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THERMOCHEMICAL NANOLITHOGRAPHY 
COMPONENTS, SYSTEMS, AND METHODS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

2 
open up with the development of these improved techniques. 
The biotechnology arena provides just one illustration of such 
opportunities. At the forefront of nanobiotechnology is the 
challenge to manipulate and control the surface positioning of 
individual proteins, nanoparticles, and other complex nano
structures. Achieving this aim could facilitate the develop
ment of protein chips with single molecule detection capabil
ity, nanoelectronics devices, and to assist in fundamental 
studies of complex cell-cell and cell-matrix interactions (e.g., 

The present application claims the benefit of U.S. Provi
sional Patent Application Ser. No. 61/182,190, filed 29 May 
2009, and entitled "Thermochemical Nanolithography of 
Multi-Functional Materials," which is hereby incorporated 
by reference in its entirety as if fully set forth below. 

10 formation ofimmunological synapses, focal contacts, and the 
like). 

STATEMENT OF FEDERALLY SPONSORED 
RESEARCH 

While advances have been made in patterning inorganic 
nano scale objects, challenges still exist, in particular, for pro
tein and DNA nano lithography. Many protein nanopatterning 

This invention was made with United States Government 
support under Grant Nos. DMR-0120967, DMR-0820382, 
and DMR-0706031 all awarded by the National Science 
Foundation and Grant No. DE-FG02-06ER46293 awarded 

15 techniques are unable to produce features below 100 nm, and 
even fewer can attain resolutions on the order of about 50 nm. 
In addition, only a few protein nanopatterning techniques 
have been established for independently patterning multiple 

by the Department of Energy. The United States Government 20 

has certain rights in this invention. 

TECHNICAL FIELD 

protein species on the same surface. Still further, bioactivity is 
a particularly delicate problem because denaturation, oxida
tion, and dehydration in air are common drawbacks that com-
plicate many potential protein nanopatterning techniques. 
These considerations also limit the choice of surfaces onto 
which the proteins can be patterned. For example, proteins 

The various embodiments of the present invention relate 
generally to nanolithography. More particularly, the various 
embodiments of the present invention relate to systems and 
methods for implementing chemical nanolithography tech
niques, the components used to implement such techniques, 
and the patterned materials formed therefrom. 

25 directly chemisorbed onto gold tend to denature. 
Thus, new protein or DNA nanopatterning techniques 

should strive to obtain resolutions below 50 nm, achieve high 
writing speeds, reduce costs, produce multiple functionalities 
that can coexist on a single surface, preserve biological func-

30 tionality, and be compatible with a variety of substrates. 

BACKGROUND 

Nano lithography has been recognized as essential to future 
technologies. Many currently existing lithographic tech- 35 

niques, however, have significant limitations in terms of reso
lution, writing speed, and the chemical diversity of the mate
rials that can be patterned on a particular substrate. 
Lithographic techniques employing scanning probe micros
copy (SPM) have become increasingly popular due to their 40 

potential application in low-cost and/or parallelized fabrica
tion of nanoscale structures. For the most part, SPM-based 
techniques have been used for direct writing of nanostruc
tures through indentation or through material deposition and/ 

BRIEF SUMMARY 

The various embodiments of the present invention provide 
compositions and lithography systems and methods that can 
overcome the above-described deficiencies associated with 
currently existing nanolithography techniques. 

A method of modifying a surface according to some 
embodiments of the present invention includes providing a 
surface having a first functional group at a first location on the 
surface, resistively heating an atomic force microscope tip to 
a specific temperature, positioning the resistively heated 
atomic force microscope tip adjacent to (or in contact with) 
the first location so as to heat the first location on the surface, 
and removing the first functional group from at least a portion 
of the first location on the surface such that the surface com-
prises a second functional group at least a portion of the first 
location. In some cases it is possible to achieve this change of 
functional group with only a very small change in the spatial 

or removal, as well as for normal resist exposures as masks for 45 

other lithographic processes. By way of example, dip-pen 
nanolithography (DPN) offers several interesting capabili
ties, but requires stringent control over the environment/at
mosphere and has limitations in substrate choice, patterning 
speed, and topographical change control. 

Recently it has been demonstrated that SPM tips can act as 
mechanical, thermal, and/or electrical sources to initiate and 
perform various physical and chemical processes. These tips 
are inherently simple and reliable, and have the flexibility to 
create patterns with nano scale spatial resolution. In fact, such 55 

techniques are capable of creating topographical nanopat
terns with a spatial resolution on the order of about 10 nanom
eters (nm). In contrast, achieving chemical patterning, even at 
resolutions ofless than or equal to about 100 nm, still remains 

50 position of the second functional group, before and after 
heating. 

In implementing the method, the first functional group can 
be a tetrahydropyranyl carbamate, amine N-oxide, tetrahy
dropyranyl ether, triphenylmethyl ether, tetrahydropyranyl 
carbonate ester, S-tetrahydropyranyl carbonyl, or ethyl disul
fide. Similarly, the second functional group can be an amine, 
alcohol, phenol, or thiol. 

a challenge because of the difficulty in spatially confining 60 

chemical reactions and because of the need to control the 

In some cases, the method can further include discontinu
ing the positioning of the resistively heated atomic force 
microscope tip adjacent to (or in contact with) the first loca
tion. In these cases, if desired, the method can also include 

interactions of the reactant and products with the substrates 
and, if necessary, stamps. By extension, combining the two 
concepts (i.e., topographical and chemical nanopatterning) 
has been even more challenging. 

There accordingly remains a need in the art for improved 
lithographic techniques. Significant new opportunities could 

repositioning the resistively heated atomic force microscope 
tip adjacent to (or in contact with) a second location on the 
surface effective to heat the second location. The second 

65 location can have the same or a different functional group 
(i.e., the first functional group or a third functional group, 
respectively). If desired, this method can also include remov-
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ing the same or different group from at least a portion of the 
second location such that the surface comprises the second 
functional group or a still a different (i.e., a fourth) functional 
group at least a portion of the second location. It is possible to 
resistively heating the atomic force microscope tip to a dif
ferent temperature before repositioning the resistively heated 
atomic force microscope tip adjacent to (or in contact with) 
the second location on the surface. 

In other situations, the method can further include moving 
the resistively heated atomic force microscope to a second 
location on the surface while continuously maintaining the 
resistively heated atomic force microscope tip adjacent to (or 
in contact with) the surface all the way from the first location 
to the second location such that the surface from the first 
location to the second location is heated. At least a portion of 
the surface from the first location to the second location can 
have the first functional group or a third functional group. In 
such situations, the method can further include removing the 
first functional group or the third functional group from at 
least a portion of the surface all the way from the first location 
to the second location, such that the surface comprises the 
second functional group or a fourth functional group at least 
a portion of the surface over the distance from the first loca
tion to the second location. 

4 
scope tip adjacent to (or in contact with) the first location. In 
such cases, the method can also include repositioning the 
resistively heated atomic force microscope tip adjacent to (or 
in contact with) a second location on the surface effective to 
heat the second location, wherein the second location com
prises the precursor of the composition (or even a precursor of 
another composition). It is also possible to transform at least 
a portion of the precursor of the composition (or of the other 
composition) at the second location into the composition (or 

10 the other composition). 
In other cases, the method can also include moving the 

resistively heated atomic force microscope to a second loca
tion on the surface while continuously maintaining the resis
tively heated atomic force microscope tip adjacent to (or in 

15 contact with) the surface all the way from the first location to 
the second location so as to heat part or all of the surface all 
the way from the first location to the second location, wherein 
at least a portion of the surface from the first location to the 
second location comprises the precursor to the composition 

20 (or another composition). In these cases, the method can 
further include transforming at least a portion of the precursor 
of the composition (or of the other composition) from at least 
a portion of surface from the first location to the second 
location into the composition (or the other composition). 

The speed of the moving tip relative to the surface can be 25 

greater than 50 micrometers per second. In some cases, the 
moving speed can be greater than 1 millimeter per second. 

The speed of the moving in this method can also be greater 
than 50 micrometers per second. In some cases, the moving 
speed can be greater than 1 millimeter per Second. 

The distance between the first location and the second 
location can be anywhere from 1 nanometer to as far as the 
two most distant points on the surface. In some cases, the 
distance can be less than or equal to about 15 nanometers. 

Similarly, the distance between the first location and the 
second location can be anywhere from 1 nanometer to as far 

30 as the two most distant points on the surface. In some cases, 
the distance can be less than or equal to about 15 nanometers. 

The method also allows for the second or fourth functional 
groups to be separately functionalized. 

This method also allows for the composition (or the other 
composition) to be separately functionalized. 

It is also possible to dispose a biological material, a nanos
cale object (i.e., having an average longest dimension ofless 
than or equal to about 100 nanometers), or amicroscale object 
(i.e., having an average longest dimension of less than or 
equal to about 10 micrometers) on the second or fourth func
tional groups, whether or not they have been separately func
tionalized. 

It is also possible to dispose a biological material, a nanos-
35 cale object, or a microscale object on the composition (or the 

other composition), whether or not they have been separately 
functionalized. 

According to some embodiments of the present invention, 
a system for modifying a surface can include an atomic force 

40 microscope, an atomic force microscope tip, and a resistive 
heater in electrical communication with the atomic force 
microscope tip. The resistive heater can be configured to 
provide sufficient heat to the atomic force microscope tip to 
transfer the heat to a first location on a surface when the 

In some cases, the surface is formed from a polymer. This 
polymer can be cross-linked before positioning the resistively 
heated atomic force microscope tip adjacent to (or in contact 
with) the first location of the polymer. The polymer can be 
disposed on a substrate before positioning the resistively 45 

heated atomic force microscope tip adjacent to (or in contact 
with) the first location of the polymer. If the substrate com
prises a surface-modification comprising a cross-linking 
group, a covalent bond can be formed to the polymer. For 
example, the cross-linking group of the surface-modification 50 

can be a benzophenone moiety that is sensitive to ultraviolet 
radiation. 

