid
transporting medium to form a meniscus between the
ultrafine tip and the silicon oxide surface; applying to the
ultrafine tip a negative voltage capable of oxidizing the
methyl, vinyl, acetylenyl, or mercapto groups to an oxidized
form; whereby the silicon oxide surface and the ultrafine tip
are at least partially electrically conductive; and the first
group of siloxane patterning molecules are capable of being
hydrolyzed by, and/or capable of reacting with, the oxidized
form.

[0056] In the present invention, the ultrafine tip simulta-
neously performs the oxidation and provides the patterning
molecules required to react with the resulting oxidized
species. Accordingly, the invention advantageously provides
the benefits of tip-induced nanoelectrochemical oxidation
for nanoscale patterning, while not having the drawback of
using solution methods for providing the patterning mol-
ecules.

BRIEF DESCRIPTION OF THE FIGURES

[0057] FIG. 1. The principle of electropen lithography. In
a humid environment, by applying a voltage across the
conducting AFM tip and octadecyltrichlorosilane (OTS)
film, the OTS film is converted to reactive COOH termi-
nated surface (OTS_,). The ink pre-coated on the tip is
delivered onto the reactive OTS__ surface and forms a
second layer.

[0058] FIG. 2. Patterns written using electropen lithogra-
phy on OTS surface with mercaptopropyltrimethoxysilane
(MPTMS) ink.

[0059] FIG. 3. Electropen lithography has multilayer writ-
ing capability.
[0060] FIG. 4. Fabricating a patterned surface with two

different chemistries.

DETAILED DESCRIPTION OF THE
INVENTION

[0061] In one aspect, the invention relates to a method for
producing a patterned surface. The invention is most suited
for producing patterns having nanoscale features, i.e., nanos-
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cale patterns. The features of the pattern can consist of, for
example, dots, lines, arcs, complex shapes, and any inter-
connections between them.

[0062] The features of such nanoscale patterns can be as
large as several hundreds of nanometers (nm). For example,
a line can be written having a width of approximately 500
nm, 400 nm, 300 nm, 200 mm, or 100 nm. The features of
such nanoscale patterns can be as small as a few nanometers.
For example, a line can be traced having a width of 50 nm,
25 nm, 20 nm, 15 nm, 10 nm, or 5 nm. The features of such
nanoscale patterns can even be on the scale of one or several
molecules.

[0063] However, the overall pattern itself can be of any
desired dimension. For example, the overall pattern can be
on the scale of a few nanometers, a few hundred nanometers,
a micron, a few microns, tens of microns, hundreds of
microns, a millimeter, a few millimeters, tens of millimeters,
hundreds of millimeters, or even on the centimeter scale.

[0064] The invention uses a very sharp tip, i.e., an ultrafine
tip, for patterning a surface. The ultrafine tip has a very small
apex radius of nanometer dimension. For example, the
ultrafine tip can have an apex radius of 50 nm, 40 nm, or 30
nm. More preferably, the ultrafine tip has an apex radius of
20 nm or lower.

[0065] In a preferred embodiment, the ultrafine tip is a
scanning probe microscopy (SPM) tip. The SPM tip can be
any tip used in any of the scanning probe microscopy
techniques, as long as the tip is at least partially electrically
conductive. For example, the tip can be any conductive tip
used in atomic force microscopy (AFM), scanning tunneling
microscopy (STM), scanning electrochemical microscopy
(SECM), or near-field optical microscopy (NSOM). Numer-
ous kinds of SPM tips are commercially available.

[0066] Since the invention requires the use of a voltage
applied to the ultrafine tip, the tip or at least the tip surface
must be at least partially electrically conductive. The tip
surface is also preferably made of a material which does not
react with, or covalently bond to, the patterning molecules
on the tip surface in the time scale of the patterning process.

[0067] For example, the tip can be made of, or include, a
metal, metal alloy, or semiconductor material. Some
examples of suitable metals for the tip include, where
appropriate, tungsten, chromium, copper, nickel, aluminum,
gold, silver, palladium, platinum, rhodium, iridium, tita-
nium, graphite, and zinc. Some examples of suitable metal
alloy materials for the tip include, where appropriate, silicon
nitride and tungsten carbide. An example of a suitable
semiconductor material for the tip includes doped silicon,
i.e., n-doped or p-doped silicon.

[0068] The ultrafine tip may additionally be coated with
another suitable material, where appropriate. Some
examples of coated tips include diamond-coated silicon,
metal-coated silicon, and metal-coated silicon nitride. The
metals in the tip coating can be any of the metals previously
noted above. Some examples of metal-coated silicon tips
include platinum-coated silicon and titanium-coated silicon
tips. Some examples of metal-coated silicon nitride tips
include platinum-coated silicon nitride, titanium-coated sili-
con nitride, copper-coated silicon nitride, or silver-coated
silicon nitride tips.
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[0069] The ultrafine tip can be coated by any of the
techniques known in the art. For example, the tip can be
coated using solution or vapor deposition techniques.

[0070] The ultrafine tip is contacted with a substrate
surface in a carefully controlled and precise manner. Pref-
erably, the tip is contacted with the substrate surface using
any of the scanning probe microscopy techniques known in
the art.

[0071] The ultrafine tip is positioned sufficiently proximal
to the substrate surface such that a meniscus of a liquid
transporting medium between the substrate surface and the
tip is formed. A sufficiently proximal distance from the tip
to the substrate surface can be, for example, in the nanom-
eter, sub-nanometer, Angstrom, and sub-Angstrom ranges.
Such minute distances are preferably realized by using
scanning probe microscopy techniques.

[0072] The liquid transporting medium interconnects the
ultrafine tip and substrate surface, thereby allowing the
patterning molecules on the tip to be transported to the
substrate surface. The tip is “in contact” with the substrate
surface when it is close enough to form such a meniscus.

[0073] The liquid transporting medium can be any suitable
liquid. For example, the liquid transporting medium can be
an aqueous or non-aqueous solvent. Some examples of
aqueous solvents include water and mixtures of water and
another solvent. Some examples of non-aqueous solvents
include protic solvents, polar aprotic solvents, and hydro-
carbon solvents.

[0074] Some examples of non-aqueous protic solvents
include alcohols. Some examples of alcohols include metha-
nol, ethanol, n-propanol, iso-propanol, n-butanol, pentanol,
and the like.

[0075] Some examples of polar aprotic solvents include
acetonitrile, dimethylsulfoxide, methylene chloride, chloro-
form, ether-containing solvents, ester-containing solvents,
and amide-containing solvents. Some examples of ether-
containing solvents include diethyl ether and diisopropyl
ether. An example of an ester-containing solvent includes
ethyl acetate. Some examples of amide-containing solvents
include dimethylformamide and dimethylacetamide.

[0076] Some examples of hydrocarbon solvents include
pentanes, hexanes, heptanes, octanes, benzene, toluene, and
xylenes.

[0077] Preferably, the liquid transporting medium is any
liquid medium that contains water. More preferably, the
liquid transporting medium is completely water, i.e., an
aqueous transporting medium. If desired, the aqueous trans-
porting medium may further include, for example, one or
more salts, buffering agents, acids, bases, wetting agents, or
metal complexing agents.

[0078] The aqueous transporting medium preferably
results from performing at least some portion of the method
under conditions of non-zero humidity. The level of humid-
ity can be any desired or suitable level of humidity. Prefer-
ably, the humidity is a minimum of about fifty percent. More
preferably, the humidity level is between about fifty percent
and about one hundred percent. Even more preferably, the
humidity level is approximately one hundred percent.

[0079] The transporting medium can also be a mixture of
any of the non-aqueous solvents described above and water.
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For example, the water can be present in a trace amount in
any of the non-aqueous solvents described above.

[0080] When a non-aqueous solvent is used, the vapor
pressure of the solvent is controlled. The vapor pressure of
the solvent is any vapor pressure considered appropriate or
suitable for the patterning process.

[0081] For the purposes of this invention, the substrate
surface needs to be at least partially electrically conductive
in order for a negative voltage to induce a current between
the substrate surface and the tip. Hence, the substrate surface
can be made of essentially any material which is at least
partially electrically conductive, i.e., not completely insu-
lating.

[0082] Where appropriate, the substrate surfaces can be
suitably doped. Such doping can render relatively non-
conductive materials at least partially electrically conduc-
tive.

[0083] In one embodiment, the substrate surface is a
metal. Some examples of classes of metals suitable as a
substrate surface include the alkali, alkaline earth, main
group, transition, lanthanide, and actinide classes of metals.
Some more specific examples of metals suitable as a sub-
strate surface include copper, nickel, aluminum, n- or
p-doped silicon, gold, silver, palladium, platinum, rhodium,
iridium, titanium, graphite, zinc, iron, beryllium, magne-
sium, or calcium.

[0084] In another embodiment, the substrate surface is a
metal alloy. Metal alloys include a combination of two or
more metals, and hence, include binary, ternary, quaternary,
and higher alloys. The metals in such a metal alloy can be
a combination of, for example, any of the metals described
above. Such a combination can include, for example, two or
more transition metals, or one or more transition metals with
one or more main group and/or alkaline earth metals.

[0085] For example, the substrate surface can be a metal
oxide. Some examples of metal oxides suitable as substrate
surfaces include n- or p-doped silicon oxide, mica, indium
tin oxide, titanium oxide, iron oxide, copper oxide, yittrium
oxide, zirconium oxide, thallium oxide, lithium oxide, mag-
nesium oxide, calcium oxide, and aluminum oxide.

[0086] In another embodiment, the substrate surface is a
metal sulfide, a metal selenide, or a metal telluride. Some
examples of metal sulfides suitable as substrate surfaces
include cadmium sulfide, gallium sulfide, iron sulfide, nickel
sulfide, copper sulfide, lead sulfide, and zinc sulfide. Some
examples of metal selenides suitable as substrate surfaces
include cadmium selenide, gallium selenide, copper
selenide, and zinc selenide. Some examples of metal tellu-
rides suitabel as substrate surfaces include cadmium tellu-
ride, antimony telluride, arsenic telluride, bismuth telluride,
copper telluride, europium telluride, gallium telluride, man-
ganese telluride, lead telluride, and zinc telluride.

[0087] In another embodiment, the substrate surface is a
metal nitride, metal phosphide, metal arsenide, or metal
antimonide. Some examples of metal nitrides suitable as
substrate surfaces include gallium nitride, indium nitride,
aluminum nitride, and boron nitride. Some examples of
metal phosphides suitable as substrate surfaces include
gallium phosphide, indium phosphide, and zinc phosphide.
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Some examples of metal arsenides suitable as substrate
surfaces include gallium arsenide, indium arsenide, and zinc
arsenide.

[0088] In another embodiment, the substrate surface is a
metal boride, a metal aluminide, a metal gallide, or a metal
indide. Some examples of metal borides suitable as substrate
surfaces include vanadium boride, barium boride, calcium
boride, chromium boride, cobalt boride, hafnium boride,
lanthanum boride, magnesium boride, molybdenum boride,
nickel boride, tantalum boride, titanium boride, and zirco-
nium boride.

[0089] In another embodiment, the substrate surface is a
metal carbide. Some examples of metal carbides suitable as
substrate surfaces include tungsten carbide, silicon carbide,
molybdenum carbide, titanium carbide, aluminum carbide,
vanadium carbide, boron carbide, lithium carbide, barium
carbide, calcium carbide, and tantalum carbide.

[0090] In another embodiment, the substrate surface is a
metal silicide. Some examples of metal silicides suitable as
substrate surfaces include vanadium silicide, boron silicide,
calcium silicide, chromium silicide, cobalt silicide, copper
silicide, lanthanum silicide, magnesium silicide, molybde-
num silicide, nickel silicide, niobium silicide, iron silicide,
titanium silicide, tungsten silicide, and zirconium silicide.

[0091] In another embodiment, the substrate surface is a
metal salt. The metal salt is composed of any suitable metal
ion in combination with a suitable counteranion. Preferably,
the metal salt is composed of one or more alkali or alkaline
earth metal ions in combination with one or more counter-
anions. Some examples of counteranions include halide,
sulfate, nitrate, phosphate, carboxylate, borate, carbonate,
silicate, selenoate, and arsenate. The metal salt is preferably
in the form of a crystalline phase.

[0092] In another embodiment, the substrate surface is a
superconducting material. For example, the substrate sur-
face can be in the class of copper oxide superconducting
materials. Some examples of copper oxide superconducting
materials include the yttrium barium copper oxide
(Y—Ba—Cu—0) class of superconductors. Another
example of a superconducting material is magnesium
boride.

[0093] In another embodiment, the substrate surface is a
conducting polymer. Some examples of conducting poly-
mers include polyaniline, polypyrrole, polythiophene, poly-
(para-phenylene), poly(p-phenylenevinylene), polyacety-
lene, and combinations thereof. The examples given above
include chemical derivatives thereof and doped derivatives
thereof.