According to some other embodiments of the present 
invention, a method of modifying a surface can include pro
viding a surface comprising a precursor of a composition at a 55 

first location, resistively heating an atomic force microscope 

atomic force microscope tip is positioned adjacent to (or in 
contact with) the first location. 

In some cases, such transferred heat can be effective to 
remove a first functional group from at least a portion of the 
first location such that the surface comprises a second func
tional group at least a portion of the first location. In these 
cases, the first functional group can be a tetrahydropyranyl 
carbamate, amine N-oxide, tetrahydropyranyl ether, triph
enylmethyl ether, tetrahydropyranyl carbonate ester, S-tet
rahydropyranyl carbonyl, or ethyl disulfide. Similarly, the 
second functional group can be an amine, alcohol, phenol, or 
thiol. 

In other cases, the transferred heat can be effective to 
convert a precursor of a composition at least a portion of the 
first location into the composition itself. In these cases, the 
composition can be a metal, conductive polymer, graphene, 
or a ceramic. 

tip to a specific temperature, positioning the resistively heated 
atomic force microscope tip adjacent to (or in contact with) 
the first location effective to heat the first location, and trans
forming at least a portion of the precursor of the composition 60 

at the first location into the composition itself. The composi
tion can be, for example, a metal, conductive polymer (e.g., 
poly(p-phenylene vinylene) or the like), graphene, or a 
ceramic (e.g., graphene oxide, reduced graphene oxide, or the 
like). 

According to some embodiments, a composition can 
include a polymer represented by a formula Yn-Pn-Gn, 
wherein n is a positive integer, Y is a cross-linking functional 

65 group, Pis a backbone of the polymer, and G is a protecting 
functional group. The protecting functional group can be 
configured to chemically react when exposed to heat at a 

In certain cases, this method can also include discontinuing 
the positioning of the resistively heated atomic force micro-
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temperature above a thermal deprotection temperature so as 
to form a different functional group. The polymer, once cross
linked, does not have to soften above the thermal deprotection 
temperature. 

In some cases, the ratio ofY:P is as high as about 99: 1. In 
other cases this ratio is as low as about 1: 1. 

In some situations, G can be a tetrahydropyranyl carbam
ate, amine N-oxide, tetrahydropyranyl ether, triphenylmethyl 
ether, tetrahydropyranyl carbonate ester, S-tetrahydropyranyl 
carbonyl, or ethyl disulfide. 

Similarly, in some situations, the different functional group 
is an amine, alcohol, phenol, or thiol. 

Other variations to the polymer involve the polymer being 
a co-polymer, such that P comprises at least two components. 

6 
to create patterns of thiols, maleimides, aldehydes, and 
biotins on a polymer surface in accordance with some 
embodiments of the present invention. 

FIG. Sa illustrates epi-fluorescence images of patterns of 
Cy5-streptavadin cross-linked to an amine via NHS-biotin, 
biotinylated Alexa350-antiCD3 cross-linked to NHS-bioti
nylated amine with streptavadin, and Atto488 fibronectin 
cross-linked to amine with glutaraldehyde (GA) with scale 
bars of 5 micrometers in accordance with some embodiments 

10 of the present invention. 

In these situations, Y and G can be on different components of 15 

P. For example, Y can be a cinnamate group and G can be a 
tetrahydropyran carbamate group. 

FIG. Sb illustrates AFM topography and phase images of a 
triangular pattern of thiol-terminated single-strand DNA 
cross-linked to amines through N-(p-maleimidophenyl)iso
cyanate (PMPI) with scale bars of 1 micrometer in accor
dance with some embodiments of the present invention. 

FIG. Sc illustrates epi-fluorescence images of orthogonal 
functionality patterns of N-(7-dimethylamino-4-methylcou
marin-3-yl) maleimide (DACM) cross-linked to amine-ter
minated triangles by means ofN-succinimidyl 3-(2-pyridyl-

In one case, the polymer is represented by the following 
formula: 

0 0 

I 

Other aspects and features of embodiments of the present 
invention will become apparent to those of ordinary skill in 
the art, upon reviewing the following detailed description in 
conjunction with the accompanying figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a scanning electron micrograph ofan atomic force 
microscope (AFM) tip with an integrated resistive heater in 
accordance with some embodiments of the present invention. 

20 dithio )propionate (SPDP) and dithiothreitol (DTT) thiolation 
and patterns of Cy5-streptavadin cross-linked to an amine
terminated triangles via NHS-biotin with scale bars of 10 
micrometers in accordance with some embodiments of the 

25 

present invention. 
FIG. 6 illustrates epi-fluorescence images ofanti-CD3 bio-

activity and two-protein co-patterning with scale bars of 5 
micrometers in accordance with some embodiments of the 
present invention. Specifically, FIG. 6a illustrates that 
Alexa350 labeled biotinylated anti-human CD3 bound to the 

30 TCNL amine pattern by means of NHS-biotin and streptava
din shows bioactive molecular recognition of FITC-labeled 
IgG; while FIG. 6b illustrates Jurkat cells, immunostained for 
PKC-0, lying on a triangular anti-CD3 pattern such that the 
PKC-0 accumulation above the cell-pattern contact site can 

35 be observed; and FIG. 6c illustrates that anti-CD3 and 
ICAM-1 were closely co-patterned on a single surface. 

FIG. 7a is a schematic illustration of a TCNL process for 
fabricating poly(p-phenylene vinylene) (PPV) nano struc
tures in accordance with some embodiments of the present 

40 invention. 
FIG. 7b provides fluorescence images of PPV nanostruc

tures made by TCNL at a range of temperatures between 
about 240 and about 360 degrees Celsius (° C.), with a scale 
bar of 5 micrometers, in accordance with some embodiments 

45 of the present invention. 
FIG. 7c provides AFM topography images of PPV nano

structures made by TCNL at a range of temperatures between 
about 240 and about 360° C., with a scale bar of 5 microme
ters, in accordance with some embodiments of the present 

50 invention. 
FIG. 7d is an enlarged view of the PPV nanostructures 

made by TCNL at 240° C. of FIG. 7c with a scale bar of2 
micrometers. 

FIG. 2 is a schematic illustration of a thermochemical 
nanolithography (TCNL) system in accordance with some 55 

embodiments of the present invention. 

FIG. 7e is a graph showing that the average profile of the 
PPV nanostructures shown in FIG. 7d has a line width (full 
width at half maximum) of about 70 nanometers. 

FIG. 3a is a schematic illustration of a process for creating 
a single nanoscale object pattern on a surface in accordance 
with some embodiments of the present invention. 

FIG. 8 provides Raman spectra in accordance with some 
embodiments of the present invention of (a) an untreated PPV 
precursor, (b) a PPV reference sample, ( c) a TCNL-produced 
PPV pattern, and ( d) the untreated PPV precursor annealed 
under ambient conditions. 

FIG. 3b is a schematic illustration of a process for creating 60 

two functionalized patterns on a surface in accordance with 
some embodiments of the present invention. FIG. 9a illustrates Raman spectra of PPV samples as a 

function of temperature used during TCNL, wherein T 1 is 
about 240° C., T 2 is about 280° C., and T 3 is about 320° C. in 

65 accordance with some embodiments of the present invention. 

FIG. 3c is a schematic illustration of a process for creating 
three functionalized patterns on a surface in accordance with 
some embodiments of the present invention. 

FIG. 4 is a process flow diagram illustrating how an amine 
functional group is selectively and covalently functionalized 

FIG. 9b illustrates a comparison between the Raman spec
trum obtained from a PPV sample produced by TCNL at 
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about 300° C. and the Raman spectrum obtained from Equa
tion 1 of Example 2, showing that the continuum background 
is much lower in the TCNL sample than in the vacuum 
annealed sample of the model. 

8 
do not denote a limitation of quantity, but rather denote the 
presence of"at least one" of the referenced item. 

FIG. lOa illustrates the topography of a cross-shaped 
reduced graphene oxide pattern formed after TCNL at 330° 
C. scanned across the graphene oxide sheet at about 2 
micrometers per second (µmis) in accordance with some 
embodiments of the present invention. 

FIG. lOb illustrates that the average profile of a trench 10 

shown in FIG. lOa was as narrow as about 25 nm. 

Disclosed herein are improved nanolithography systems, 
materials, and methods that make use of a resistively-heated 
atomic force microscope (AFM) tip to thermally activate a 
chemical reaction on the surface of a chosen material. Such 
chemical nanopatterning systems and methods, termed "ther
mochemical nanolithography" (TCNL), provide significant 
advantages over existing nano lithography techniques. As will 
be described in more detail below, TCNL is capable ofobtain
ing resolutions well below 50 nm, achieving high writing 
speeds (e.g., greater than 1 millimeter per second (mm/s)), 
and/or producing multiple functionalities on a particular sur
face. In addition, TCNL is compatible with a variety of sur
faces or substrates. In situations where biological materials 
are patterned, TCNL also offers the advantage that it can 
preserve biological functionality or bioactivity. In general, 
these benefits can be attained at reduced costs compared to 
many existing nanolithography techniques. 

FIG. 11 is a plot that shows the decrease in lateral force on 
an AFM tip at room temperature as it scans over several 
squares previously reduced by TCNL at different tempera-

15 
tures, wherein the inset is a room temperature friction image 
of the graphene oxide sheet on which a heated tip was previ
ously rastered twice over six square areas at a speed of 4 µmis; 
and wherein in square 1, the tip was heated during TCNL to 
temperature (Theater) of about 100° C. yielding no apparent 

20 
reduction while at temperatures Theater greater than about 
150° C., the rastered areas (i.e., squares 2 through 6) were 
thermally reduced. 

Generally, a TCNL system includes an AFM, an AFM tip 
(or a plurality of AFM tips), and a resistive heater in electrical 
communication with the AFM tip. For illustrative conve-FIG. 12a includes a room-temperature AFM current 

image, taken with a bias voltage of 2.5V between tip and 
substrate, of a zig-zag-shaped nanoribbon fabricated by 
TCNL on epitaxial graphene oxide (GO epi) at Theater ofabout 
1060° C. with a linear speed of about 0.2 µmis and a load of 
120 nN in accordance with some embodiments of the present 
invention. 