[0094] The substrate surface can be chemically the same,
or different from, the bulk substrate, i.e., the non-surface
portion of the substrate. Any of the foregoing materials
suitable as substrate surfaces, as described above, are also
suitable as the bulk substrate. Accordingly, any combination
of bulk substrate and substrate surface from the materials
described above is contemplated in the present invention.
For example, a substrate surface can be composed of n- or
p-doped silicon oxide, while the remainder of the substrate
is composed of n- or p-doped silicon. Alternatively, for
example, a substrate can be composed of gold while having
a conducting polymer coated thereon as the substrate sur-
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face. Or, for example, the substrate can be a composite
structure or laminate having layers of various metals or other
materials therein.

[0095] For example, the invention includes a substrate
having a non-conductive bulk component coated with a
layer which is at least partially electrically conductive.
Accordingly, a non-conductive substrate coated with any of
the substrate surface materials described above is suitable
according to the invention. Some examples of non-conduc-
tive substrates include non-conductive ceramics and non-
conductive organic molecules, polymers, and plastics.

[0096] The surface to be patterned must include oxidizable
groups. The groups are capable of being oxidized by the
negative voltage applied from the ultrafine tip. Some
examples of preferred oxidizable groups include methyl,
vinyl, acetylenyl, and mercapto groups. One or more of the
same, or any suitable combination of, the foregoing oxidiz-
able groups is also contemplated.

[0097] The oxidizable methyl group is made of one pri-
mary carbon atom bound to at least one hydrogen atom.
Accordingly, any substituted methyl group is contemplated.
However, any such substituting group on the methyl group
must not prevent oxidation of the methyl group by the tip.
Preferably, the oxidizable methyl group is according to the
formula —CHj;.

[0098] The oxidizable vinyl group is made of two carbon
atoms connected by a double bond. The carbon atoms can be
substituted or unsubstituted. Some examples of substituted
vinyl groups include —CH=CH(CH,), —CH=C(CH,;),,
and —C(CH;)=C(CH,),. Preferably, the oxidizable vinyl
group is unsubstituted, and is hence, represented by the
formula —CH=CH.,,

[0099] The oxidizable acetylenyl group is made of two
carbon atoms connected by a triple bond. The carbon atoms
can be substituted or unsubstituted. An example of a sub-
stituted acetylenyl group is —C=C(CH;). Preferably, the
oxidizable acetylenyl group is represented by the formula
—C—CH.

[0100] The oxidizable mercapto group is any group con-
taining one or more sulfur atoms, most notably the thiol
group (SH) or its related analogs, e.g., sulfinyl, sulfonyl, and
disulfidyl (—S—SH) groups.

[0101] By applying a negative voltage to the ultrafine tip,
the oxidizable groups, as described above, are converted to
an oxidized form. The voltage bias of the tip is preferably
transient, i.e., is applied only during the writing process. The
writing process is the process wherein oxidizable groups on
the substrate surface are simultaneously oxidized by the
voltage applied by the tip and reacted with patterning
molecules supplied by the tip.

[0102] The voltage bias of the ultrafine tip is negative with
respect to the substrate surface, and hence, is referred to as
a negative voltage bias. A negative voltage bias of the tip
with respect to the substrate surface can be equivalently
referred to as a positive voltage bias of the substrate surface
with respect to the tip.

[0103] Preferably, the negative voltage bias of the ultrafine
tip is a minimum of approximately five volts. The maximum
voltage is dependent on the writing speed, and thus, there is
no particular upper limit for the voltage. However, espe-
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cially as concerns the limitations of scanning probe
machines currently available, the voltage is preferably
within the range of approximately 5 to 15 volts.

[0104] Preferably, the oxidized form of the methyl, vinyl,
and acetylenyl oxidizable groups includes a carboxylic acid
group (COOH). The oxidized form of the methyl, vinyl, and
acetylenyl oxidizable groups can also include a certain
proportion of groups that have not been completely oxidized
to carboxylic acid groups. For example, a certain proportion
of the oxidized groups can be aldehyde groups ((C=0O)H).
The aldehyde group is capable of reacting with numerous
species that can be present in the patterning molecules,
including phenolic and amino groups. The oxidized form of
the mercapto group is preferably a sulfonic acid group
(SO,H).

[0105] For any of the oxidizable groups, the resulting
oxidized form is capable of either catalyzing a hydrolysis
reaction of, or reacting with, the patterning molecules on the
ultrafine tip. For example, carboxylic acid groups are
capable of catalyzing hydrolysis reactions of metal alkox-
ides and metal amides. Carboxylic acid groups are also
capable of reacting with, for example: an amine, to produce
a carboxylate-ammonium salt complex, or an amide bond
under appropriate conditions; an alcohol, to produce, under
appropriate conditions, a carboxylate ester; or an epoxide, to
produce an alcohol-ester.

[0106] The carboxylic acid groups in the oxidized form
are also capable of reacting with patterning molecules
having one or more quaternary ammonium groups by form-
ing a carboxylate-quaternary ammonium ionic complex with
such patterning molecules. Some examples of suitable qua-
ternary ammonium groups in such patterning molecules
include ammonium, methylammonium, dimethylammo-
nium, trimethylammonium, tetramethylammonium, tetra-
ethylammonium, tetrapropylammonium, tetrabutylammo-
nium, tetraphenylammonium, phenyltrimethylammonium,
hexyltrimethylammonium, heptyltrimethylammonium,
octyltrimethylammonium, nonyltrimethylammonium,
decyltrimethylammonium,  dodecyltrimethylammonium,
hexadecyltrimethylammonium, octadecyltrimethylammo-
nium, eicosyltrimethylammonium, docosyltrimethylammo-
nium, and triacontyltrimethylammonium.

[0107] In addition, the carboxylic acid groups can simul-
taneously catalyze hydrolysis reactions of, and crosslink
with, appropriate patterning molecules. For example, the
carboxylic acid groups can hydrolyze siloxane patterning
molecules to form a crosslinked secondary layer of siloxane
molecules while also forming carboxy-silyl ester linkages to
the crosslinked siloxane molecules.

[0108] The sulfonic acid group in the oxidized form of a
mercapto group functions similarly to the carboxylic acid
groups described above. For example, the sulfonic acid
group is capable of catalyzing hydrolysis reactions of, for
example, metal alkoxides and metal amides. The sulfonic
acid group is also capable of reacting with, for example: an
amine, to produce a sulfonate-ammonium salt complex, or a
sulfonamide bond under appropriate conditions; an alcohol,
to produce, under appropriate conditions, a sulfonate ester;
a quaternary ammonium salt, to produce a sulfonate-quater-
nary ammonium ionic complex.

[0109] In one embodiment, the substrate surface contains,
by its own chemical construction, any of the oxidizable
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groups described above. Such a substrate surface can also
optionally be at least partially covered by substrate surface
molecules having any such oxidizable groups.

[0110] In another embodiment, the substrate surface does
not, by its own chemical construction, contain such oxidiz-
able groups. In such a case, the substrate surface is at least
partially covered with substrate surface molecules, of which
at least a portion contain the oxidizable groups described
above.

[0111] The oxidizable groups on the substrate or in the
substrate surface molecules need to be accessible to the
ultrafine tip. Preferably, to be accessible, the oxidizable
groups are at least close to terminal locations of the substrate
surface molecules. A terminal location is a location on the
substrate or substrate surface molecule which is farthest
from the substrate surface.

[0112] For example, an oxidizable group is preferably
within no more than three, four, or perhaps five atomic
bonds from a terminal position. More preferably, the oxi-
dizable groups are in terminal locations of the substrate
surface molecules.

[0113] The substrate surface molecules are not particularly
limited, other than that at least a portion of the substrate
surface molecules must have oxidizable groups. In addition,
the substrate surface molecules preferably engage in a
positive interaction with the substrate surface in order to
properly adhere to the substrate surface during the patterning
process. For example, the substrate surface molecules can be
covalently or non-covalently bonded to the substrate sur-
face. Covalent bonding of the substrate surface molecules
can result from, for example, the reaction of nucleophilic
molecules with a substrate surface having leaving groups,
such as halogen atoms or tosylate groups. Non-covalent
bonding includes van der Waals attraction, ionic bonding,
hydrogen bonding, metal-ligand or coordination bonding,
dative bonding, and the like.

[0114] The substrate surface molecules are also preferably
capable of forming positive intermolecular interactions,
including intermolecular bonds, with each other. The inter-
molecular interactions can be covalent or non-covalent in
nature, such as by van der Waals interactions, ionic bonding,
hydrogen bonding, metal ligand or coordination bonding,
and so on.

[0115] For example, hydrocarbon substrate surface mol-
ecules, such as eicosane, 21-docosene, and 9,10-dimeth-
ylphenanthrene, interact through weak van der Waals forces.
Fluorocarbon-containing molecules interact through more
polarized van der Waals forces. Intermolecular ionic bond-
ing occurs between substrate surface molecules which can
form salt complexes with each other, such as by interaction
of quaternary ammonium groups with carboxylate or sul-
fonate groups. Hydrogen bonding intermolecular interac-
tions occurs between substrate surface molecules that have
hydrogen-accepting and hydrogen-donating groups. For
example, hydrogen bonding interactions typically occur
between substrate surface molecules when one portion of
them has amino-containing or purinyl groups and the other
portion has, for example, pyrimidino groups.

[0116] Substrate surface molecules having one or more
groups which are reactive with metal atoms can form metal
ligand intermolecular bonds between such substrate surface
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molecules. For example, substrate surface molecules bear-
ing amino groups can be reacted with transition metals to
form N-M-N intermolecular linkages, wherein M represents
the transition metal.

[0117] Alternatively, for example, a reactive metal com-
plex can be reacted with ordinarily unreactive components
of substrate surface molecules to form metal ligand inter-
molecular bonds between such substrate surface molecules.
For example, substrate surface molecules bearing alkenyl or
alkynyl groups may be reacted with osmium derivatives,
such as OsQO,, to form carbon-osmium-carbon intermolecu-
lar linkages.

[0118] Still further, substrate surface molecules containing
ring-strained or unsaturated components can be induced to
undergo ring-forming or other crosslinking reactions by
exposure to a high energy source, such as ultraviolet light.

[0119] In a preferred embodiment, substrate surface mol-
ecules are capable of forming both a positive interaction
with the substrate surface and positive intermolecular inter-
actions (or bonds). Preferably, by the combination of these
interactions, the substrate surface molecules form a cohesive
layer that resists dissolution during the patterning process.
More preferably, the substrate surface molecules form an
ordered molecular monolayer on the substrate surface. Even
more preferably, the ordered molecular monolayer is
capable of self-assembling, i.e., of producing a self-as-
sembled monolayer (SAM) on the substrate surface.

[0120] In one embodiment, the substrate surface mol-
ecules are hydrocarbon molecules. The size of the hydro-
carbon molecules is not particularly limited. For example,
the hydrocarbon molecules can be polymeric in nature and
have weights typical of polymers, e.g., molecular weights in
the tens of thousands. Alternatively, the hydrocarbon mol-
ecules can be large molecules having up to 500 carbon
atoms; or smaller molecules having up to approximately 100
carbon atoms; or even smaller molecules having approxi-
mately 1 to 50 carbon atoms.

[0121] The hydrocarbon molecules can be saturated or
unsaturated, straight-chained or branched, cyclic, polycy-
clic, fused ring, or acyclic in nature.

[0122] Inoneembodiment, the hydrocarbon molecules are
completely acyclic in nature. The acyclic hydrocarbon mol-
ecules can be saturated and straight-chained, i.e., straight-
chained alkanes. Some examples of straight-chained alkanes
include methane, ethane, propane, n-butane, pentane, hex-
ane, octane, nonane, decane, dodecane, hexadecane,
eicosane, docosane, hexacosane, triacontane, tetracontane,
pentacontane, and the like.

[0123] The acyclic hydrocarbon molecules can also be
saturated and branched, i.e., branched alkanes. Some
examples of branched alkanes include iso-butane, t-butane,
di-(t-butyl)methane, 3-ethyl-2,3-dimethylhexane, and 4-(1,
1-dimethylethyl)heptane.

[0124] The acyclic hydrocarbon molecules can alterna-
tively be unsaturated. Unsaturated hydrocarbon molecules
include, for example, alkenes, alkynes, and combinations
thereof, i.e., enynes.

[0125] The unsaturated acyclic hydrocarbon molecules
can be straight-chained. Some examples of straight-chained
alkenes include ethene, allene, 1-butene, 2-butene, 1-hex-
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ene, 1,3-hexadiene, 1,3,5-hexatriene, octene, decene, hexa-
decene, and eicosene. Some examples of straight-chained
alkynes include acetylene, 1-butyne, 1-hexyne, 1-octyne,
and 2,5-hexadiyne. Some examples of straight-chained
enynes include hex-1-en-3-yne and hexa-1,5-dien-3-yne.

[0126] The unsaturated acyclic hydrocarbon molecules
can alternatively be branched. Some examples of branched
alkenes include 2-methylene-3-butene, 2,3-dimethylbut-2-
ene, and 2.3-dimethyl-icos-l-ene. Some examples of
branched alkynes include 2,5-dimethyl-hex-3-yne and 2,3-
dimethyl-icos-1-yne.

[0127] In another embodiment, the acyclic hydrocarbon
molecules described above include one or more cyclic
hydrocarbon moieties to make cyclic hydrocarbon mol-
ecules. The cyclic hydrocarbon molecules are substituted
with one or more oxidizable groups as described above.

[0128] The cyclic hydrocarbon moiety can be, for
example, a four, five, six, seven, or eight member ring. The
ring can be saturated or unsaturated. An unsaturated ring
contains at least one double bond. For example, a five
member ring can have one or two double bonds, and a seven
member ring can have one to three double bonds.

[0129] In one embodiment, the ring is a carbocyclic ring.
The carbocyclic ring can be saturated. Some examples of
suitable saturated carbocyclic rings include cyclobutane,
cyclopentane, cyclohexane, cycloheptane, and cyclooctane
rings.

[0130] Alternatively, the carbocyclic ring can be unsatur-
ated. The unsaturated carbocyclic rings can be either aro-
matic, i.e., “aryl” or “arenyl,” or non-aromatic.

[0131] Examples of unsaturated carbocyclic rings include
cyclopentene, cyclohexene, cycloheptene, cyclopentadiene,
1,3-cyclohexadiene, 1,4-cyclohexadiene, 1,3-cycloheptadi-
ene, cycloheptatriene, cyclooctadiene, and phenyl rings.

[0132] Any of the carbocyclic rings described above can
also be polycyclic. Some examples of polycyclic carbocy-
clic ring systems include bicyclo[2.2.2]octane and bicyclo
[3.3.3]Jundecane.

[0133] Any of the carbocyclic rings described above can
also be fused to one or more, typically one or two, other
carbocyclic rings to make a carbocyclic fused ring system.
Some examples of completely saturated carbocyclic fused
ring systems include decahydronaphthalene, tetradecahy-
droanthracene, tetradecahydrophenanthrene and hexa-
decahydropyrene fused rings. Some examples of unsaturated
carbocyclic fused ring systems which are non-aromatic
include bicyclo[4.3.0]non-3-ene, bicyclo[4.4.0]dec-8-ene,
and bicyclo[4.4.0]dec-7,9-diene fused rings. Some examples
of aromatic carbocyclic fused ring systems include naph-
thalene, phenanthrene, anthracene, triphenylene, azulene,
chrysene, pyrene, and biphenylene fused rings.

[0134] Any of the acyclic, cyclic, polycyclic, or fused
hydrocarbon molecules described above optionally have one
or more carbon atoms substituted by one or more heteroatom
linkers or heteroatom groups. Alternatively, or in addition,
any of the hydrocarbon molecules can have one or more
hydrogen atoms substituted by one or more heteroatom
groups. When the hydrocarbon molecule is substituted by
more than one heteroatom linker or group, the heteroatom
linkers and/or groups can be the same or different.
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[0135] Some examples of heteroatom linkers include

-0, ~—0-0-, —S, —SS-, —S0),
—8(0),—, —Se—, —N=N—, —C(0)—, —C(O)NH—,
—C(0)0—, —C(8)0—, —NR—, —NR'C(0)0—,
~NR”-NR’—, —NR’C(ONR’—, =N-NR’—,

—P(R7)—, —C(0)—0O—C(O)—, and silano groups.

[0136] Some examples of heteroatom groups include halo,
silano, —OR’, —SR7, —SeR’, —TeR’, —S—SR’,
—NQR"), —NR)),", —N;, —NO, —CONR,,
—C(O)R’, —CO)O7, —COOR’, —C(S)OR’,
—NR’C(O)OR?, —NR’C(O)NR?, —NR’—N(R"),,
—N=N(R"), =N—N(R"),, —OCN, —NCO, —SCN,
—NCS, —P(R"),, —P(OR"),, —As([R"),, —CN, —NC,
—S(0),0H, —S(0),07, —P(O)(OH),, —PO,*", and
—C(0O)—O—C(O)R’. The term “halo” includes, for
example, F, Cl, and Br.

[0137] A silano group is any group which includes one or
more silicon atoms. Some examples of silano groups include
the following: —Si(R”);, —Si(R7),—, —Si(R")—=, —Sis=,
—SiCl;, —SiCl,—, —SiCl=, —Si(0—);, —Si(0—),—,
—Si(0—)=, —Si(OR”);, —SiR’(OR”),, —Si(R7),(OR"),
—SiCI(OR7),, and —Si(Cl1),(OR7).

[0138] The symbol = represents two separate single
bonds wherein each single bond is between a silicon atom
and a carbon atom or between a silicon atom and a suitable
heteroatom. Similarly, the symbol = represents three sepa-
rate single bonds wherein each single bond is between a
silicon atom and a carbon atom or between a silicon atom
and a suitable heteroatom.

[0139] In the heteroatom groups above, R independently
represents H, or any of the hydrocarbon groups described
above. Preferably, R” represents a saturated or unsaturated,
straight-chained or branched, cyclic or acyclic hydrocarbon
group having 1 to 6 carbon atoms.

[0140] Some examples of saturated acyclic groups for R”
include methyl, ethyl, n-propyl, isopropyl, n-butyl, sec-
butyl, i-butyl, t-butyl, n-pentyl, n-hexyl, 4-methyl-2-pentyl,
and so on. Some examples of unsaturated acyclic groups for
R” include vinyl, propenyl, isopropenyl, butenyl, propargyl,
and so on.

[0141] Some examples of saturated cyclic groups for R’
include cyclopropyl, cyclobutyl, cyclopentyl, and cyclo-
hexyl. Some examples of unsaturated cyclic groups for R’
include cyclobutene, cyclopentene, cyclohexene, and phe-
nyl.

[0142] Accordingly, in one embodiment, the acyclic
hydrocarbon molecule is heteroatom-substituted with one or
more —O— groups to form an alkyleneoxide or polyalky-
leneoxide. Some examples of polyalkyleneoxides include
polymethyleneoxide, polyethyleneoxide, polypropyle-
nenoxide, and combinations thereof.

[0143] When one or more carbon atoms of the carbocyclic
rings described above are substituted by one or more het-
eroatoms described above, a heterocyclic ring is formed.

[0144] The heterocyclic ring can be saturated. Examples
of saturated heterocyclic rings containing one or more
nitrogen heteroatoms include pyrrolidine, piperidine, imida-
zolidine, N,N'-dimethylimidazolidine, pyrazolidine, pipera-
zine, homopiperazine, and hexahydro-1,3,5-triazine rings.
Examples of saturated heterocyclic rings containing one or
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more oxygen heteroatoms include tetrahydrofuran, tetrahy-
dropyran, and 1,4-dioxane rings. Examples of saturated
heterocyclic rings containing one or more sulfur heteroat-
oms include tetrahydrothiophene and 1,4-dithiane rings.
Examples of saturated heterocyclic rings containing a com-
bination of heteroatoms include 1,3-oxazolidine, 1,3-thiazo-
lidine, 1,3-oxathiolane, and morpholine rings.

[0145] Alternatively, the heterocyclic ring can be unsat-
urated. The unsaturated heterocyclic rings can be either
aromatic, i.e., “heteroaryl” or “heteroarenyl,” or non-aro-
matic.

[0146] Examples of unsaturated heterocyclic rings con-
taining one or more nitrogen heteroatoms include pyrrole,
pyridine, pyrazole, pyrazine, pyrimidine, imidazole, and
triazine rings. Examples of unsaturated heterocyclic rings
containing one or more oxygen heteroatoms include furan,
pyran, and 1,3-dioxole rings. Examples of unsaturated het-
erocyclic rings containing one or more sulfur heteroatoms
include thiophene, thiopyran, 1,3-dithiole, and 1,3-dithiine
rings. Examples of unsaturated heterocyclic rings containing
a combination of heteroatoms include oxazole, thiazole, and
oxathiole rings.

[0147] Any of the polycyclic carbocyclic rings described
above can also be substituted to form polycyclic heterocy-
clic rings. Some examples of polycyclic heterocyclic rings
include 1,4-diazabicyclo[2.2.2Joctane and 1,5-diaza-bicyclo
[3.3.3]Jundecane.

[0148] In addition, any of the heterocyclic rings or poly-
cyclic heterocyclic rings described above can be fused to
one or more, typically one or two, other rings to make a
heterocyclic fused ring system.

[0149] In one embodiment, the heterocyclic fused ring
system is composed of a mixture of carbocyclic and hetero-
cyclic rings. Some examples of such fused ring systems
include indoline, quinoline, isoquinoline, phthalazine, ben-
zimidazole, benzothiazole, benzisoxazole, benzodioxole,
quinoxaline, quinazoline, benzoxazine, cinnoline, acridine,
and phenazine fused rings.

[0150] In another embodiment, the heterocyclic fused ring
system is composed of only heterocyclic rings. Examples of
such fused ring systems include pteridine, purine, 1,8 naph-
thyridine, 1,8,9-triazaanthracene, 1,5-diazabicyclo[4.3.0]
non-5-ene and thieno[3,2-b]furan fused rings.

[0151] In a preferred embodiment, one or more carbon
atoms and/or one or more hydrogen atoms of at least a
portion of any of the hydrocarbon molecules described
above, on the substrate surface, are substituted by one or
more heteroatom groups. More preferably, the heteroatom
groups are groups which allow for stronger positive inter-
action with the substrate surface, and/or stronger intermo-
lecular cohesion.

[0152] 1In a further preferred embodiment, at least a por-
tion of the substrate surface molecules are substituted by one
or more silano groups, as described above. For example, the
surface substrate molecules can be any of the hydrocarbon
groups described above substituted by one or more silano
groups described above.

[0153] More preferably, at least a portion of the substrate
surface molecules are siloxane molecules. The class of
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siloxane molecules includes the class of alkoxysilanes,
which further includes the classes of monoalkoxysilanes,
dialkoxysilanes, trialkoxysilanes, and tetraalkoxysilanes,
i.e., tetraalkylorthosilicates.

[0154] The term “alkoxy” or “alkoxide” as used herein,
refers to any of the substituted or unsubstituted hydrocarbon
groups described above, including a silano group as
described above, bound to an oxygen atom. Preferably, the
hydrocarbon component of the alkoxy group is a saturated or
unsaturated, straight-chained or branched, cyclic or acyclic
hydrocarbon group having 1 to 6 carbon atoms.

[0155] Some examples of alkoxy or alkoxide groups
include methoxide, trifluoromethoxide, ethoxide, pentafluo-
roethoxide, propoxide, isoproxide, butoxide, t-butoxide,
vinyloxide, allyloxide, phenoxide, trimethylsilyloxide, tri-
ethylsilyloxide triisopropylsilyloxide, and the like.

[0156] Siloxane molecules are particularly suitable for
coating metal oxide surfaces. As known in the art, alkox-
ysilanes in the presence of water hydrolyze to form the
corresponding hydroxysilanes. The alkoxysilanes can react
with water found in, for example, an aqueous solution
containing the alkoxysilanes. Alternatively, for example,
alkoxysilanes react with water molecules adsorbed onto a
substrate surface, and thus, crosslink via surface-mediated
hydrolysis.

[0157] The hydroxyl groups of hydroxysilanes are known
to react with various surfaces. For example, hydroxysilanes
are known to condense with the hydroxyl groups of metal
oxide surfaces to form silicon-oxide-metal (Si—O-M)
bonds. In the following formula, a monohydroxysilane is
shown crosslinking with a metal oxide surface:

OH R?
oxidle—M—oxide  + Rl—ii—R3 —_—
b
RZ
Rl—éi—R3
(|) v Lo

[0158] The metal in the silicon-oxide-metal bond is a
metal found in the metal oxide surface. Metal oxide sur-
faces, and examples thereof, were described above. In a
preferred embodiment, the metal oxide surface is a silicon
oxide surface. Accordingly, the silicon-oxide-metal bond
shown above is a silicon-oxide-silicon (Si—O—Si) bond.

[0159] Hydrolyzed trialkoxysilanes and tetraalkoxysilanes
have additional hydroxyl groups remaining after linking
with the surface. The remaining hydroxyl groups of these
molecules may further condense, partially or completely, to
form silicon-oxide-silicon bonds, as shown in the following
formula:
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R? R? R?
| |
HO—Si—OH HO—Ti—OH OH—Ti—OH
| | | —
oxide—M oxide M oxide M——oxide
R? R? R?
| | |
O0—Si—O0—0—Si—0—0—Si—O0
| | |
|
oxide——M——oxide M—oxide—M oxide

[0160] In a preferred embodiment, the siloxane molecules
are represented by the formula:

RYLR2, R SIORY 4 pnp M

[0161] In formula (1), R', R? and R? independently rep-
resent H or any of the hydrocarbon groups described above
for the substrate surface molecules. For example, in a
preferred embodiment, R*, R?, and R® independently repre-
sent saturated or unsaturated; straight-chained or branched;
cyclic, polycyclic, fused ring, or acyclic hydrocarbon groups
having 1 to 50 carbon atoms. Optionally, one or more carbon
atoms of the hydrocarbon groups are substituted by one or
more heteroatom linkers or heteroatom groups. Alterna-
tively, or in addition, one or more hydrogen atoms of the
hydrocarbon groups are substituted by one or more heteroa-
tom groups.