FIG. 12b illustrates the corresponding topography image 
taken simultaneously with the image of FIG. 12a. 

FIG. 12c illustrates the averaged profiles of current and 
height of the cross-sections that are indicated as dashed lines 
in FIG.12b. 

FIG. 13a illustrates current-voltage (I-V) curves obtained 
by four-point transport measurements of TCNL-reduced 
graphene oxide squares reduced at low temperature (Low T, 
Theater of about 600° C.), TCNL-reduced graphene oxide 
squares reduced at high temperature (High T, Theater of about 
1200° C.), and furnace-reduced graphene oxide at about 600° 
C. in vacuum in accordance with some embodiments of the 
present invention. 

25 
nience, when referring herein to an AFM instrument itself 
(i.e., without anAFM tip attached thereto), it is intended that 
the AFM include any necessary constituents and equipment 
necessary to operate the AFM, as would be understood by 
those skilled in the art to which this disclosure pertains. 

30 Examples of such constituents include a probe head, a camera 
module, a piezoelectric scanner for embodiments where the 
surface that is patterned will move, optics to monitor the 
movement and position of the AFM tip, a device (if desired) 

35 to monitor atmospheric conditions (e.g., humidity, pressure, 
temperature, and the like), a chamber or other materials (if 
desired) to isolate the AFM from outside noise, and/or the 
like. Similarly, examples of such equipment for operating the 

40 
AFM include a controller unit for controlling the AFM con-

FIG. 13b illustrates I-V curves obtained by two-point 
transport measurements of current between two rGOepi 

45 
squares with no nanoribbons in between (left curve), and 
between two rGOepi squares with a nanoribbon in between 
(right curve). 

stituents, a computer with software for sending, receiving, 
and processing electronic signals to and from the controller 
and/or the AFM constituents, and/or the like. 

Similarly, as used herein, the term "AFM tip" is intended to 
include both a cantilever and tip, which is located at the end of 
the cantilever, as would be understood by those skilled in the 
art to which this disclosure pertains. The AFM tip can be any 
type of silicon, silicon nitride, or other composition AFM tip 

DETAILED DESCRIPTION 

Referring now to the figures, wherein like reference numer
als represent like parts throughout the several views, exem
plary embodiments of the present invention will be described 
in detail. Throughout this description, various components 
can be identified as having specific values or parameters, 
however, these items are provided as exemplary embodi
ments. Indeed, the exemplary embodiments do not limit the 
various aspects and concepts of the present invention as many 
comparable parameters, sizes, ranges, and/or values can be 
implemented. The terms "first," "second," and the like, "pri
mary," "secondary," and the like, do not denote any order, 
quantity, or importance, but rather are used to distinguish one 
element from another. Further, the terms "a," "an," and "the" 

50 
known to those skilled in the art. 

As stated above, the resistive heater is in electrical com
munication with theAFM tip. Specifically, the resistive heater 
can be physically coupled to theAFM tip (e.g., via the canti
lever or cantilever holder of the AFM instrument), or it can 

55 
comprise a portion of the AFM tip. In exemplary embodi
ments, the resistive heater comprises a portion of the AFM tip. 
SuchAFM tips are known to those skilled in the art to which 
this disclosure pertains. 

One type of AFM tip with an integrated resistive heater is 
60 described in Lee et al., "Electrical, Thermal, and Mechanical 

Characterization of Silicon Microcantilever Heaters," Journal 
ofMicroelectromechanical Systems, 15, 1644 (2006), which 
is incorporated herein by reference as if fully set forth below. 
Briefly, these tips are made using a standard silicon-on-insu-

65 lator (SOD process. The process starts with providing a SOI 
wafer having a <100> orientation, and n-type doping it at 
2xl 014 atoms per cubic centimeter ( cm-3

) to have a resistivity 
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of about 4 ohm-centimeters (Q-cm). The cantilever tip can be 
formed using an oxidation sharpening process such that it has 
a radius of curvature about 20 nm and a height of about 1.5 
micrometers (µm). The cantilevers are made electrically 
active by selectively doping different parts of the cantilever 
through a two-step process. First, a low-dosage blanket ion 
implantation can be performed on the entire cantilever, fol
lowed by furnace-annealing in order to establish an essen
tially uniform background doping level (e.g., 1017 cm-3

, 10 
phosphorous, n type). The cantilever then can be subjected to 
a heavy implantation step during which a region around the 
tip (e.g., having a width of about 8 µm) is masked off (1020 

cm-3
, phosphorous n type). The masked region serves as a 

relatively lightly-doped region at the free end of the cantile- 15 

ver. It is this lightly-doped region that functions as the resis
tive heater. Finally, the cantilever can be electrically con
nected to the base via highly conducting legs (e.g., having a 
length of about 110 µmanda widthofabout 15 µm). With the 20 
cantilever dimensions and temperature-dependent resistivity, 
the resistive heater portion can account for more than about 
90% of the electrical resistance of entire cantilever. An 

10 
tip and the surface from the first location all the way to the 
second location. This allows for a continuous pattern (i.e., 
chemical modification) to form on the surface from the first 
location through and to the second location. In this manner, 
both one- and two-dimensional patterns can be formed on the 
surface. 

The cause of the chemical modification is the heat that is 
transferred from the AFM tip to the material of the surface. 
Too little heat can result in no chemical modification, too 
much heat can result in excessive chemical modification (e.g., 
from thermal transfer beyond the area of proximity or contact 
between the AFM tip and the surface, from additional chemi
cal modification or even thermal decomposition of the sur
face, or both), and inconsistent heat can result in unintended 
patterning of the surface. Thus, in exemplary embodiments, a 
temperature calibration process is performed on the AFM tip 
prior to initiating the TCNL process. The AFM tips can be 
calibrated using thermometry techniques including optical 
thermometry micro-infrared thermometry, Raman spectros-
copy, or the like. That is, these techniques can be used to 
measure the temperature of theAFM tip at different electrical 
resistances or power levels in order to find the appropriate example of such anAFM tip is shown in the scanning electron 

microscope (SEM) image of FIG. 1. 25 resistance or power level needed for a particular chemical 
modification. In some cases, the AFM tip, regardless of how the resistive 

heater is placed in electrical communication thereto, can 
require modification of the original/standard cantilever- or 
chip-holderoftheAFM instrument in order to provide current 

30 
to heat the AFM tip. One such modification can include 
creating an electrical pathway or circuit for current to be 
applied (e.g., from a power source) to the AFM tip in a 
specific direction. This can be as simple as providing electri-
cal leads to each side of the cantilever. If it is desirable to 35 

monitor the current applied to the AFM tip (e.g., for greater 
control of the heat generated at theAFM tip), then a voltmeter, 
multimeter, or like device can be included as part of electrical 
circuit. Further, ifadditional protective measures fortheAFM 

40 
tip are desired, then a sense resistor or like device can be 
placed in series with the AFM tip to limit the current applied 
to the AFM tip. These optional additional modifications can 

In some cases, depending on the location of the resistive 
heater, there can be a temperature gradient in the AFM tip 
itself. Thus, such calibration techniques can be used map the 
temperature profile of the entire AFM tip. 

In addition to the temperature of the AFM tip, the amount 
of heat transferred to the surface can be influenced by the 
pressure applied by the AFM tip to the surface. Thus, in 
exemplary embodiments, the spring constant of the AFM tip 
is also calibrated. There are different methods for determin
ing the spring constant oftheAFM tip, depending on its shape 
or geometry. Such methods are known to those skilled in the 
art to which this disclosure pertains. Additional information 
on calibration techniques can be found in the following ref-
erences, which are incorporated herein in their entireties as if 
fully set forth below: Cleveland et al., "A nondestructive 
method for determining the spring constant of cantilevers for be useful for monitoring and/or controlling the temperature of 

the AFM tip during the TCNL process. An example of a 
TCNL system with anAFM tip having each of these modifi
cations is illustrated in FIG. 2. 

45 scanning force microscopy," Review of Scientific Instru
ments, 64, 403 (1993); Hutter et al., "Calibration of atomic-

Once the TCNL system is fabricated or constructed, it can 
be used to pattern a surface. Such a process generally involves 

50 
resistively heating the AFM tip to a desired temperature, 

force microscope tips," Review of Scientific Instruments, 64, 
1868 (1993); Sader et al., "Calibration ofrectangular atomic 
force microscope cantilevers," Review of Scientific Instru
ments, 70, 3967 (1999); Gibson et al., "Determination of the 
spring constants of probes for force microscopy/spectros
copy," Nanotechnology, 7, 259 (1996); and Gibson et al., "A 
nondestructive technique for determining the spring constant 

positioning the resistively heated AFM tip adjacent to, or in 
contact with, a first location on a surface effective to heat the 
first location, and chemically modifying at least a portion of 
the first location. In certain cases, particularly when theAFM 
tip is brought into contact with the surface, the chemical 
modification can also be a topographical modification. 

55 of atomic force microscope cantilevers," Review of Scientific 
Instruments, 72, 2340 (2001 ). 

The process can be repeated by discontinuing the position
ing (i.e., removing theAFM tip away from the first location on 
the surface), and re-positioning the heated AFM tip with the 60 

surface at a second location so as to generate another chemi
cal modification at the second location. This allows for mul
tiple discrete locations on the surface to be patterned. 

Yet another feature that can influence the amount of heat 
transferred to the surface is the exposure time itself. For 
embodiments where patterning speed is of importance, the 
AFM tip will spend less time in a particular location and, 
therefore, less opportunity to effect complete thermal transfer 
from theAFM tip to the surface iftheAFM tip is heated to the 
exact temperature needed to initiate the chemical modifica-

Alternatively, the process can be continued by moving the 
AFM tip to a second location on the surface, while maintain
ing continuous proximity or contact between the heatedAFM 

65 tion. Thus, in these cases, those skilled in the art will recog
nize that the AFM tip should be heated to a temperature 
greater than the minimum chemical modification temperature 
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in order to ensure sufficient thermal transfer for the desired 
chemical modification to occur. The extent to which the tem
perature of the AFM tip exceeds the minimum chemical 
modification temperature will depend on the positioning or 
exposure time. That is, shorter exposure times will require 
greater temperatures in order to produce the same level of 
chemical modification as greater exposure times with lower 
temperatures, assuming that the AFM tip is kept the same 
distance from the surface or (in cases where contact is made) 1 o 
that the pressure of the AFM tip on the surface is kept the 
same. 