[0162] R* independently represents H, a silano group as
described above, or any of the hydrocarbon groups
described above. Preferably, R* represents a saturated or
unsaturated; straight-chained or branched; cyclic or acyclic
hydrocarbon group having 1 to 6 carbon atoms.

[0163] The subscripts m, n, and p in formula (1) indepen-
dently represent 0 or 1. Accordingly, formula (1) represents
a monoalkoxysilane when m, n, and p are each 1; a dialkox-
ysilane when the sum of m, n, and p is 2; a trialkoxysilane
when the sum of m, n, and p is 1, and a tetraalkoxysilane
when m, n, and p are each 0.

[0164] In formula (1), at least one of m, n, and p is 1 and
at least one of R', R?, and R? groups represents the hydro-
carbon groups of R', R?, and R?. Alternatively, when m, n,
and p are all 0, then R* represents the hydrocarbon groups of
R*, wherein at least a portion of the hydrocarbon groups of
R* are terminated with an oxidizable group, such as methyl,
vinyl, acetylenyl, or mercapto groups, or a combination
thereof.

[0165] In apreferred embodiment, at least a portion of the
surface siloxane molecules according to formula (1) are
trialkoxysilanes. Preferably, the trialkoxysilanes are repre-
sented by the formula:

RISi(OR%), 3)

[0166] In formula (3), R' represents any of the hydrocar-
bon groups described above. R* is as defined above in
formula (1).

[0167] In a further embodiment of formula (3), R' is
represented by the formula CH;(CH,),—. In the foregoing
formula, s represents 0, or an integer from 1 to 30. Prefer-
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ably, s represents an integer from 10 to 20. Even more
preferably, s is approximately 17. When s is 17, formula (3)
represents the class of substituted and unsubstituted octade-
cyltrialkoxysilanes.

[0168] Some examples of monoalkoxysilanes suitable as
substrate surface molecules include trimethylmethoxysilane,
triethylmethoxysilane, tripropylmethoxysilane, tributyl-
methoxysilane, dibutylmethylmethoxysilane, decyldinethyl-
methoxysilane, dodecyldimethylmethoxysilane, hexade-
cyldimethylmethoxysilane,
octadecyldimethylmethoxysilane, eicosyldimethylmethox-
ysilane, docosyldimethylmethoxysilane, triacontyldimethyl-
methoxysilane, vinyldimethylmethoxysilane, 7-octenyldi-
ethyl-methoxysilane, 10-undecenyldimethylmethoxysilane,
methacryloxymethyldimethyl methoxysilane, methacrylox-
ypropyldimethylmethoxysilane, allylmethoxysilane,
15-hexadecenyldipropylmethoxysilane, 17-octadecenyldim-
ethylmethoxysilane, 19-eicosenyldimethylmethoxysilane,
21-docosenyldimethylmethoxysilane, (mercaptometh-
yldimethylmethoxysilane,  (3-mercaptopropyl)dimethyl-
methoxysilane, (8-mercaptooctyl)dimethylmethoxysilane,
(11-mercaptoundecyl)dimethylmethoxy-silane, (16-mercap-
tohexadecyl)dimethylmethoxysilane, (18-mercaptooctade-
cyl)-dimethylmethoxysilane, (20-mercaptoeicosyl)dipropy-
Imethoxysilane, and the like.

[0169] Some examples of dialkoxysilanes suitable as sub-
strate surface molecules include dimethyldimethoxysilane,
diethyldimethoxysilane, dipropyldimethoxysilane, dibu-
tyldimethoxysilane, butylmethyldimethoxysilane, decylm-
ethyldimethoxysilane, dodecylmethyldimethoxysilane,
hexadecylmethyldimethoxysilane, octadecylmeth-
yldimethoxysilane, eicosylmethyldimethoxysilane, docosyl-
methyldimethoxysilane, triacontylmethyldimethoxysilane,
vinylmethyldimethoxysilane, 7-octenylethyldimethoxysi-
lane, 10-undecenylmethyldimethoxysilane, = methacry-
loxymethylmethyldimethoxysilane, methacryloxypropylm-
ethyldimethoxysilane, allyldimethoxysilane,
15-hexadecenylpropyldimethoxysilane, 17-octadecenylm-
ethyldimethoxysilane, 19-eicosenylmethyldimethoxysilane,
21-docosenylmethyldimethoxysilane, (mercaptomethyl)m-
ethyldimethoxysilane, (3-mercaptopropyl)meth-
yldimethoxysilane, (8-mercaptooctyl)methyldimethoxy-
silane, (11-mercaptoundecyl)methyldimethoxy-silane, (16-
mercaptohexadecyl)methyldimethoxysilane, (18-
mercaptooctadecyl)-methyldimethoxysilane, (20-
mercaptoeicosyl)propyldimethoxy silane, and the like.

[0170] Some examples of trialkoxysilanes suitable as sub-
strate surface molecules, as described by formula (3),
include methyltrimethoxysilane, ethyltrimethoxysilane,
n-propyltrimethoxysilane, iso-propyltrimethoxysilane,
n-butyltrimethoxysilane, iso-butyltrimethoxysilane, t-butyl-
trimethoxysilane, n-pentyltrimethoxysilane, n-hexyltri-
methoxysilane, n-heptyltrimethoxysilane, n-octyltrimethox-
ysilane, n-nonyltrimethoxysilane, n-decyltrimethoxysilane,
n-undecyltrimethoxysilane, n-hexadecyltrimethoxysilane,
n-octadecyltrimethoxysilane,  n-eicosyltrimethoxysilane,
n-docosyltrimethoxysilane,  n-triacontyltrimethoxysilane,
n-tetracontyltrimethoxysilane, n-pentacontyltrimethoxysi-
lane, vinyltrimethoxysilane, 7-octenyltrimethoxysilane,
10-undecenyltrimethoxysilane, methacryloxymethyltri-
methoxysilane, methacryloxypropyltrimethoxysilane, allyl-
trimethoxysilane, 15-hexadecenyltrimethoxysilane, 17-octa-
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decenyltrimethoxysilane, 19-eicosenyltrimethoxysilane,
21-docosenyltrimethoxysilane, mercaptomethyltrimethox-
ysilane, 3-mercaptopropyltrimethoxysilane, 8-mercaptooc-
tyltrimethoxysilane, 11-mercaptoundecyltrimethoxysilane,
16-mercaptohexadecyltrimethoxysilane, 18-mercaptoocta-
decyltrimethoxysilane, 20-mercaptoeicosyltrimethoxy
silane, and the like.

[0171] In all of the foregoing examples of monoalkoxysi-
lanes, dialkoxysilanes, and trialkoxysilanes, one or more
alkoxy groups can be substituted by one or more hydroxy
groups. Complete substitution by hydroxy groups would
make the corresponding monohydroxysilanes, dihydroxysi-
lanes, and trihydroxysilanes, all of which are within the
scope of the present invention.

[0172] In addition, in all of the foregoing examples of
methoxysilanes, the methoxy group can be substituted by,
for example, ethoxy, propoxy, isopropoxy, butoxy, phenoxy,
siloxy, or a combination thereof, to make the corresponding
mono-, di-, and tri-alkoxy and siloxy silanes.

[0173] Some examples of suitable tetraalkoxysilanes
include tetramethoxysilane, tetraethoxysilane, tetra-
propoxysilane, tetraisopropoxysilane, tetrakis(butoxy-
ethoxyethoxy)silane, tetrakis(dimethylsiloxy)silane, tet-
rakis(ethoxyethoxy)silane, tetrakis(2-ethylhexoxy)silane,
tetrakis(2-hydroxyethoxy)silane, tetrakis(methoxyethoxy-
ethoxy)silane, tetrakis(methoxyethoxy)silane, tetrakis-
(methoxypropoxy)silane,  tetrakis(trimethylsiloxy)silane,
and tetrakis(vinyldimethylsiloxy)silane.

[0174] In a preferred embodiment, the crosslinked surface
siloxane molecules described above are formed on the
substrate surface by surface-mediated hydrolysis of the
corresponding chlorosilane precursors. Chlorosilane precur-
sors include monochlorosilanes, dichlorosilanes, and
trichlorosilanes.

[0175] An advantage of the chlorosilane precursors is that
they are much more reactive than the corresponding silox-
anes with regard to crosslinking to metal oxide surfaces.
Accordingly, chlorosilane precursors form a layer of
crosslinked surface siloxanes much faster than the corre-
sponding siloxanes.

[0176] For example, a trichlorosilane molecule can react
with a metal oxide surface to form a Si—O-M bond as
follows:

OH R!
oxide— M —oxide + Cl—Si—Cl —>
Cl
Rl
Cl—Si—Cl
+ HCI
(0]

oxide—M—oxide

[0177] The remaining chloro groups in the formula above
can be hydrolyzed by surface-adsorbed water, if present, to
form hydroxysilanes. The hydroxysilanes can crosslink to
form intermolecular Si—O—Si bonds, as described earlier.
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[0178] In a preferred embodiment, suitable chlorosilane
precursors to formula (1) above are represented by the
following formula:

RYR? R SiCly @

[0179] In formula (2), R', R? and R? independently rep-
resent H, or any of the hydrocarbon groups described above
for the substrate surface molecules, and as described for R?,
R? and R? in formula (1). The subscripts m, n, and p
independently represent 0 or 1 provided that at least one of
n, m, and p is not 0, and at least one of R*, R?, and R? is not
H.

[0180] Accordingly, formula (2) represents a monochlo-
rosilane when the sum of m, n, and p is 3, i.e., when m, n,
and p are each 1; a dichlorosilane when the sum of m, n, and
p is 2; and a trichlorosilane when the sum of m, n, and p is
1.

[0181] Preferably, suitable trichlorosilane precursors are
used to generate crosslinked versions of the trialkoxysilanes
of formula (3). The trichlorosilane precursors can be repre-
sented by the formula:

RISiCl, 4)

[0182] In formula (4), R' represents any of the hydrocar-
bon groups described above. In a further embodiment of
formula (4), R" is represented by the formula CH,(CH,),—.
In the foregoing formula, s represents 0, or an integer from
1 to 30. Preferably, s represents an integer from 10 to 20.
Even more preferably, s is approximately 17. When s is 17,
formula (4) represents the class of substituted and unsub-
stituted octadecyltrichlorosilanes.

[0183] Some examples of suitable monochlorosilane pre-
cursors include trimethylchlorosilane, triethylchlorosilane,
tripropylchlorosilane, tributylchlorosilane, dibutylmethyl-
chlorosilane, decyldimethylchlorosilane, dodecyldimethyl-
chlorosilane, hexadecyldimethylchlorosilane, octadecyldim-
ethylchlorosilane, eicosyldimethylchlorosilane,
docosyldimethylchlorosilane, triacontyldimethylchlorosi-
lane, vinyldimethylchlorosilane, 7-octenyldiethyl-chlorosi-
lane, 10-undecenyldimethylchlorosilane, methacryloxym-
ethyldimethyl-chlorosilane,
methacryloxypropyldimethylchlorosilane, allylchlorosilane,
15-hexadecenyldipropylchlorosilane, 17-octadecenyldim-
ethylchlorosilane, 19-eicosenyldimethylchlorosilane,
21-docosenyldimethylchlorosilane, (mercaptomethyl)dim-
ethylchlorosilane, (3-mercaptopropyl)dimethylchlorosilane,
(8-mercaptooctyl)dimethylchlorosilane, (11-mercaptounde-
cyl)dimethylchloro-silane, (16-mercaptohexadecyl)dimeth-
ylchlorosilane, (18-mercaptooctadecyl)-dimethylchlorosi-
lane, (20-mercaptoeicosyl)dipropylchlorosilane, and the
like.

[0184] Some examples of suitable dichlorosilane precur-
sors include dimethyldichlorosilane, diethyldichlorosilane,
dipropyldichlorosilane, dibutyldichlorosilane, butylmethyl-
dichlorosilane, decylmethyldichlorosilane, dodecylmethyl-
dichlorosilane, hexadecylmethyldichlorosilane, octadecylm-
ethyldichlorosilane, eicosylmethyldichlorosilane,
docosylmethyldichlorosilane, triacontylmethyldichlorosi-
lane, vinylmethyldichlorosilane, 7-octenylethyldichlorosi-
lane, 10-undecenylmethyldichlorosilane, methacryloxym-
ethylmethyldichlorosilane,

methacryloxypropylmethyldichlorosilane, allyldichlorosi-
lane, 15-hexadecenylpropyldichlorosilane, 17-octadecenyl-
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methyldichlorosilane,  19-eicosenylmethyldichlorosilane,
21-docosenylmethyldichlorosilane, (mercaptomethyl)meth-
yldichlorosilane, (3-mercaptopropyl)methyldichlorosilane,
(8-mercaptooctyl)methyldichlorosilane, (11-mercaptounde-
cyl)methyldichloro-silane, (16-mercaptohexadecyl)methyl-
dichlorosilane, (18-mercaptooctadecyl)-methyldichlorosi-
lane, (20-mercaptoeicosyl)propyldichloro silane, and the
like.