The extent to which heat is transferred from the AFM tip to 

12 
or can be, a strained ring olefin (e.g., dicyclopentadienyl, 
norbornenyl, cyclobutenyl, or the like), which can be poly
merized via ring opening metathesis polymerization using an 
appropriate metal catalyst, as would be known by those 
skilled in the art to which this disclosure pertains. In still other 
embodiments, P can be derived from, or can be, 
(-CH2)>iSiCl3 , (-CH2)>iSi(OCH2CH3 ) 3 , or (--CH2 )>iSi 
(OCH3 ) 3 , where the monomers can be reacted with water 
under conditions known to those skilled in the art to form 
either thin film or monolithic organically modified sol-gel 
glasses, or modified silicated surfaces, where >i is a positive 
integer (e.g., from 1 to 25). Still further, P can be derived 

the material of the surface will influence the resolution of the 15 from, or can be, a polymerizable group that can be photo

pattern. Thus, in addition to the general AFM tip geometry, 
each of the factors listed above will affect both the thickness/ 
fineness of a particular patterned shape and the density of 
patterned shapes that can be created in a given area of the 20 
surface. 

Turning now to the surface itself, there are a variety of 
compositions that can be used to form the surface that is 
patterned or modified. In fact, any composition that can 

25 
undergo a chemical reaction initiated by heat can be used to 
form the surface. Among the localized changes in the material 
that forms the surface that can be induced by the chemical 
reaction are one or more of the local elastic, mechanical, 
tribological, optical, wetting, adhesive, electrical, or chemi- 30 

cal properties. 

In general, the surface can be a liquid or solid. When the 
surface is a liquid, it can be placed in a container or vessel 
before being patterned using TCNL. As a solid, the surface 35 

can be a discrete body, or it can be disposed upon another 
material (e.g., a platform/substrate that can provide greater 
mechanical stability, for example, if the surface material itself 
is highly, thin or flexible). 40 

In some embodiments, the surface is formed from a poly
meric material. In general, the surface can be formed from 
polymers having the basic structure Pn-Gm wherein P repre
sents the polymer backbone, G represents a functional group 45 
that will be modified by TCNL, and n is a positive integer. The 
functional group, G, can form part of a polymer side-chain, or 
can be part of the polymer backbone. It should be noted that 
there can be more than one polymer backbone and/or func
tional group in the chosen polymer. Before TCNL, the poly- 50 

mer can be formed into a film using standard film-forming 
techniques such as spin-coating, drop casting, blade coating, 
and spray coating onto a substrate or platform. If desired, the 
substrate can be removed before subjecting the polymer film 

55 
to TCNL. 

In some embodiments, the polymer backbone, P, can be 
derived from, or can be, a monomer such as vinyl, ally!, 
4-styryl, acroyl, epoxide, oxetane, cyclic-carbonate, methac
royl, acrylonitrile, or the like, which is polymerized by either 60 

a radical-, cationic-, atom transfer-, or anionic-polymeriza
tion process. In other cases, P can be derived from, or can be, 
an isocyanate, isothiocyanate, or epoxide, that can be copo
lymerized with di-functional amines or alcohols such as 65 

HO(CH2 )"-OH, H2N(CH2 )"-NH2 , where"- is a positive integer 
(e.g., from 1 to 25). In other situations, P can be derived from, 

chemically dimerized or polymerized. Such groups can 
include one or more and these include, but are not limited to, 
the following conjugated structures: 

0 

-o~o-, 
0 0-

-0~ -0~ 

_)---0-o-H,c---

0 

-0~ 

--=' 
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In some embodiments, the functional group, G, can be 
chosen such that, upon heating from theAFM tip, a protecting 
group is removed from the surface, leaving behind another 
functional group. For example, to obtain a carboxylic acid, G 15 

can be chosen form tert-butyl esters, tetrahydropyran esters, 
and the like. For an amine to result, G can include tetrahy
dropyranyl carbamates, amine N-oxides, and the like. If an 
alcohol or phenol is desired, G can be chosen from tetrahy-

20 
dropyranyl ethers, triphenylmethyl ethers, tetrahydropyranyl 
carbonate esters, and the like. When a thiol is desired after 
TCNL, G can include S-tert-butoxy carbonyls, S-tetrahydro
pyranyl carbonyls, ethyl disulfides, and the like. 

In other cases, G can be a group that undergoes thermal 25 

polymerization and cross-linking reactions, including Diels
Alder reactions between two G groups (e.g., furans with 
maleimides, and the like), ring-opening polymerization (e.g., 

HOOC 

--0-NH 
COOR 

0 

14 

This type of polymer, which is hydrophobic, can be thermally 
deprotected at about 120 degrees Celsius (0 C.) to give a 
hydrophilic acid functionality. It will react further at about 
170° C. to give a hydrophobic ahydride. This represents a 
surface that can undergo a so-called "read-write-overwrite 
process." It is important to note that the acid to anhydride 
conversion is reversible by the removal and addition of water, 
respectively. 

Another polymer that can be used as the surface for under
going TCNL is the following poly( amide): 

0 0 

300'C. --0-' N>-y~y(__ 
acid _ ~ 

0 0 

poly(ferrocenylsilanes) and the like), ring-opening metathe
sis polymerization (e.g., dicyclopentadiene, and the like), 
reactions to form conjugated polymers (e.g., from poly(phe
nylene-vinylene) or other like precursors), and reactions of 
trifluorovinyl ethers, for example. In still other situations, G 
can be a group that volatilizes or decomposes from the heat of 
theAFMtip. 

Here, the starting surface composition (i.e., the poly( amide)) 
40 is hydrophilic; but it can be modified into a hydrophobic 

poly(imide) at about 300° C. This reaction is reversible with 
addition of acid. 

As stated above, the polymer can have more than one 
functional group, G. These functional groups can be chosen 
such that each G is modified at the same or a different tem
perature. 

In addition, the polymer can have a group, Y, which can be 
photochemically or thermally cross-linked to control the soft
ening temperature of the overall polymer, now represented by 
Yn-Pn-Gn. With the use of the Y group, the softening tempera
ture can be tailored to be above or below the chemical modi-

45 

fication temperature as desired. This can be accomplished by 
increasing or decreasing the glass transition temperature and/ 55 

or the crystallinity of the polymer. The Y and G groups can be 
coupled to the polymer backbone through a side chain, and 
can be organized in blocks, which can be ordered or randomly 
oriented. The Y and G groups can derive from the same 
functional monomer unit or a different one. In some embodi- 60 

Still another polymer that can be used as the surface for 
undergoing TCNL is the following poly(imide ): 

ments, the Y group can be chosen from cinnamate esters, 
chalcones, trifluorovinyl ethers, Diels-Alder reactants, or the 
like. 

By way of illustration, specific polymers that can be used 
as the surface forundergoing TCNL is the following tehtrahy
dropyran-(THP) protected carboxylic acid-functionalized 
poly( acrylate): 

In this system, the solubility and polarity of the surface mate
rial is altered upon thermal treatment as the poly(imide) sys-

65 tern undergoes a cis-/trans-isomerization. 
Yet another polymer that can be used as the surface for 

undergoing TCNL is the following azobenzene: 
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Here, the cis-/trans-isomerization will allow for a method of 
changing the local topology of the surface material. By first 
irradiating the surface with ultraviolet (UV) light, this 
azobenzene will be in the cis-form. It can be isomerized into 
the trans-form by local heating. Irradiation of the whole 

10 

16 

tribological, optical, wetting, adhesive, electrical, or chemi-
cal) or properties thereof. For example, a surface having a 
patterned series of pathways that are conductive (e.g., a con
ductive polymer, metal, graphene, or reduced graphene 
oxide), while the non-patterned (i.e., unmodified) portions of 

sample provides a means to "erase" the thermally-written 15 the surface are insulating can find use in electronic applica-
modification. 

Alternatively, the surface can be formed from a self-as
sembled monolayer or multilayer of molecules. The mol
ecules can be represented by the basic structure Xn-R-Gn, 
wherein X represents an anchoring group for the molecule to 
attach to a substrate or platform, R represents a bridging 
group, G represents the functional group that will be modified 

tions. In another example, a surface having patterned hydro
philic pathways, with the non-patterned portions of the sur
face being hydrophobic, can be used to fabricate a nanofluidic 

20 device. In still another example, a surface having patterned 
ferroelectric or piezoelectric domains (e.g., PT or PZT), 
while the non-patterned portions of the surface are non-po
larizable, can be used in magnetic or electronic device appli
cations. by TCNL, and n is a positive integer. These molecules can be 

processed by standard self-assembled monolayer- or multi-
25 

layer-forming techniques, which include a reaction between a 
thiol-terminated Xn-R-Gn with a gold surface, silane-termi
nated Xn-R-Gn with a glass surface, or like reaction. 

Alternatively, the chemically-modified surface can serve 
as a template for creating chemical designs thereon and/or 
positioning other materials thereon. These designs and/or 
other materials can be placed on the modified portions of the 

In some embodiments, the anchoring group, X, can be 30 surface, or they can be placed on the unmodified portions. 
chosen from phosphonic acids, phosphinic acids, sulfonic 

The types of other materials that can be placed on the 
acids, carboxylic acids, carbamates, dithiocarbamates, thiols, 
selenols, phosphines, amines, amides, carbohydroximic 

surfaces include nanoscale objects, nanoscale anchors for 

acids, sulfonohydroxamic acids, phosphohydroxamic acids, 35 
microscale objects, or microscale objects themselves. These 
materials, regardless of their size, can vary from soft and 
compliant materials/objects (e.g., proteins, DNA, RNA, cells, 
and the like) to less compliant, stiff materials (e.g., nanotubes, 

monochlorosilanes, dichlorosilanes, trichlorosilanes, mono 
(alkoxy)silanes, di(alkoxy)silanes, tri(alkoxy)silanes, or the 
like, or a conjugate base of any of the foregoing; the bridging 

fullerenes, nanoparticles, and the like). There are no con-
group, R, can be a linear or branched C3 to C50 aliphatic or 
cyclic aliphatic, fluoroalkyl, oligo(ethyleneglycol), aryl, 40 straints on the nature of the other materials as their attaching 

force may vary as desired. Such forces for attaching the 
amine, or like group; and G can be any of the functional group 
types discussed above for polymeric surfaces. 