[0185] Some examples of suitable trichlorosilane precur-
sors according to formula (4) include methyltrichlorosilane,
ethyltrichlorosilane, n-propyltrichlorosilane, iso-propyl-
trichlorosilane, n-butyltrichlorosilane, iso-butyltrichlorosi-
lane, t-butyltrichlorosilane, n-pentyltrichlorosilane, n-hexy-

Itrichlorosilane, n-heptyltrichlorosilane,
n-octyltrichlorosilane,  n-nonyltrichlorosilane, n-decyl-
trichlorosilane,  n-undecyltrichlorosilane, n-hexadecyl-

trichlorosilane, n-octadecyltrichlorosilane, n-eicosyltrichlo-
rosilane, n-docosyltrichlorosilane,
n-triacontyltrichlorosilane, n-tetracontyltrichlorosilane,
n-pentacontyltrichlorosilane, vinyltrichlorosilane, 7-octe-
nyltrichlorosilane, 10-undecenyltrichlorosilane, methacry-
loxymethyltrichlorosilane, methacryloxypropyltrichlo-
rosilane, allyltrichlorosilane, 15-hexadecenyltrichlorosilane,
17-octadecenyltrichlorosilane, 19-eicosenyltrichlorosilane,
21-docosenyltrichlorosilane,  mercaptomethyltrichlorosi-
lane, 3-mercaptopropyltrichlorosilane, 8-mercaptooctyl-
trichlorosilane, 11 -mercaptoundecyltrichlorosilane,
16-mercaptohexadecyltrichlorosilane, 18-mercaptooctade-
cyltrichlorosilane, 20-mercaptoeicosyltrichlorosilane, and
the like.

[0186] The ultrafine tip has, at least initially, a first group
of patterning molecules on its surface during the writing
process. The first group of patterning molecules are mol-
ecules which can be hydrolyzed by, and/or react with, the
oxidized form of the substrate surface molecules. Accord-
ingly, the first group of patterning molecules have chemical
groups capable of being hydrolyzed by, and/or reacting with,
the oxidized form of the substrate surface molecules.

[0187] Some suitable first group of patterning molecules
include, for example, metal alkoxides and metal amides. The
metal alkoxides and metal amides are catalyzed to hydrolyze
and crosslink by the carboxylic acid and sulfonic acid
groups, particularly in the presence of water, to the corre-
sponding metal oxide polymers containing metal-O-metal
bonds.

[0188] Metal alkoxides suitable as a first group of pattern-
ing molecules include any suitable metal ion in combination
with a suitable alkoxide. The metal alkoxide used can be one
or a suitable combination of metal alkoxides.

[0189] The metal ion in the metal alkoxide is not particu-
larly limited. For example, the metal ion can be selected
from the alkali, alkaline earth, main group, transition, lan-
thanide, and actinide classes of metals.

[0190] Some examples of suitable alkali metals in metal
alkoxide patterning molecules include lithium (Li), sodium
(Na), potassium (K), and rubidium (Rb). Some examples of
suitable alkaline earth metals include berrylium (Be), mag-
nesium (Mg), calcium (Ca), strontium (Sr), and barium (Ba).
Some examples of suitable main group metals include boron
(B), aluminum (Al), gallium (Ga), indium (In), carbon (C),
silicon (S1), germanium (Ge), phosphorus (P), arsenic (As),
antimony (Sb), sulfur (S), selenium (Se), and tellurium (Te).
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[0191] Some examples of suitable transition metals in
metal alkoxide patterning molecules include the 3d transi-
tion metals (the row of transition metals starting with
scandium (Sc)); the 4d transition metals (the row of transi-
tion metals starting with Yittrium (Y)); and the 5d transition
metals (the row of transition metals starting with hafnium
(Hf)). Some examples of suitable 3d transition metals
include titanium (Ti), vanadium (V), chromium (Cr), man-
ganese (Mn), iron (Fe), nickel (Ni), copper (Cu), and zinc
(Zn). Some examples of suitable 4d transition metals include
molybdenum (Mo), technetium (Tc), ruthenium (Ruw),
rhodium (Rh), silver (Ag), and cadmium (Cd). Some
examples of suitable 5d transition metals include tantalum
(Ta), tungsten (W), rhenium (Re), osmium (Os), iridium (Ir),
platinum (Pt), and gold (Au).

[0192] Some examples of suitable lanthanide metals in
metal alkoxide patterning molecules include lanthanum
(La), cerium (Ce), neodymium (Nd), samarium (Sm),
europium (Eu), gadolinium (Gd), and terbium (Tb). Some
examples of suitable actinide metals include thorium (Th),
proctactinium (Pa), uranium (U), and americium (Am).

[0193] Particularly preferred metal alkoxides for the first
group of patterning molecules are the alkoxysilane class of
molecules, i.e., wherein the metal in a metal alkoxide
patterning molecule is silicon. Any of the alkoxysilane
molecules described above for the substrate surface mol-
ecules, including those according to formulas (1) and (3), are
suitable as patterning molecules.

[0194] For example, the first group of patterning mol-
ecules can be any of the monoalkoxy-, dialkoxy-, trialkoxy-,
and tetraalkoxy-silanes, and their hydroxy analogs,
described above for the surface substrate molecules. More
preferably, the siloxane patterning molecules contain at least
two alkoxy units. For example, in a preferred embodiment,
the first group of siloxane patterning molecules are repre-
sented by the formula:

RRESI(ORM) o.r ®
[0195] In formula (5), R® and RS independently represent
H; halo; or any of the substituted or unsubstituted hydro-
carbon groups previously described above. For example,
preferably, R® and R® independently represent H; halo; or
saturated or unsaturated; straight-chained or branched;
cyclic, polycyclic, fused ring, or acyclic hydrocarbon groups
having 1 to 50 carbon atoms. Optionally, one or more carbon
atoms of the hydrocarbon groups are substituted by one or
more heteroatom linkers or heteroatom groups, as described
above. Alternatively, or in addition, one or more hydrogen
atoms of the hydrocarbon groups are substituted by one or
more heteroatom groups. R* in formula (5) is as described
above. The subscripts q and r independently represent O or
1.

[0196] The hydrocarbon groups of R® and R® are option-
ally connected to form a silicon-containing ring. For
example, the ring can include two to six ring carbon atoms.
Some examples of silicon-containing rings resulting from
the interconnection of the R®> and RS groups of formula (5)
include silacyclopropane, silacyclobutane, silacyclopentane,
silacyclohexane, silacycloheptane, 2,2,-dimethylsilacyclo-
propane, 2.4 diethylsilacyclobutane, 2-methylenesilacy-
clobutane, and silacyclopent-2-ene rings.

[0197] In one embodiment, R and R® are methyl groups.
The methyl groups can be connected to form a silacyclo-
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propane ring. In another embodiment, R* is an ethyl group
and R® is an isopropyl group. Depending on the carbon
linkage chosen for interconnection, the ethyl and isopropyl
groups can be connected to form, for example, a 1-methyl-
silacyclopentane ring or a 2,4-dimethylsilacyclobutane ring.
In yet another embodiment, R® is a vinyl group and R is an
ethyl group. Depending on the carbon linkage chosen for
interconnection, the groups can be connected to form, for
example, a 2-methylenesilacyclobutane ring or a silacyclo-
pent-2-ene ring.

[0198] In a further preferred embodiment to formula (5),
the first group of siloxane patterning molecules are trialkox-
ysilanes represented by the formula:

R3Si(ORY), (6)

[0199] In formula (6), R* and R® are as defined above in
formula (5). In a further preferred embodiment, R is rep-
resented by the formula:

Y. —(CHz.)— 0]

[0200] In formula (7), a represents 0, or an integer from 1
to 3. More preferably, a is 1. Preferably, t represents an
integer from 1 to 100. More preferably, t represents an
integer from 1 to 50. More preferably, t represents an integer
from 1 to 24. Even more preferably, t represents an integer
from 1 to 10.

[0201] Y, informula (7) represents one or more functional
groups, or a suitable combination of functional groups.
Some preferred functional groups include halo, —CHj,
silano (as described above), —OR’, —SR’, —SeR’,
—TeR?, —S—SR7, —N(R"),, —N(R"),*, —N,, —NO,,
—C(O)N(R"),, —C(O)R’, —COYO", —C(O)OR’,
—C(S)OR”, —NR’C(0)OR’, —NR’C(O)NR’, —NR’—
NR"),, —N=N(R’), =N—NR"),, —OCN, —NCO,
—SCN, —NCS, —P(R"),, —P(OR"),, —As(R"),, —CN,
—NC, —S(0),0H, —S0,7, —P(O)OH),, —PO,>,
—C(0)—O—C(O)R7, —CR’=C(R"),, —C=C—R’, male-
imido, and biotinyl. In the examples given, R is as defined
above.

[0202] In addition, R” in —C(O)OR’ can be an ester-
activating group. Some examples of ester-activating groups
include 1-oxybenzotriazole, dicyclohexylcarbodiimide, and
succinimide-N-oxy groups. Alternatively, the ester can be
activated in an additional step with phosgene or thionyl-
chloride to form the corresponding acyl chloride, or with
carbonyldiimidazole to form an imidazolyl-linked carbonyl

group.

[0203] In a further preferred embodiment of formula (7),
Y represents —SH, —NH,, or —CH=CH, wherein a is as
defined in formula (7). In a further preferred embodiment,
Y, represents —SH, —NH,, or —CH=CH, and a is 1.

[0204] Some examples of suitable siloxane patterning
molecules according to formula (6) and having such pre-
ferred groups for Y include 3-mercaptopropyltrimethoxy-
silane, 3-mercaptopropyltriethoxysilane, 3-aminopropyltri-
methoxysilane, 3-aminopropyltriethoxysilane,
18-nonadecenyltrimethoxysilane, 18-nonadecenyltriethox-
ysilane, allyltrimethoxysilane, allyltrimethoxysilane, allyl-
tris(trimethylsiloxy)silane, 3-butenyltriethoxysilane,
21-docosenyltriethoxysilane,  10-undecenyltrimethoxysi-
lane, vinyltriethoxysilane, vinyltrimethoxysilane, vinyltri-
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isopropoxysilane, vinyltriisopropenoxysilane, vinyltriph-
enoxysilane, 7-octenyltrimethoxysilane, or any suitable
combinations thereof.

[0205] Metal amides suitable as patterning molecules
include any suitable metal ion, as described above, in
combination with a suitable deprotonated amine. The depro-
tonated amine contains any of the substituted or unsubsti-
tuted hydrocarbon groups described above, including one or
more silano groups, as described above, bound to a depro-
tonated amino group. Preferably, the hydrocarbon groups in
the deprotonated amines are saturated or unsaturated;
straight-chained or branched; cyclic or acyclic hydrocarbon
groups having 1 to 6 carbon atoms.

[0206] Some examples of metal amides include the com-
bination of metal ions with deprotonated versions of, for
example, methylamine, dimethylamine, ethylamine, diethy-
lamine, propylamine, dipropylamine, isopropylamine, buty-
lamine, t-butylamine, silylamines, vinylamine, allylamine,
phenylamine, and the like.

[0207] Some other suitable patterning molecules that can
react with carboxylic acid or sulfonic acid groups of the
oxidized substrate surface molecules, include, for example,
the amine, phosphine, arsine, alcohol, and epoxide classes of
molecules. Amine, phosphine, and arsine molecules are
protonated by carboxylic acid and sulfonic acid groups to
form the corresponding ammonium, phosphonium, or arso-
nium ionic complexes.

[0208] Amines suitable as patterning molecules include
any of the hydrocarbon groups described above substituted
with one or more nitrogen atoms. Such suitable amines
include monoamines, diamines, triamines, and higher
polyamines, such as amine-containing polymers.

[0209] Some examples of amines suitable as patterning
molecules include methylamine, dimethylamine, ethy-
lamine, diethylamine, allylamine, allylmethylamine, propy-
lamine, dipropylamine, N,N-dimethyl-2-methyl-2-propeny-
lamine, butylamine, butylmethylamine, pentylamine,
hexylamine, octylamine, dodecylamine, hexadecylamine,
octadecylamine, eicosylamine, docosylamine, triaconty-
lamine, methylenediamine, ethylenediamine, propylenedi-
amine, butylenediamine, pentylenediamine, hexylenedi-
amine, heptylenediamine, octylenediamine,
decylenediamine, diethylenetriamine, dipropylenetriamine,
dibutylenetriamine, (4-bromophenyl)ethylamine, cyclopro-
pylamine, cyclopropylmethylamine, cyclobutylamine,
cyclopentylamine, N,N-dimethylcyclopentylamine, cyclo-
hexylamine, 1,2-diaminocyclohexane, 1,4-diaminocyclo-
hexane, N,N-dimethylcyclohexylamine, aniline, benzene-1,
4-diamine, benzylamine, N,N,N'\N'-tetramethylbenzene-1,
4-diamine, benzylethylamine, benzyldiethylamine, pyrrole,
pyridine, pyrazole, pyrazine, pyrimidine, imidazole, triaz-
ine, 1,3,5-trimethyltriazine, 1,4-diazabicyclo[2.2.2]octane,
1,5-diazabicyclo[3.3.3 Jundecane, 1,4,7,10-tetraazacy-
clododecane (cyclen), 1,4,8,11 -tetraazacyclotetradecane
(cyclam), 1,4,8,11-tetraazacyclotetradecane-5,7-dione
(dioxocyclam), and the porphyrins.