In other embodiments, the surface can be a precursor mate
rial to a desired composition. In this marmer, rather than 
removing a functional group or changing a functional group, 
a conversion from the precursor to the desired composition 
can occur. This can involve a reduction, an oxidation, a 
molecular rearrangement, or other chemical reaction, which 
can be tuned not only by temperature, but also by the pressure 
and/or atmospheric environment. 

For example, the surface can be formed form graphene 
oxide, and can be converted into reduced graphene oxide or 
even graphene. In another example for forming graphene, the 
precursor surface can be a silicon carbide surface. 

Other compositions can be formed using this precursor 
conversion technique. In one illustration, the precursor sur
face can be a sol-gel comprising one or more metal alkoxide 
layers or a precursor sol-gel film, for example, oflead titanate 
(PT) or lead-zirconate-titanate (PZT). TCNL can be used to 
induce local nanopatterned pyrolysis and conversion of the 
precursor layer or film into a functional ceramic compound to 
create ceramic nanostructures. 

Once modified, the surface can find use in an application 
calling for the improved property (e.g., elastic, mechanical, 

additional material/object to the surface include covalent 
bonding, ionic bonding, hydrogen bonding, acid-base inter-

45 actions, pi-stacking, arene-perfluoroarene interactions, Van 
der Waals forces, methods for molecular recognition (e.g., 
base pairing in nucleotides, host-guest coordination recep
tors, and other site-specific interactions), and the like. These 
objects can be attached directly to the surface or through a 

50 linker and/or expander molecule that is attached to the modi
fied surface. 

By way of illustration, one application of the TCNL-pat
terned surface as a template involves functionalization of the 

55 TCNL-modified portions of the surface, followed by attach
ment of a biological material to the surface based on the 
biological material's affinity for a the post-TCNL functional 
group. This procedure is desirable in situations where the 

60 biological material ordinarily would not attach to the TCNL
modified portions of the substrate. In this manner, the addi
tional functionalization provides the ability for the biological 
material to attach to the surface in the same arrangement as 
was patterned thereon using TCNL. 

65 
If the biological material were single-stranded DNA or 

RNA, then the overall device (i.e., the surface with the DNA 
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or RNA attached thereto) could be used as a so-called "mas
ter" for a supramolecular nanostamping process. Such pro
cesses are based on hybridization-contact-dehybridization 
cycles. That is, the complementary DNA or RNA strands will 
hybridize with the strands on the original master. If the 
complementary strands are 5' modified with chemical groups 
that can attach to a target second surface, which will be placed 
at an end opposite to the original TCNL-pattemed surface, 
then the 5' modified ends will stick to the second surface, 10 

thereby forming a sandwich structure. By heating the sand
wich structure, the hybridized DNA or RNA strands will 
dehybridize, leaving the original master (and the complemen
tary device) available for further stamping. 15 

The molecular recognition of such a process provides the 
ability to transfer large amounts of information in a single 
"printing" cycle. Conventional stamping techniques typically 
only print spatial information (i.e., size, shape, and position of 
features). In contrast, this process of TCNL with supramo- 20 

lecular nanostamping can allow for both spatial information 
from the pattern of the template, and chemical information 
from the DNA or RNA sequence of each anchored strand, to 
be transferred. In other implementations, this process can be 25 
used with other types of reversible molecular recognition 
reactions (e.g., receptor-receptor, antibody-antigen, and the 
like). 

30 

18 
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The polymer in this example was prepared using the fol
lowing chemicals for the synthesis: dihydropyran (Aldrich), 
2-isocyanatoethyl methacrylate (Aldrich), azobisisobuty-
ronitrile (Aldrich), ally! bromide (Aldrich), potassium car-
bonate (VWR), platinum on activated carbon (10 wt%, Strem 
Chemicals), 4-hydroxybenzophenone (AlfaAesar), andchlo
rodimethyl silane (Alfa Aesar). All solvents were reagent 

If more than one type of biological material were intended 
to be attached to the surface, then the TCNL-modified por
tions of the surface could be functionalized with more than 
one type of functional group such that each type of biological 
material had an affinity for a specific post-TCNL functional 
group. If, however, one type of biological material has an 
affinity for the TCNL-modified portions of the surface, then 
the number of functionalization steps could be decreased by 
one. Such a device can be beneficial for situations where more 
than one type of biological material is desired to interact with 
a particular sample (e.g., a cell study that require' s interaction 
with two or more proteins). 

35 grade. All chemicals were used as-received with the excep
tion of chlorodimethylsilane, which was distilled under nitro-
gen immediately before use. 

The synthesis of tetrahydropyran-2-ol was carried out 
40 according to a literature procedure, as shown in the reaction 

scheme below. The 1 H NMR spectrum was consistent with 
values reported in the literature. 

EXAMPLES 45 

The present disclosure is further exemplified by the follow
ing non-limiting examples. 

Example 1 

50 

O
o (oYoH 

I HCL(2M) v 

The synthesis of tetrahydropyran-2-yl N-(2-methacry
loxyethyl)carbamate, which is schematically shown below, 
was carried out as follows: Tetrahydropyran-2-yl (2.80 mL, 
28 mmol) was mixed with 2-isocyanatoethyl methacrylate 

Synthesis of Poly((tetrahydropyran-2-yl N-(2-meth
acryloxyethyl)carbamate )-co-( methyl 4-(3-methacry

loyloxypropoxy )cinnamate)) Polymer 

55 (3 .1 g, 20 mmol) and 1 drop of pyridine and stirred until the 
reaction was complete by 1 H NMR. The resulting viscous 
mixture was purified by colunm chromatography on silica to 
yield a white powder (2.93 g, 57%). 

In this example; a new polymeric material, poly((tetrahy- 60 

dropyran-2-yl N-(2-methacryloxyethyl)carbamate )-co-( me-
thyl 4-(3-methacryloyloxypropoxy)cinnamate)) was synthe
sized. This polymer had both a deprotecting group and a 
cross-linking group. The deprotecting group was the THP 
carbamate functionality, and the cross-linking group was the 65 

cinnamate functionality. The polymer has the following 
structure: 
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((OH 
1 drop Pyridine 

10 

1H-NMR(300MHz, CDC13 )data were as follows: ll (ppm) 
6.09 (m, lH), 5.9 (broad, 0.2H, minor conformer), 5.82 20 
(broad, 0.8H, major conformer), 5.57 (apparent quint, J=l.5 
Hz, lH), 5.05 (broad, 0.8H, major conformer N-H), 4.83 
(broad, 0.2H, minor conformer N-H), 4.21 (t, 1=6 Hz, 2H), 
3.86 (ABXY m, J AB=l l.5 Hz, J AX=4.8 Hz, J AY=5.l Hz, lH), 
3.63 (ABXY m, JAB=l l.5 Hz, fAX=8.6 Hz, JAY=3.0 Hz, lH), 25 

3.49 (q, J=6 Hz, 2H), 1.91 (dd, J=l.5, 0.9 Hz, 3H), 1.77 
(apparent dd, J=9.7, 2.7 Hz, 2H), 1.48-1.68 (m, 4H). 

13C-NMR (75 MHz, CDC13 ) data were as follows: ll (ppm) 
167.2, 155.0, 135.9, 126.0, 93.3, 63.5, 63.3, 40.0, 29.3, 24.8, 30 

19.0, 18.2. 

Elemental analysis (calculated, found for C12H19N05 ) 

revealed: C (56.02, 56.22), H (7.44, 7.36) N (5.44, 5.48). 

The synthesis of methyl 4-(3-methacryloyloxypropoxy) 
cinnamate, which is schematically shown below, was carried 35 

out according to a literature procedure. 1 H NMR spectral 
features were consistent with reported values. 
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The synthesis of poly((tetrahydropyran-2-yl N-(2-meth
acryloxyethyl )carbamate )-co-( methyl 4-(3-methacry loy lox
ypropoxy )cinnamate) ), which is schematically shown below, 
was carried out as follows: A mixture oftetrahydropyran-2-yl 
N-(2-methacryloxyethyl)carbamate (0.50 g, 1.9 mmol), 55 

methyl 4-(3-methacryloyloxypropoxy)cinnamate (0.15 g, 
0.48 mmol), and azobisisobutyronitrile (AIBN) (2.0 mg, 
0.012mmol) in THF (6 mL)wereadded to a Schlenkampoule 
using a Pasteur pipette. The flask was then freeze-pump-

60 
thawed a minimum of four times and the reaction mixture was 
heated at 60° C. for 20 h. Once the reaction mixture had 
returned to room temperature it was diluted with dichlo
romethane (30 mL) and added dropwise to hexanes (300 mL ). 
The resulting precipitate was removed by vacuum filtration 
and dried under vacuum to yield a white powder (360 mg, 
55%). 

1 H-NMR (300 MHz, CDC13 ) data were as follows: ll (ppm) 
7.6 (d broad, J=16.1 Hz, lH), 7.5 (s broad, 2H), 6.9 (s broad, 
2H), 6.3 (d broad, J=16.1 Hz, lH), 5.7-6.0 (m broad, 5.2H), 

65 3.3-4.2 (four apparent singlets broad, 27.2H), 0.7-2.1 (several 
m broad, 50.6H). The 1H-NMR spectrum is reported as 
observed, with integration relative to the peak at 7 .5 ppm (2H, 
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due to aromatic protons in the cinnamate group). The N-H 
protons were not observed in the spectrum of the polymer. 

22 
SSS-NCHR) in air. Local chemical modifications were per
formed by scanning the sample with a thermal AFM probe 
heated at temperatures in the range of about 160 to about 240° 
C., in contact mode with normal loads in the range of about 20 

13C-NMR (75 MHz, CDC13 ) data were as follows: ll (ppm) 
177.1, 167.8, 160.4, 155.3, 144.5, 129.8, 128.1, 127.8, 127.4, 
127.2, 115.3, 114.8, 93.3, 63.6, 53.9, 51.6, 45.0, 44.7, 39.6, 
39.5, 28.0, 25.0, 19.1, 17.4. 

Elemental analysis (calculated, found for C65H96N4 0 25 

(1:4 cinnamate:carbamate monomer ratio)) revealed: C 
(58.55, 57.83), H (7.26, 7.20), N (4.20, 4.12). 

5 to about 500 nano-Newtons (nN), at a speed varying between 
about 0.01 and about 2 mm/s. The temperature calibration of 
the thermal probes was performed using a known protocol. 

Fluorescence microscopy imaging was performed using 
epi-fluorescence microscopy on an inverted Nikon TE2000 

Example 2 

TCNL of Multifunctional Templates for Assembling 
Nanoscale Objects 

10 microscope equipped with a Nikon Intensilight (C-HGFIE) 
for illumination and a Nikon EM-CCD camera (DQC-FS). 
Images were obtained using a Plan Apo 60x water immersion 
objective (Nikon, NA 1.2) or a Plan Apo lOOx oil immersion 
objective (Nikon, NA 1.4). Nikon filter cube sets were used to 

In this example, TCNL was used to thermally activate the 
deprotection of amine groups on a polymer surface in arbi
trary nano scale and microscale patterns at linear speeds of up 

15 image fluorescent dyes in the UV region (#96310, UV-2EC 
DAPI filter set, excitation 340-380 nm, dichroic mirror 
DM400, emission 435-485 nm), in the green (#96320, FITC/ 
GFP HyQ filter set, excitation 460-500 nm, dichroic mirror 
DM505, emission 510-560nm), and in the red (#96324, Cy5 to millimeters per second. The unmasked amine nanotem

plates were then selectively and covalently functionalized to 
create patterns of thiols, maleimides, aldehydes or biotins in 
distinct areas of the polymer surface. The multiple function
alities of these patterns were exploited to create nanoarrays, 
with features as small as about 40 nm, of nanoscale objects 
such as bioactive proteins and DNA. By repeating the TCNL 
steps followed by different protocols for chemically convert
ing the unprotected amines, it was possible to generate sur
faces with orthogonal functionalities in distinct areas that 
were further functionalized at a later date. The bioactivity of 
the TCNL-designed protein arrays was confirmed by using 30 

fluorescent antibodies and a cell signaling experiment. 
Lastly; the relevance of tailored two-protein patterning was 
demonstrated for future biological studies. In particular, the 
cell adhesion protein ICAM-1 and the cell signaling protein 
anti-CD3 were independently assembled in concentric 35 

squares for future controlled studies of the spatial organiza
tion of the immunological synapse in T lymphocyte cells 
(T-cells). 

20 HQ filter set, excitation 620-660 nm, dichroic mirror DM 
Q660LP, emission 700-775 nm). The contrast in the different 
fluorescent images varies from figure to figure due to standard 
image processing. A detailed analysis of the homogeneity and 
contrast of the fluorescent patterns is beyond the scope of this 

25 work. 
Cell Culture and Immunostaining experiments were per

formed as follows: Jurkat cells (clone E6-l, ATCC TIB-152) 
of passage 9 were maintained in Roswell Park Memorial 
Institute (RPMI)-1640 media with fetal bovine serum (FBS) 
(10% ), L-glutamine (1 % ), non-essential amino acid solution 
(1 % ), sodium pyruvate (1 % ), and 4-(2-hydroxyethyl)-1-pip-
erazineethanesulfonic acid (HEPES, 10 mM). The cell cul
ture media and its components were obtained from Mediat
ech, Inc. The cells were maintained at about 3 7° C. in an about 
5% C02 atmosphere. Jurkat cells were seeded on anti-CD3 
patterned surfaces and incubated at about 37° C. and about 
5% C02 for about 40 minutes in the media containing 
ICAM-1 (10 milligrams per milliliter (mg/mL)). To prepare 
the cells for staining, they were permeabilized in Triton 
X-100 (0.1 %, EMD Chemicals) in paraformaldehyde (3%) 
for about 5 minutes, washed with phosphate-buffered saline 
(PBS), and incubated for about 30 minutes in paraformalde
hyde (3%). Non-specific binding was blocked by incubation 
with bovine serum albumin (BSA) (1 %, Calbiochem) in PBS 
for about 30 minutes. To label the PKC-u in the cells, poly
clonal anti-PKC-u (BD Biosciences) was used as the primary 
antibody, and goat anti-Mouse IgG, FITC conjugate (Milli
pore) was used as the secondary antibody. The cells were 
mounted in elvanol before imaging. 

TCNL was used on the polymer described above to enable 
the selective patterning of amine groups at linear speeds of up 
to millimeters per second. The THP carbamate groups of the 
polymer were thermally deprotected to unmask primary 
amines. The mass loss after bulk heating of the polymer above 

The polymer surface in this example was that prepared in 
EXAMPLE 1. For a typical experiment, films of the polymer 40 

were prepared on glass slides pretreated with 4-(3-chlorodim
ethylsilyl)propoxy benzophenone, by spin-coating from a 
cyclohexanone solution. Specifically, several 75x25 square 
millimeter (mm2

) glass slides were cut into 25x25 mm2 

squares then cleaned with either piranha (75% concentrated 45 

H2 S04 and 25% of30% H2 0 2 in water) or oxygen plasma. 
Each slide was placed in anhydrous toluene (about 50 mL) 
under argon and a solution of 4-(3-( chlorodimethylsilyl)pro
poxy)benzophenone in toluene (about 3 mL, about 0.28 M) 
was added along with five drops of anhydrous triethylamine. 50 

The slides were left in the solution overnight. The slides were 
then washed with chloroform then dried with N2 . The pres
ence of the benzophenone was confirmed by measuring the 
water contact angle of the treated glass slides, which was 
found to be around 70°, consistent with literature values. 

The films were then exposed to UV radiation to both 
covalently bind the film to the substrate through the ben
zophenone linker (about 352 nm irradiation) and to crosslink 
the polymer at the cinnamate moieties (about 300 nm irradia
tion). Films were prepared with thicknesses ranging from 60 

about 30 to about 150 nm, but most experiments were per
formed on films with a thickness of about 75±5 nm, as mea
sured by a stylus profilometer. 

55 the deprotection temperature, T d' was consistent with this 
mechanism. This deprotection was performed with a hot 
AFM tip maintained above T d (between about 150 and about 
220° C.), thus exposing amine groups. This approach ulti-

TCNL and AFM characterization (e.g., imaging, friction, 
and phase measurements) were all carried out with the same 65 

AFM (Nanoscope Multimode IV, Veeco) using resistively 
heated cantilevers and commercial cantilevers (Nanosensor, 

mately led to multifunctional nanopatterns coexisting on the 
same surface, which were subsequently, selectively function
alized with the desired species of nanoscale objects. The 
approach is outlined in FIG. 3. Afterusing TCNL to write the 
first of the desired amine patterns, the amines were thiolated 
via a reaction with N-succinimidyl 3-(2-pyridyldithio )propi
onate (SPDP) (triangles, FIGS. 3b and 3c). A second TCNL 
pattern was then created on a different area of the same 
polymer surface (diamonds, FIGS. 3b and 3c ), exposing addi-
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tional amines in a new region. The dithiols obtained after the 
first functionalization step were then reduced to thiols using 
dithiothreitol (DTT), thereby producing a surface with tai
lored patterns of amine and thiol groups (FIG. 3b). This 
functionalization scheme is shown in the process flow dia
gram of FIG. 4. 

Alternately, the amine pattern was transformed from the 
second application of TCNL using N-hydroxysuccinimide 
(NHS)-biotin, thus modifying the amine functionality to a 
biotin functionality (FIG. 3c). At this stage, reduction with 
DTT created a co-patterned surface of thiols and biotins. In 
order to nanopatterns surfaces with three different function
alities, a third application of TCNL was used to produce a 
triple-patterned surface consisting of thiols, biotins, and 
amines (FIG. 3c). 

Once the surfaces were patterned with the desired chemical 
groups, they were stored in a desiccator for later functional
ization with proteins or other nanoscale objects. In this 
example, the nanopatterned surfaces were stored for about 
three weeks before successful two-protein functionalization. 
Longer storage times, however, should be possible. 

The viability of single and multiplexed patterns will now 
be discussed. Several characterization techniques provided 
evidence that reactive amines were created by local thermal 
deprotection. A first confirmation of the chemical modifica
tion by TCNL was obtained in situ by friction force micros
copy, indicating a regular increase in friction in the areas 
heated by the tip. This friction increase was consistent with a 
decrease of the water contact angle (larger hydrophilicity) 
when the copolymer film was bulk heated above Td. No 
chemical transformation was observed ifthe tip temperature 
during patterning was below T d· Direct confirmation of the 
chemical viability of the surfaces is shown in FIG. S. 

Using several amine cross-linking strategies, TCNL pat
terns were functionalized with small molecules, proteins, or 
other nanoscale objects that can selectively interact with the 
underlying amine pattern, but not with the unmodified poly
mer. Specifically, FIG. Sa shows the binding of different 
fluorescently labeled proteins to the TCNL amine patterns via 
two different crosslinking mechanisms, NHS-biotin and glu
taraldehyde (GA). The fluorescent patterns of single protein 
species in FIG. Sa show bound streptavidin, anti-CD3, and 
fibronectin. Images produced using epi-fluorescence micros
copy verified that fluorescent patterns were consistent with 
the patterns written by TCNL and with the post-patterning 
functionalization utilized. To provide a simple demonstration 
of the generality of the approach, FIG. 3b shows AFM images 
of a TCNL-generated triangular amine pattern that was func
tionalized with 50-mer single-stranded (ss )DNA. The surface 
amines were converted to maleimides via N-(p-maleimi
dophenyl)isocyanate (PMPI) in dimethylsulfoxide, and then 
cross-linked to thiol-terminated DNA strands. The AFM 
topography and phase images of the patterns before and after 
DNA functionalization were consistent with the binding of 
DNA in the TCNL-activated triangular area. The observed 
height contrast of about 5 nm was also consistent with previ
ous work on DNA patterning where, for 37-mer ssDNA, the 
patterns showed height contrast of about 4 nm. We note that 
for this particular triangular pattern, the depletion height in 
the active area (excluding the edges) written by TCNL before 
DNA functionalization was about 1 nm. 