[0210] Some examples of phosphines suitable as pattern-
ing molecules include triphenylphosphine, tris-(o-meth-
ylphenyl)phosphine, tris-(p-methylphenyl)phosphine, meth-
yldiphenylphosphine, ethyldiphenylphosphine,
diethylphenylphosphine, triethylphosphine, trihexylphos-
phine, and trioctylphosphine.
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[0211] Some examples of arsines suitable as patterning
molecules include triphenylarsine, methyldiphenylarsine,
ethyldiphenylarsine, diethylphenylarsine, triethylarshine,
trihexylarsine, and trioctylarsine.

[0212] Some examples of alcohols suitable as patterning
molecules include methanol, ethanol, n-propanol, isopro-
panol, butanol, isobutanol, pentanol, decanol, dodecanol,
ethylene glycol, propylene glycol, butylene glycol, cyclo-
pentanol, cyclohexanol, phenol, allyl alcohol, propargyl
alcohol, and the like. Under suitable conditions, such alco-
hols can be made to react with carboxylic acid or sulfonic
acid groups to form carboxylic ester and sulfonic ester
linkages. For example, the alcohols can be activated with
alcohol-activating groups, such as carbonyldiimidazole, or
be coupled with esterification catalysts.

[0213] Some examples of epoxides suitable as patterning
molecules include glycidyl methyl ether, glycidyl isopropyl
ether, glycidyl methacrylate, glycidyl 2,2,3,3,4,4,5,5,6,6,7,
7,8,8,9,9-hexadecafluorononyl ether, glycidyl 4-methox-
yphenyl ether, glycidyl 3-nitrobenzenesulfonate, diglycidyl
ether of bisphenol A, epoxy phenol novolac resin, 3-glyci-
doxypropyldimethoxymethylsilane, 3-glycidoxypropyldim-
ethylethoxysilane, 3-glycidoxypropyltrimethoxysilane,
(glycidoxypropyldimethylsilyloxy) heptacyclopentylpenta-
cyclooctasilane (i.e., glycidoxypropyldimethylsilyloxy-
POSS), glycidylbutyrate, N,N-diglycidylaniline, diglycidyl
1,2-cyclohexanedicarboxylate, and glycidyl 4-nonylphenyl
ether.

[0214] The first group of patterning molecules can addi-
tionally function as a substrate for one or more additional
patterns on top of the first group of patterning molecules. For
example, a second group of patterning molecules can be
reacted with the first group of patterning molecules to make
a two-layer pattern; a third group of patterning molecules
can be reacted with the second group of patterning mol-
ecules to make a three-layer pattern; a fourth group of
patterning molecules can be reacted with the third group of
patterning molecules to make a four-layer pattern; and so on.

[0215] In one embodiment, a group of patterning mol-
ecules after the first group, i.e., a subsequent group of
patterning molecules, reacts with a previous group of pat-
terning molecules by reacting with an oxidized form of the
previous group of patterning molecules.

[0216] To produce an oxidized form of a previous group of
patterning molecules, the previous group of patterning mol-
ecules must contain oxidizable groups, as described above
for the substrate surface molecules. The oxidizable groups in
the previous group of patterning molecules are oxidized by
the ultrafine tip in an additional oxidative step. In this case,
the subsequent group of patterning molecules must contain
groups which are capable of reacting with the oxidized form
of the previous group of patterning molecules. Such reactive
groups were described above for the first group of patterning
molecules.

[0217] In another embodiment, a subsequent group of
patterning molecules reacts with a previous group of pat-
terning molecules by reacting with a non-oxidized form of
the previous group of patterning molecules. In this case,
since the previous group of patterning molecules do not
undergo an additional oxidative step, they are not required to
contain oxidizable groups.
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[0218] However, in order to react with a subsequent group
of patterning molecules to form an additional pattern, the
previous group of non-oxidized patterning molecules must
contain chemical groups which are reactive in some manner
with the subsequent group of patterning molecules. For
example, the previous group of non-oxidized patterning
molecules can include accessible reactive groups. Some
examples of reactive groups include phosphino, metal
chelating, amino, cyano, cyanato, isocyanato, thioisocy-
anato, epoxy, halo, aldehydo, and anhydride groups.

[0219] In a preferred embodiment, non-oxidized pattern-
ing molecules containing such reactive groups are siloxane
molecules. Some examples of such siloxane patterning
molecules containing some of the reactive groups noted
above include: 2-(diphenylphosphino)ethyltriethoxysilane,
dicyclohexylphosphinoethyltriethoxysilane, dimethylphos-
phinoethyltrimethoxysilane, 2-aminopropyltriethoxysilane,
2-(ethylenediamine)ethyltriethoxysilane, 2-cyanoethyltri-
methoxysilane, 16-cyanohexadecyltriethoxysilane, (2-ami-
noethoxy)dimethylpropylsilane, 3-glycidoxypropyltriethox-
ysilane, (18-glycidoxyoctadecyl)methydiethoxysilane,
triethoxysilylbutyraldehyde, triethoxysilylundecanal, 3-(tri-
ethoxysilyl)propyl succinic anhydride, 3-iodopropyltri-
methoxysilane, 3-bromopropyltrimethoxysilane, 11-bro-
moundecyl-trimethoxysilane,

2-chloroethylmethyldimethoxysilane, o-, m-, and p-chlo-
rophenyltriethoxysilane, phenyltriethoxysilane, diphenyldi-

ethoxysilane, = methacryloxypropylmethyldiethoxysilane,
3-hydroxypropyltrimethoxysilane,  11-hydroxyundecyltri-
methoxysilane, 3-isocyanatopropyltrimethoxysilane,

18-isocyanatooctadecyltriethoxysilane,  3-isothiocyanato-
propyltrimethoxysilane, and 18-isothiocyanatooctadecyltri-
ethoxysilane.

[0220] Some examples of subsequent patterning mol-
ecules which can react with some of the reactive siloxane
patterning molecules described above include 1,2-(diphe-
nylphosphino)ethane, 1,2-dibromoethane, 1,8-dibromooc-
tane, phenylisocyanate, phenyldiisocyanate, diphenyl-
methanediisocyanate, hexamethylenediisocyanate,
hexamethylenediamine, fumaric acid, succinic acid, malonic
acid, terephthalic acid, citric acid, 1,2-ethanediol, 1,3-pro-
panediol, 1,4-butanediol, and metal salts.

[0221] For example, 1,2-dibromoethane can react with a
previous group of patterning molecules containing phos-
phino groups, such as dimethylphosphinoethyltri-
methoxysilane, to form the corresponding ethylenephospho-
nium or ethylene-bridged diphosphonium ionic complexes.
Or, for example, phenylisocyanate can react with a previous
group of patterning molecules containing hydroxy or amino
groups, such as 11-hydroxyundecyltrimethoxysilane or
2-aminopropyltriethoxysilane, to form the corresponding
carbamate- or urea-bridged crosslinks.

[0222] Phosphorus-containing groups, sulfur-containing
groups, and metal chelating groups are known to bind to
metal atoms. Therefore, patterning molecules containing
these groups may bind to either metal atoms or metal
nanoparticles contained in a subsequent group of patterning
molecules. The bound metal atoms may then function as a
substrate for the further deposition of metal by, for example,
any of the electroless and other metal deposition methods
known in the art.

[0223] The patterning molecules can also contain fluores-
cent or biologically relevant groups. Some examples of
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fluorescent groups include fluorescein, rhodamine, and
Texas Red. Some examples of reactive fluorescent mol-
ecules which may function as subsequent patterning mol-
ecules include the N-hydroxysuccimide (NHS)-activated
fluorophores NHS-fluorescein and NHS-rhodamine; the
isothiocyanate-activated fluorophores, such as isothiocyan-
ate-fluorescein; and the sulfonyl chloride-activated fluoro-
phores, such as Texas Red sulfonyl chloride.

[0224] Some examples of biologically relevant groups
which may be used as subsequent patterning molecules
include antibodies, enzymes, nucleotides, oligonucleotides,
DNA, RNA, and biological binding agents. Some examples
of antibodies include fluorescent-labeled, enzyme-labeled,
and radio-labeled antibodies. An example of an enzyme
includes horse radish peroxidase and its fluorophore-labeled
derivatives. Some examples of biological binding agents
include avidin, streptavidin, and biotin. Some examples of
biotin-labeled molecules include NHS-biotin, maleimido-
biotin, pyridyl disulfide biotin, amino-biotin, and hydrazido-
biotin.

[0225] To produce the nanoscale patterns of the present
invention, the first group of patterning molecules is present
on the surface of the ultrafine tip during the writing process.
However, the second, third, and higher subsequent groups of
patterning molecules, when present, are not required to be
deposited from the ultrafine tip. These subsequent groups of
patterning molecules can be deposited by any appropriate
means, including solution or vacuum deposition methods.

[0226] The method of the invention also includes tech-
niques for imaging the patterned surface. Any suitable
imaging technique can be used. Preferably, the imaging
technique is a scanning probe imaging technique. Some
examples of scanning probe imaging techniques include
AFM and STM imaging techniques. The tip used for imag-
ing can be the same or a different tip used for the patterning.

[0227] The invention also includes all of those embodi-
ments which can be reasonably understood to be within the
scope of the invention. In this regard, the invention includes
any such adjustments or changes in the method which may
improve such factors as writing speed, resolution, and so on.

[0228] For example, feature resolution depends on such
factors as tip size, writing time, writing voltage, humidity,
and temperature. Decreases in tip size, writing time, writing
voltage, humidity, and temperature each independently
decrease feature size. In addition, writing speed is dependent
on voltage used. For example, by practicing the invention, a
150 nm wide line can be written using a speed of 10 um/s.
Faster speeds are possible by adjusting the above, and other,
parameters. Other parameters include, for example, the
concentration of patterning molecules on the tip, the chemi-
cal properties of the ink molecules, and the cleanliness of the

tip.

[0229] Other modifications can be made to the invention
to produce specialized or improved methods or resulting
nanoscale patterns, all of which are within the scope of the
invention. For example, in a modification of the process, the
inventors have found a way to fabricate two different chemi-
cal patterns with the same ultrafine tip in situ. In particular,
the inventors have found that an ultrafine tip which has been
inked with a very dilute solution of patterning molecules
possesses a very slow transfer rate of the patterning mol-
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ecules to the substrate surface. Accordingly, when a voltage
pulse and a single short scan is used, negligible transfer of
patterning molecules occurs while the selected portion of the
substrate surface is oxidized. Thus, an oxidized pattern of
the substrate surface can be produced using such single short
scans.

[0230] In contrast, when multiple scans are used with the
same tip in situ, a layer of the patterning molecules is
deposited. For example, after twenty minutes of scanning, a
selected portion of the substrate surface is derivatized with
the patterning molecules. By using the two procedures
above, a pattern having an oxidized surface and a pattern
derivatized with patterning molecules can be produced by
the same tip in situ.

[0231] In another aspect, the invention is directed to a
nanoscale patterned surface produced by any of the methods
described above. Such a nanoscale patterned surface can be
made to have any of the attributes considered above.

[0232] Examples have been set forth below for the pur-
pose of illustration and to describe the best mode of the
invention at the present time. However, the scope of this
invention is not to be in any way limited by the examples set
forth herein.

EXAMPLES
Example 1

Preparation of a Substrate

[0233] An octadecyltrichlorosilane (OTS) film was pre-
pared as follows. A silicon wafer was treated with piranha
solution for 10 minutes. After drying the wafer under
nitrogen, the wafer was soaked for approximately 24 hours
in 5 mM OTS bicyclohexyl solution at 20° C. The wafer was
then rinsed in chloroform for 30 seconds.

Example 2

Patterns Written on OTS Surface Using MPTMS
Patterning Molecules

[0234] Shown in FIG. 2 is a pattern of mercaptopropylt-
rimethoxysilane (MPTMS) patterning molecules written on
an OTS surface as prepared above using 9V and 5 pum/s
speed (See FIG. 2a). The height of the pattern was measured
to be 6.9+1.3 A. To prove the identity of the pattern, a
solution of 14 A diameter gold nanoparticles was applied
onto the patterned surface. The gold nanoparticles have a
single monomaleimido linker which specifically links to
mercapto groups. The overall particle size of the gold cluster
including the maleimido linker is 18 A. (See FIG. 2b). A
zoom-in of the pattern after treating with the gold clusters is
shown in FIG. 2c.