The viability of multifunctional patterns was then verified 
using the approach described in FIG. 3. A co-pattern of thiols 
and biotins was fluorescently labeled by incubation of the 
surface first with the blue fluorescent dye N-(7-dimethy
lamino-4-methylcoumarin-3-yl) maleimide (DACM) and 
then the red-emitting Cy5-streptavidin, in order to determine 

24 
if they would selectively bind to the thiol and biotin patterns, 
respectively. FIG. Sc shows the resultant fluorescent patterns 
ofthiols (triangles) and biotins (diamonds). The two fluoro
phores were imaged separately on a monochrome camera 
using a DAPI filter set for the DACM and a Cy5 filter set for 
the Cy5-streptavidin. The third combined image represents 
the overlay of the two independently acquired images. Lim
ited crosstalk was observed between the two channels, dem
onstrating both the effective localization of the dyes onto the 

10 TCNL pattern and the specificity of their chemical cross
linking to the surface. 

Minimal nonspecific background was apparent on the non
treated polymer areas. Preliminary studies were performed to 
quantify the degree of nonspecific protein binding to nonpat-

15 terned areas of the polymer. 
The fabrication and characterization of protein nano-arrays 

will now be discussed. TCNL was capable of extremely high 
resolution chemical patterning of surfaces due to the high 
temperature gradients in the vicinity of the heated tip. There-

20 fore, the ability to organize small amounts of proteins with 
high definition was investigated. Using a single touchdown 
approach at each feature, an array of 500 nm features deco
rated with fluorescently labeled fibronectin was produced. 
The size of a single feature was inferred from AFM imaging 

25 of the protein pattern. To investigate length scales below the 
resolution limit of optical microscopy, topographical and 
phase AFM imaging were employed in ambient conditions. 
Using again a single touchdown approach at each feature but 
with a shorter dwell time, TCNL was used to deprotect 

30 amines in even smaller areas. AFM phase images provide 
information on the local viscoelasticity of the sample. The 
topography indicated a shallow indentation of approximately 
10 nm. This depth could be made larger or smaller by varying 
the tip temperature, load, and dwell time. The surface was 

35 then functionalized with fibronectin or with streptavidin. The 
topographical data revealed that the TCNL holes were filled 
with proteins. The phase images were also consistent with the 
deposition of proteins in the holes. Fibronectin phase features 
as small as 40 nm and streptavidin as small as 60 nm were 

40 measured. The former value compared well with previous 
measurements of single dry fibronectin molecules. Compar
ing the topographical image of the active sites before and after 
fibronectin functionalization, and considering the geometri
cal convolution with a spherical AFM tip (radius about 15 

45 nm), it was concluded that roughly 1 to 2 fibronectin mol
ecules were exposed at the surface, whereas more fibronec
tins could fit inside the hole created during TCNL writing. 
More detailed information on the exact numbers of proteins 
per spot is not available because the conformation of the 

50 proteins inside the holes was not known. 
The formation and characterization ofbioactive two-pro

tein patterns will now be discussed. In complex molecular 
systems, proteins work cooperatively to initiate biological 
events, for example in the adhesion plaque formed during cell 

55 adhesion or the patterning of signaling and adhesion proteins 
in the formation of the T-cell immunological synapse. Here it 
was shown that patterned proteins remained bioactive and 
could initiate cell activity. A method to nanopattern two pro
teins on a surface with independent and arbitrary designs was 

60 demonstrated. 
Maintaining the bioactivity of surface-patterned proteins is 

crucial for most applications. However, many potential pro
tein patterning techniques do not provide ideal conditions for 
preserving bioactivity. FIG. 6a demonstrates the bioactivity 

65 of the biotin-bound anti-CD3. The ability of anti-CD3 (tri
angle) to bind a secondary antibody, anti-IgG (triangle), was 
verified. In a separate bioactivity study, it was also found that 
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GA-bound intracellular adhesion molecule-1 (ICAM-1) 
binds specifically to anti-ICAM-1. Anti-CD3 is known to 
stimulate specific cell signaling pathways when interacting 
with Jurkat cells, an immortalized line ofT-cell that are used 

26 
sub-100 nm spatial resolution in ambient conditions. The 
local thermochemical conversion was verified by Raman 
spectroscopy, fluorescence imaging, and atomic force 
microscopy. This convenient direct writing of conjugated 
polymer nano structures could be desirable for the design and 
fabrication of future nanoelectronic, nanophotonic, and bio
sensing devices. 

A solution of a sulfonium salt precursor, poly(p-xylene 
tetrahydrothiophenium chloride) (0.25 wt% in H20, Ald
rich), was drop cast on either glass slides or Si (111) wafers 
that had been immersed overnight in a piranha solution. The 
thermal conversion to PPV typically involves the elimination 
of both thiophene and hydrogen chloride in inert gas condi
tions or in vacuum at heating temperatures in the range of 

to investigate T-cell signaling and immune synapse forma
tion. In a cellular assay to demonstrate the bioactivity of 
bound anti-CD3, spatial correlation of protein kinase C-u 
(PKC-u) inside a T-cell interacting with the underlying anti
CD3 pattern was specifically sought. Immunofluorescence 
cell staining of PKC-u in a cell interacting with a triangle- 10 

shaped anti-CD3 micropattern (FIG. 6b) showed the halo of 
the PKC-u echoing the triangular shape of the anti-CD3 
micropattern. Thus, both molecular and cellular evidence 
exists for the preserved bioactivity of TCNL patterned pro
teins. 15 250-300° C. Here, however, TCNL was used to produce the 

PPV with theAFM tip at about 240° C. The TCNL process for 
producing PPV patterns in the precursor film's surface is 
schematically shown in FIG. 7a. 

To construct a single surface with two co-existing but inde
pendently immobilized protein species, the basic strategy 
presented in FIG. 3 was followed. FIG. 6c shows a concentric 
set of protein squares (inner=anti-CD3, outer=ICAM-1) and 
a separate surface patterned with a 2x2 array comprised of 20 

two anti-CD3 triangles and of two ICAM-1 diamonds. The 
top row in FIG. 6c shows the bound anti-CD3 in the center of 
the concentric pattern and on the triangles. The middle row 
shows the bound ICAM-1 on the outer part of the concentric 
square pattern and in the diamonds. The bottom row consists 25 

of the combined fluorescent images. Minimal crosstalk and 
nonspecific binding to the untreated polymer surface was 
present. 

Ultrasharp tapping mode AFM tips (SSS-NCHR, 
Nanosensors) were used to acquire high resolution topo
graphical images of the PPV nanostructures written by 
TCNL. 

Fluorescence imaging is a convenient method to follow the 
thermal conversion of a precursor to PPV because of its broad 
emissive photoluminescence spectrum in the green color 
region. PPV nanostructures were imaged using fluorescence 
microscopy with an inverted Nikon TE2000 equipped with a 
high-sensitivity charge coupled device camera (Cool-SNAP 
HQ2, Roper Scientific). Images were obtained using a Plan 
Apo 60x water immersion objective (Nikon, NA 1.2). A 
Nikon filter cube set was used to image fluorescent PPV 
nano structures in the green region ( #96320, FITC/GFP HyQ 
filter set, excitation at about 460 to about 500 nm, dichroic 
mirror DM505, and emission at about 510 to about 560 nm). 
All of the Raman data of the present work were obtained from 
a confocal Raman microscope (Jobin Yvon HR800) using a 
laser excitation wavelength of about 785 nm with the same 
acquisition time. 

FIG. 7 shows fluorescence andAFM topography images of 
the PPV lines made by TCNL. These nanostructures were 
made at a writing speed of about 20 µmis, with a normal load 
of about 30 nN, and cantilever temperature ranging between 
about 240 and about 360° C. The nanostructures started to 
show a visible fluorescent contrast at about 240° C. The 

In conclusion, this example has shown the use ofTCNL to 
produce nanopatterns of amines on a polymer surface, at 30 

linear speeds of up to millimeters per second. The amine 
groups were then further converted to aldehydes, thiols, 
biotins, and maleimides, and were used, in a second stage, to 
attach different classes of nanoscale objects (e.g., proteins 
and nucleic acids) by standard functionalization methods. 35 

This new TCNL/covalent functionalization (CF)/molecular 
recognition (MR) approach was conceptually straightforward 
and, with the current generation of materials, patterns can be 
written at high resolution (at least 40 nm), and has the poten
tial to be massively parallelized, which would enable pattern- 40 

ing of large areas (larger than 100 cm2
) at speeds up to one 

meter per second. While the technique was demonstrated by 
using glass substrates, since the polymer can planarize a 
substrate, the technique can be applicable to any oxide sur
face to which the polymer can be cross-linked. 

Furthermore, the surfaces were pre-patterned and stored 
for three weeks for later bio/nano-functionalization. This 
offers the advantage that multiprotein/nanoscale object pat
terning can take place under native conditions in a second 
laboratory without the TCNL equipment or expertise in nano- 50 

lithography. These features can increase the accessibility of 
the technique to a variety of researchers not only interested in 
nano lithography, but in areas of biochemistry, nano science, 
and nano biotechnology. The TCNL/CF /MR can have a direct 
impact on the development of nano scale devices and biosen- 55 

sors, and on many cell studies that require interaction with 
two or more proteins in tailor-made patterns. 

45 contrast became clearer as the heating temperature was raised 
to about 360° C. The correspondingAFM topography images 
(FIGS. 7c and 7d) reveal the capability ofTCNL to fabricate 
PPV nanostructures with a high spatial resolution of about 70 
nm. 