[0235] 1In FIG. 2d is shown height profiles of the pattern.
The dark middle curve shows the height of the pattern before
gold nanoparticle deposition, and was measured to be
6.9£1.3 A. After the gold nanoparticle deposition, the height
on the pattern increased as shown by the highest curve in
FIG. 2d. The deposition adds approximately 19 A in height,
which is the approximate height of the gold nanoparticle.

Example 3

Multilayer Writing

[0236] FIG. 3(a) shows a pattern that has several lines of
MPTMS patterning molecules across each other written onto
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an OTS surface. The pattern has a scan area of 4216x4216
nm. Point A is a point on the MPTMS line. Point B is on an
intersection of two MPTMS lines, i.e., where the tip wrote
twice. Point C is on an intersection of three MPTMS lines,
i.e., where the tip wrote three times. FIG. 3(b) shows the
heights of point A, B and C. As shown, the heights of A, B
and C closely correspond to the heights of one, two and three
layers of MPTMS molecules. This fact indicates that each
time the tip writes over the same location, it adds another
layer of the ink.

FIG. 4: Fabrication of a Patterned Surface with Two Dif-
ferent Chemistries

[0237] Shown in FIG. 4 are two spots having two different
chemistries and fabricated with the same tip in situ. The
upper spot, which is a pattern of MPTMS, was fabricated by
writing with a tip coated with a very low concentration of
MPTMS molecules, i.e., a 1:400 MPTMS solution. Due to
the very low transfer rate of MPTMS at this concentration,
twenty minutes of repetitive scanning was required to
deposit the MPTMS layer in the upper spot.

[0238] The lower spot was fabricated by using the same
tip in situ and giving a voltage pulse and a single rapid scan.
Due to the short contact time, only a very minute portion of
the MPTMS ink was delivered onto the reactive OTSox
surface in the lower spot.

[0239] FIG. 4(a) shows a topographic image of the two
spots. The upper spot shows positive contrast, indicating a
second layer of MPTMS ink molecules is formed, while the
lower spot shows negative contrast, indicating the exclusive
presence of COOH groups on the surface.

[0240] FIG. 4(b) shows a friction image of the two spots.
As shown in the image, the two spots show different
frictional behaviors under the same imaging condition. This
result further supports the fact that the two spots have
different chemistries.

[0241] Thus, whereas there have been described what are
presently believed to be the preferred embodiments of the
present invention, those skilled in the art will realize that
other and further embodiments can be made without depart-
ing from the spirit of the invention, and it is intended to
include all such further modifications and changes as come
within the true scope of the claims set forth herein.

1. A method for producing a nanoscale patterned surface,
the method comprising:

providing an ultrafine tip having a first group of patterning
molecules provided thereon;

providing a substrate surface having oxidizable groups
accessible to said ultrafine tip;

contacting said ultrafine tip with a selected portion of said
substrate surface;

positioning said ultrafine tip to be sufficiently proximal to
said substrate surface in the presence of a liquid trans-
porting medium to form a meniscus between said
ultrafine tip and said substrate surface;

applying to the ultrafine tip a negative voltage capable of
oxidizing said oxidizable groups to an oxidized form;
whereby said substrate surface and said ultrafine tip are
at least partially electrically conductive; and said first
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group of patterning molecules are capable of being
hydrolyzed by, and/or capable of reacting with, said
oxidized form, thereby producing a nanoscale surface
patterned with said first group of patterning molecules.

2. The method according to claim 1, wherein said sub-
strate surface is at least partially covered with substrate
surface molecules, wherein at least a portion of said sub-
strate surface molecules include methyl, vinyl, acetylenyl, or
mercapto groups, or a combination thereof.

3. The method according to claim 2, wherein said sub-
strate surface is at least partially covered with substrate
surface molecules, wherein at least a portion of said sub-
strate surface molecules are terminated with one or more
methyl, vinyl, or acetylenyl groups, or a combination
thereof.

4. The method according to claim 3, wherein the oxidized
form is a carboxylic acid group.

5. The method according to claim 2, wherein said sub-
strate surface is at least partially covered with substrate
surface molecules, wherein at least a portion of said sub-
strate surface molecules are terminated with one or more
mercapto groups, and wherein the oxidized form is a sul-
fonic acid group.

6. The method according to claim 1, wherein said ultrafine
tip is a scanning probe microscopy tip and has a surface
comprising a metal, metal alloy, or semiconductor material.

7. The method according to claim 6, wherein said scan-
ning probe microscopy tip has a surface comprising doped
silicon, silicon nitride, tungsten, tungsten carbide, diamond-
coated silicon, metal-coated silicon, or metal-coated silicon
nitride.

8. The method according to claim 7, wherein said scan-
ning probe microscopy tip has a surface comprising metal-
coated silicon nitride.

9. The method according to claim 8, wherein the metal-
coated silicon nitride is selected from platinum-coated sili-
con nitride, titanium-coated silicon nitride, copper-coated
silicon nitride, or silver-coated silicon nitride.

10. The method according to claim 1, wherein said
substrate surface is chemically the same, or different from,
the bulk substrate.

11. The method according to claim 10, wherein said bulk
substrate and/or substrate surface independently comprise a
metal, metal alloy, metal oxide, metal sulfide, metal
selenide, metal telluride, metal nitride, metal phosphide,
metal arsenide, metal boride, metal carbide, metal silicide,
metal salt, superconducting material, conducting polymer,
or a combination thereof.

12. The method according to claim 11, wherein said bulk
substrate and/or substrate surface independently comprise a
metal, wherein said metal is selected from the group con-
sisting of copper, nickel, aluminum, n- or p-doped silicon,
gold, silver, palladium, platinum, rhodium, iridium, tita-
nium, graphite, zinc, iron, beryllium, magnesium, or cal-
cium.

13. The method according to claim 11, wherein said bulk
substrate and/or substrate surface independently comprise a
metal oxide, wherein said metal oxide is selected from the
group consisting of n- or p-doped silicon oxide, mica,
indium tin oxide, titanium oxide, iron oxide, copper oxide,
yittrium oxide, zirconium oxide, thallium oxide, lithium
oxide, magnesium oxide, calcium oxide, and aluminum
oxide.
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14. The method according to claim 13, wherein said
substrate comprises n- or p-doped silicon and said substrate
surface comprises n- or p-doped silicon oxide.

15. The method according to claim 11, wherein said bulk
substrate and/or substrate surface independently comprises a
metal sulfide, wherein said metal sulfide is selected from the
group consisting of cadmium sulfide, gallium sulfide, iron
sulfide, nickel sulfide, copper sulfide, lead sulfide, and zinc
sulfide.

16. The method according to claim 11, wherein said bulk
substrate and/or substrate surface independently comprises a
metal selenide, wherein said metal selenide is selected from
the group consisting of cadmium selenide, gallium selenide,
copper selenide, and zinc selenide.

17. The method according to claim 11, wherein said bulk
substrate and/or substrate surface independently comprise a
metal nitride, wherein said metal nitride is selected from the
group consisting of gallium nitride, indium nitride, alumi-
num nitride, and boron nitride.

18. The method according to claim 11, wherein said bulk
substrate and/or substrate surface independently comprise a
metal phosphide, wherein said metal phosphide is selected
from the group consisting of gallium phosphide, indium
phosphide, and zinc phosphide.

19. The method according to claim 11, wherein said bulk
substrate and/or substrate surface independently comprise a
metal arsenide, wherein said metal arsenide is selected from
the group consisting of gallium arsenide, indium arsenide,
and zinc arsenide.

20. The method according to claim 11, wherein said bulk
substrate and/or substrate surface independently comprise a
metal carbide, wherein said metal carbide is selected from
the group consisting of tungsten carbide, silicon carbide,
molybdenum carbide, titanium carbide, aluminum carbide,
vanadium carbide, boron carbide, lithium carbide, barium
carbide, calcium carbide, and tantalum carbide.

21. The method according to claim 11, wherein said bulk
substrate and/or substrate surface independently comprise a
metal salt, wherein said metal salt is comprising one or more
alkali or alkaline earth metal ions in combination with one
or more counteranions selected from the group consisting of
halide, sulfate, nitrate, phosphate, carboxylate, borate, car-
bonate, silicate, selenoate, and arsenate.

22. The method according to claim 11, wherein said bulk
substrate and/or substrate surface independently comprise a
conducting polymer, wherein said conducting polymer is
selected from the group consisting of polyaniline, polypyr-
role, polythiophene, poly(para-phenylene), poly(p-phenyle-
nevinylene), polyacetylene, and combinations thereof,
chemical derivatives thereof, and doped derivatives thereof.

23. The method according to claim 2, wherein at least a
portion of said substrate surface molecules are indepen-
dently saturated or unsaturated; straight-chained or
branched; cyclic, polycyclic, fused ring, or acyclic hydro-
carbon molecules having 1 to 50 carbon atoms, wherein
optionally, one or more carbon atoms of said hydrocarbon
molecules are substituted by one or more heteroatom linkers
or heteroatom groups, and/or one or more hydrogen atoms
of said hydrocarbon molecules are substituted by one or
more heteroatom groups.

24. The method according to claim 23, wherein at least a
portion of said hydrocarbon molecules are substituted by
one or more silano groups.
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25. The method according to claim 24, wherein said one
or more silano groups are independently selected from the

group consisting of —Si(R”);, —Si(R”),—, —Si(R")=,
" Sis, —SiCl,, —SiCL—, —SiCl=, —Si(0),
—Si(0—),—, —Si(0—)=, —Si(OR”);, —SiR7(OR"),,

and —Si(R”),(OR”); wherein: the symbols = and = repre-
sent two and three separate single bonds, respectively,
wherein each single bond is between a silicon atom and a
carbon atom or suitable heteroatom; and R” independently
represents H; or a saturated or unsaturated; straight-chained
or branched; cyclic or acyclic hydrocarbon group having 1
to 6 carbon atoms.

26. The method according to claim 25, wherein at least a
portion of said substrate surface molecules are surface
siloxane molecules represented by the formula:

RlnRsz3PSi(OR4)4,m,n,P (1); wherein:

R!, R? and R? independently represent H; or saturated or
unsaturated; straight-chained or branched; cyclic, poly-
cyclic, fused ring, or acyclic hydrocarbon groups hav-
ing 1 to 50 carbon atoms, wherein optionally, one or
more carbon atoms of said hydrocarbon groups are
substituted by one or more heteroatom linkers or het-
eroatom groups, and/or one or more hydrogen atoms of
said hydrocarbon groups are substituted by one or more
heteroatom groups;

R* independently represents H; or a saturated or unsatur-
ated; straight-chained or branched; cyclic or acyclic
hydrocarbon group having 1 to 6 carbon atoms; or a
silano group;

at least a portion of said hydrocarbon groups of R', R?,
and R? are terminated with methyl, vinyl, acetylenyl, or
mercapto groups, or a combination thereof; and

m, n, and p independently represent 0 or 1, provided that
at least one of m, n, and p is 1 and at least one of R*,
R? and R? represents the hydrocarbon groups of RY,
R?, and R?; or, when m, n, and p are all 0, then R*
represents the hydrocarbon groups of R*, wherein at
least a portion of said hydrocarbon groups of R* are
terminated with methyl, vinyl, acetylenyl, or mercapto
groups, or a combination thereof.

27. The method according to claim 26, wherein the OR*
groups in formula (1) are hydrolyzed in the presence of
surface-adsorbed water to form crosslinked surface siloxane
molecules having silicon-oxide-silicon bonds between said
surface siloxane molecules and/or silicon-oxide-metal bonds
between surface siloxane molecules and a metal oxide
surface, wherein said metal is a metal of said metal oxide
surface.

28. The method according to claim 27, wherein said
crosslinked surface siloxane molecules are formed by sur-
face-mediated hydrolysis of chlorosilane precursors of the
formula

RlnR2mR3PSiCl4,m,n,P (2); wherein:

R!, R?, and R? independently represent H; or saturated or
unsaturated; straight-chained or branched; cyclic, poly-
cyclic, fused ring, or acyclic hydrocarbon groups hav-
ing 1 to 50 carbon atoms, wherein optionally, one or
more carbon atoms of said hydrocarbon groups are
substituted by one or more heteroatom linkers or het-
eroatom groups, and/or one or more hydrogen atoms of
said hydrocarbon groups are substituted by one or more
heteroatom groups;



US 2006/0222869 Al

at least a portion of said hydrocarbon groups are termi-
nated with methyl, vinyl, acetylenyl, or mercapto
groups, or a combination thereof; and

m, n, and p independently represent 0 or 1, provided that
at least one of m, n, and p is not 0, and at least one of

RY, R?, and R? is not H.
29. The method according to claim 26, wherein said
surface siloxane molecules are represented by the formula:

3);
wherein R! represents a saturated or unsaturated; straight-
chained or branched; cyclic, polycyclic, fused ring, or
acyclic hydrocarbon group having 1 to 50 carbon
atoms; and R* independently represents H; or a satu-
rated or unsaturated; straight-chained or branched;
cyclic or acyclic hydrocarbon group having 1 to 6
carbon atoms; or a silano group.

30. The method according to claim 29, wherein the OR*
groups in formula (3) are hydrolyzed in the presence of
surface-adsorbed water to form crosslinked surface siloxane
molecules having silicon-oxide-silicon bonds between said
surface siloxane molecules and/or silicon-oxide-metal bonds
between surface siloxane molecules and a metal oxide
surface, wherein said metal is a metal of said metal oxide
surface.

31. The method according to claim 30, wherein said
crosslinked surface siloxane molecules are formed by sur-
face-mediated hydrolysis of trichlorosilane precursors of the
formula

RISI(ORY),

RISiCl, 4);
wherein R! represents a saturated or unsaturated; straight-
chained or branched; cyclic, polycyclic, fused ring, or
acyclic hydrocarbon group having 1 to 50 carbon
atoms.

32. The method according to claim 29 or 31, wherein R*
is represented by the formula CH;(CH,).—, wherein s
represents 0, or an integer from 1 to 30.

33. The method according to claim 32, wherein s repre-
sents an integer from 10 to 20.

34. The method according to claim 33, wherein s is 17.

35. The method according to claim 31, wherein at least a
portion of trichlorosilane precursors are selected from the
group consisting of methyltrichlorosilane, ethyltrichlorosi-
lane, n-propyltrichlorosilane, iso-propyltrichlorosilane,
n-butyltrichlorosilane,  iso-butyltrichlorosilane, t-butyl-
trichlorosilane, n-pentyltrichlorosilane, n-hexyltrichlorosi-
lane, n-heptyltrichlorosilane, n-octyltrichlorosilane, n-non-
yltrichlorosilane, n-decyltrichlorosilane,
n-undecyltrichlorosilane, n-hexadecyltrichlorosilane, n-oc-
tadecyltrichlorosilane, n-docosyltrichlorosilane, n-triacon-
tyltrichlorsilane, 18-nonadecenyltrichlorosilane, (3-acrylox-
ypropyl)-trichlorosilane, allyltrichlorosilane,
3-butenyltrichlorosilane, methacryloxypropyltrichlo-
rosilane, 7-octenyltrichlorosilane, 10-undecenyltrichlorosi-
lane, and vinyltrichlorosilane.

36. The method according to claim 1, wherein said
substrate surface molecules are capable of forming a posi-
tive interaction with the substrate surface and/or intermo-
lecular bonds between said substrate surface molecules,
wherein said bonds are independently covalent or non-
covalent bonds, thereby forming an ordered molecular
monolayer of said substrate surface molecules on said
substrate surface.
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37. The method according to claim 36, wherein said
substrate surface molecules form a self-assembled mono-
layer on said substrate surface.

38. The method according to claim 1, wherein at least a
portion of said first group of patterning molecules are
selected from the group consisting of metal alkoxide, metal
amide, amino, phosphino, arsino, alcohol, and epoxide
classes of molecules.

39. The method according to claim 38, wherein said first
group of patterning molecules comprise one or a suitable
combination of metal alkoxides.

40. The method according to claim 39, wherein said metal
alkoxides are alkoxides of one or a suitable combination of
alkaline earth, transition metal, main group metal, lan-
thanide, or actinide classes of metals.

41. The method according to claim 40, wherein said metal
alkoxides are alkoxides of the main group metals.

42. The method according to claim 41, wherein said main
group metal is silicon, thereby resulting in siloxane pattern-
ing molecules.

43. The method according to claim 41, wherein said
siloxane patterning molecules are represented by the for-
mula

R? qurSi(OR4)4,q,r (5); wherein:

R and R¢ independently represent H; halo; or saturated or
unsaturated; straight-chained or branched; cyclic, poly-
cyclic, fused ring, or acyclic hydrocarbon groups hav-
ing 1 to 50 carbon atoms, wherein optionally, one or
more carbon atoms of said hydrocarbon groups are
substituted by one or more heteroatom linkers or het-
eroatom groups, and/or one or more hydrogen atoms of
said hydrocarbon groups are substituted by one or more
heteroatom groups;

R* independently represents H; or a saturated or unsatur-
ated; straight-chained or branched; cyclic or acyclic
hydrocarbon group having 1 to 6 carbon atoms; or a
silano group;

the hydrocarbon groups of R®> and RS are optionally
connected to form a ring comprising three to six ring
carbon atoms; and

q and r independently represent O or 1.

44. The method according to claim 43, wherein at least a
portion of said siloxane patterning molecules are represented
by the formula

RISi(OR"); (6

wherein R’ represents a saturated or unsaturated; straight-
chained or branched; cyclic, polycyclic, fused ring, or
acyclic hydrocarbon group having 1 to 50 carbon
atoms, wherein optionally, one or more carbon atoms of
said hydrocarbon group are substituted by one or more
heteroatom linkers or heteroatom groups, and/or one or
more hydrogen atoms of said hydrocarbon group are
substituted by one or more heteroatom groups; and

R* independently represents H; a saturated or unsaturated;
straight-chained or branched;

cyclic or acyclic hydrocarbon group having 1 to 6 carbon
atoms; or a silano group.

45. The method according to claim 44, wherein R is

represented by the formula Y,—(CH;_,)—, wherein Y,
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represents one or more functional groups; a represents 0, or
an integer from 1 to 3; and t represents an integer from 1 to
50.

46. The method according to claim 45, wherein Y,
represents one or more functional groups independently
selected from the group consisting of halo, —CHj, silano,
—OR’, —SR7, —SeR’, —TeR’, —S—SR”, —N(R"),,
—N®R");+, —N;, —NO,, —C(O)NR"),, —C(O)R’,
—C(0)07, —C(0)OR’, —C(S)OR’7, —NR’C(O)OR’,
—NR’C(O)NR”, —NR7—N(R"),, —N=N(R"),
=N—N(R"),, —OCN, —NCO, —SCN, —NCS, —PR"),,
—P(OR"),, —As(R"),, —CN, —NC, —S(0),0H, —S0;~,
—P(O)(OH),, —PO,, —C(O)—O—C(O)R’,
—CR’=C(R"),, —C=C—R’, maleimido, and biotinyl; R’
independently represents H; or a saturated or unsaturated;
straight-chained or branched; cyclic or acyclic hydrocarbon
group having 1 to 6 carbon atoms; and optionally, R” in
—C(O)OR is an ester-activating group.

47. The method according to claim 45, wherein Y,
represents —SH and a is 1.

48. The method according to claim 47, wherein t repre-
sents an integer from 1 to 24.

49. The method according to claim 48, wherein t repre-
sents an integer from 1 to 10.

50. The method according to claim 49, wherein at least a
portion of said siloxane patterning molecules are selected
from 3-mercaptopropyltrimethoxysilane, 3-mercaptopropy-
Itriethoxysilane, or a combination thereof.

51. The method according to claim 45, wherein Y,
represents —NH, and a is 1.

52. The method according to claim 51, wherein t repre-
sents an integer from 1 to 24.

53. The method according to claim 52, wherein t repre-
sents an integer from 1 to 10.

54. The method according to claim 53, wherein said
siloxane patterning molecules are selected from 3-amino-
propyltrimethoxysilane, 3-aminopropyltriethoxysilane, or a
combination thereof.

55. The method according to claim 45, wherein Y,
represents —CH=CH, and a is 1.

56. The method according to claim 55, wherein t repre-
sents an integer from 1 to 24.

57. The method according to claim 56, wherein said
siloxane patterning molecules are selected from 18-nonade-
cenyltrimethoxysilane, 18 -nonadecenyltriethoxysilane,
allyltrimethoxysilane, allyltrimethoxysilane, allyltris(trim-
ethylsiloxy)silane, 3-butenyltriethoxysilane, 21-docosenyl-
triethoxysilane, 10-undecenyltrimethoxysilane, vinyltri-
ethoxysilane, vinyltrimethoxysilane,
vinyltriisopropoxysilane, vinyltriisopropenoxysilane, vinyl-
triphenoxysilane, 7-octenyltrimethoxysilane, or any suitable
combination thereof.

58. The method according to claim 1, wherein said
negative voltage bias is a minimum of approximately 5 volts

59. The method according to claim 58, wherein said
negative voltage bias is a maximum of approximately 15
volts.

60. The method according to claim 1, wherein said liquid
transporting medium is an aqueous transporting medium.

61. The method according to claim 60, wherein said
aqueous transporting medium results from performing at
least some portion of the method under conditions of non-
zero humidity.
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62. The method according to claim 61, wherein said
humidity is a minimum of about fifty percent to a maximum
of about one hundred percent.

63. The method according to claim 62, wherein said
humidity is approximately one hundred percent.

64. The method according to claim 1, wherein said liquid
transporting medium comprises water.

65. The method according to claim 64, wherein said liquid
transporting medium comprises a mixture of a non-aqueous
solvent and water.

66. The method according to claim 65, wherein said water
is in a trace amount.

67. The method according to claim 1, further comprising
imaging said patterned surface.

68. The method according to claim 67, wherein said
imaging is by a scanning probe microscopy imaging tech-
nique.

69. The method according to claim 68, wherein said
scanning probe microscopy imaging technique uses said
scanning probe microscopy tip used for producing said
patterned surface.

70. The method according to claim 1, further comprising
producing one or more additional patterns on top of said first
group of patterning molecules on said patterned surface, the
method further comprising:

contacting an ultrafine tip having a second group of
patterning molecules provided thereon with a selected
portion of a substrate surface having a first group of
patterning molecules having oxidizable groups acces-
sible to said ultrafine tip;

positioning said ultrafine tip to be sufficiently proximal to
said substrate surface in the presence of a liquid trans-
porting medium to form a meniscus between said
ultrafine tip and said substrate surface;

applying to the ultrafine tip a negative voltage capable of
oxidizing said oxidizable groups to an oxidized form;

whereby said second group of patterning molecules are
capable of being hydrolyzed by, and/or capable of
reacting with, said oxidized form, thereby producing a
surface patterned with said second group of patterning
molecules; and

optionally, repeating said method with any number of
subsequent groups of patterning molecules to produce
a surface patterned with said number of subsequent
groups of patterning molecules.
71. A method for producing a nanoscale patterned surface,
the method comprising:

providing an ultrafine tip having a first group of siloxane
patterning molecules provided thereon;

providing a silicon oxide surface at least partially covered
with siloxane molecules terminated with methyl, vinyl,
acetylenyl, or mercapto groups, or a combination
thereof;

contacting said ultrafine tip with a selected portion of said
silicon oxide surface;

positioning said ultrafine tip to be sufficiently proximal to
said silicon oxide surface in the presence of a liquid
transporting medium to form a meniscus between said
ultrafine tip and said silicon oxide surface;
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applying to the ultrafine tip a negative voltage capable of
oxidizing said methyl, vinyl, acetylenyl, or mercapto
groups to an oxidized form; whereby said silicon oxide
surface and said ultrafine tip are at least partially
electrically conductive; and said first group of siloxane
patterning molecules are capable of being hydrolyzed
by, and/or capable of reacting with, said oxidized form,
thereby producing a nanoscale surface patterned with
said first group of siloxane patterning molecules.

72. A nanoscale patterned surface produced by a method

comprising:

providing an ultrafine tip having a first group of patterning
molecules provided thereon;

providing a substrate surface having oxidizable groups
accessible to said ultrafine tip;

contacting said ultrafine tip with a selected portion of said
substrate surface;

positioning said ultrafine tip to be sufficiently proximal to
said substrate surface in the presence of a liquid trans-
porting medium to form a meniscus between said
ultrafine tip and said substrate surface;

applying to the ultrafine tip a negative voltage capable of
oxidizing said oxidizable groups to an oxidized form;
whereby said substrate surface and said ultrafine tip are
at least partially electrically conductive; and said first
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group of patterning molecules are capable of being
hydrolyzed by, and/or capable of reacting with, said
oxidized form.

73. A silicon oxide nanoscale patterned surface produced

by a method comprising

providing an ultrafine tip having a first group of siloxane
patterning molecules provided thereon;

providing a silicon oxide surface at least partially covered
with siloxane molecules terminated with methyl, vinyl,
acetylenyl, or mercapto groups, or a combination
thereof;

contacting said ultrafine tip with a selected portion of said
silicon oxide surface;

positioning said ultrafine tip to be sufficiently proximal to
said silicon oxide surface in the presence of a liquid
transporting medium to form a meniscus between said
ultrafine tip and said silicon oxide surface;

applying to the ultrafine tip a negative voltage capable of
oxidizing said methyl, vinyl, acetylenyl, or mercapto
groups to an oxidized form; whereby said silicon oxide
surface and said ultrafine tip are at least partially
electrically conductive; and said first group of siloxane
patterning molecules are capable of being hydrolyzed
by, and/or capable of reacting with, said oxidized form.
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