Example 3 

Direct TCNL Patterning and Characterization of 
Poly(p-Phenylene Vinylene) Nanostructures 

In this example, TCNL was used to prepare poly(p-phe
nylene vinylene) (PPV), which is a widely studied electrolu
minescent conjugated polymer. Direct writing of PPV by 
locally heating a sulfonium salt precursor was achieved with 

Raman spectroscopy measurements provided more defini
tive evidence of the thermal conversion and highlighted the 
quality of the TCNL-prepared nanostructures. 20x20 square 
micrometer (µm2

) TCNL patterns at about 240, about 280, 
and about 320° C., with a normal load of about 30 nN and a 
speed of about 20 µm/s. Raman measurements revealed that 
the quality of the PPV patterns formed by TCNL in ambient 
conditions was comparable to the quality of a PPV sample 
prepared by a standard thermal armealing of a precursor poly
mer under vacuum, herein referred to as PPV reference· Raman 

60 spectra were obtained from four representative samples: an 
untreated precursor film (FIG. Sa), a PPVreference film (FIG. 
Sb), a TCNL pattern (FIG. Sc), and a precursor film bulk 
heated with a hot plate in air at about 280° C. for about an hour 
(FIG. Sd). The four samples were obtained from the same 

65 precursor polymer batch and had a thickness of about 1.4 µm. 
The PPV reference film was prepared by annealing the precursor 
film for about five hours at about 280° C. in a vacuum of about 
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200 milliTorr. The most distinctive characteristic of the 
Raman spectra after the complete conversion of the precursor 
film into PPV was the large intensity enhancement [compare 
FIGS. Sa and Sb], which were attributed to a density increase 
in the polymer film due to a volume contraction. The Raman 
spectrum of the TCNL pattern in FIG. Sc clearly shows the 
same enhancement in intensity throughout the spectrum. In 
the case of an ambient bulk heated precursor polymer, for 
which the Raman spectrum is shown in FIG. Sd, a large 
continuum background very likely generated by oxidation 10 

and the disappearance of the PPV Raman peaks were 
observed. 

Another signature of the precursor-PPV conversion is the 
shift in frequency of the Raman peaks associated with the C-C 
vibrations to lower frequencies. With respect to the 15 

PPV reference' the two Raman peaks of the untreated precursor 
polymer at around 1178 and 1594 cm- 1 are found to shift by 
about 3 and about 6 cm-1, respectively, after the conversion, 

28 
In summary, PPV nanostructures were made by TCNL, 

where PPV nanostructures were formed from a sulfonium salt 
precursor polymer by the thermal conversion in ambient con
ditions. The successful PPV conversion was verified by both 
Raman spectroscopy and fluorescence imaging. Further
more, the dimensions and thicknesses of the nano structures 
were controlled easily by varying the tip position and tem
perature. The resolution of the written nanostructures can be 
further improved by decreasing the thickness of the precursor 
film. This nanopatterning of a conjugated polymer, when 
massively parallelized, could facilitate the design and fabri
cations of future nanoelectronic, nanophotonic, and biosens
ing devices. 

Example 4 

TCNL of Graphene Oxide to Produce Reduced 
Graphene Oxide 

The reduced form of graphene oxide (GO) is an attractive 
alternative to graphene for producing large-scale flexible con
ductors and for creating devices that require an electronic gap. 
This example illustrates a means to tune the topographical 
and electrical properties of reduced GO (rGO) with nano-

as depicted in FIG. 9a. The Raman peak positions of the 
TCNL patterns written at three different tip temperatures 20 

were in between those of the precursor polymer and those of 
the PPV reference polymer. As the AFM tip temperature used to 
perform TCNL increased, the Raman intensity of the written 
patterns increased and the peak positions shifted to those of 
the PPV reference film. 

In order to obtain more quantitative information on the 
quality and degree of thermochemical conversion, the TCNL 
modified film as composed of a % of precursor polymer and 
(100-a) % of PPVreference was modeled. The Raman spec
trum of the composite system may thus be a linear superpo- 30 

sition of the spectra of the two constituents, namely precursor 
and PPVreference [shown in FIGS. Sa and Sb, respectively], as 
estimated by the following relationship: 

25 scopic resolution by local thermal reduction of GO using 
TCNL. The rGO regions were up to four orders of magnitude 
more conductive than pristine GO. Variably conductive nan
oribbons with dimensions up to 20 µm and down to about 12 
nm were produced in oxidized epitaxial graphene films in a 
single step that was clean, rapid and reliable. Further, GO was 
converted to rGO with a 100% yield in dozens of structures 
patterned on random locations in the GO film. No sign of 
AFM tip wear or sample tearing was observed, indicating that 
the "carbon skeleton" was continuous across the GO/rGO 

35 junctions. 

Jf!p\f;~NL 

°' °' l QQ X (/precursor - !substrate) + ( 1 - l QQ) X (/ PPVreference - I substrate). 

(1) TCNL was performed by using a heated atomic force 
microscope probe tip to reduce selected regions ofboth single 
layers of isolated GO and large-area GO films formed by 
on-chip oxidation of epitaxial graphene oxide (GOepi) grown 

40 on SiC. TCNL reduction of GO was verified by friction force 
microscopy (FFM), conductive AFM (CAFM), Raman spec
troscopy, Kelvin probe force microscopy (KPFM), and UHV 
electronic transport measurements using a two- and four-

FIG. 9b illustrates the Raman spectra obtained from the 
TCNL pattern produced at about 300° C. (IPPVrcNLExperimen') 

and IPPVrcNLModeZ derived from Equation (1 ). The free 
fitting parameter a was found by fitting IPPVrcNLModeZ to 
Ippv CNLExpenment in the range of about 1500 to about 1800 45 

cm-f. This spectral region is far off the background signal 
caused by oxidation. With the blending ratio of 27% 
PPVreference and 73% precursor, the peak frequencies and 
intensity of IPPVrcNLModeZ were found to be perfectly 
overlapping in both intensity and peak-positions with 
IPPVrcNLExperiment in the considered frequency range. How
ever, the broad background signal persistent at the head side 
was very different in the two cases. It is believed that this 
persistent difference could arise from partial oxidation of the 
PPVreference sample. In comparison with PPVreference' the 
TCNL samples exhibited a smaller background intensity at 
low frequencies, which suggests that the TCNL method may 
produce higher quality PPV samples. This improvement was 
attributed to the TCNL-specific geometry in which the tem
perature was increased locally at the tip-surface "sealed" 60 

contact. By using the above-found parameter, a=73%, it was 
estimated that out of the about 1.4 µm thick precursor film, a 
precursor thickness of about 320 nm was converted to the 
reference grade of PPV in a single application of TCNL at 
about 320° C. This thickness can be controlled by changing 
the tip temperature and contact time, which is an advantage of 
the TCNL process. 

point probe STM. 
Arbitrary rGO features such as a cross (FIG.10) or squares 

(FIG.11) were reliably obtained by scanning the heatedAFM 
tip over isolated GO flakes on a SiO)Si substrate. The ther
mal reduction decreased the 9.5±1.9 Angstrom (A) height of 
the sheet by about 2 to about 5 A, as obtained from the 

50 topography image (FIG. 10). Two effects could lead to height 
reduction. One is the loss of oxygen rich functional groups 
from the GO flake surface. Given that scanning an unheated 
tip does not result in height changes, this loss was primarily 
caused by intrinsic chemical conversion rather than mechani-

55 cal removal. It was not possible, however, to rule out tribo
chemical effects at elevated temperatures. Second, the con
version ofGO's sp3 carbon bonds into sp2 carbon bonds will 
flatten the material since the sp3 carbon bonds in GO ripples 
the carbon skeleton thereby increasing the sheet thickness. 

Friction measurements showed that variable reduction of 
GO could be achieved by controlling the temperature of the 
AFM tip. Graphene has a low friction coefficient while oxides 
typically have higher friction coefficients. Thermal reduction 
should also reduce friction as the high friction GO is replaced 

65 with lower friction graphene. FIG. 11 shows the strong cor
relation between the cantilever temperature during TCNL 
processing and the lateral force on a room temperature tip 
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scanned over previously reduced squares. Reduction began at 
or above 130° C. Higher temperatures increased the rate of 
reduction, as shown by the roughly linear decrease in relative 
friction with temperature. 

Although isolated GO flakes are suited for basic studies, 
further technological development required extended films of 
GO. LargeareaGOepifilms (greater than about 15 mm2 )were 
obtained by oxidizing multilayer epitaxial graphene (EG) 
grown on the carbon face ofSiC. The oxidized films consisted 

30 
oribbon, a sheet resistance of 65 kQ was obtained, which was 
in good agreement with the measurements reported in FIG. 
l3a for the microscopic squares of TCNL-rGO epi" 

TCNL does not require any solvents or lithographic resists 
that could contaminate the sample. This was especially 
important because the electronic properties of graphene vary 
strongly with surface doping. Thus, this example provides an 
excellent method for fabricating rGO samples. 

of multiple high-quality GO epi layers that completely covered 10 

the SiC surface.AFM images showed no tearing in the GOepi 

films, indicating that they maintained their structural integrity 
when exposed to the harsh oxidation conditions. FIGS. 12 and 

As illustrated by the above description and examples, 
TCNL systems and methods are capable of providing several 
advantages of existing nanolithography techniques. As an 
example, the speed of TCNL is significantly greater than 
other AFM-based nanolithography approaches. When com
pared to dip-pen nanolithography (DPN) performed with a 13 show the results obtained by performing TCNL on GOepi 

films with different thicknesses, as determined by AFM by 15 

scratching away GOepi from the SiC substrate. FIG. 12 pre
sents a zigzag rGOepi nanoribbon written with a single line 
scanatanAFMtipheatofabout 1060° C. on GOepi" FIG.12a 

single tip, TCNL (also with a single tip) is over 106 times 
faster and 103 times faster than thermal D PN. Another benefit 
ofTCNL over other AFM-based techniques is that, because 
there is no chemical transfer from the AFM tip to the surface, 
a single AFM tip can be used to write and rewrite on the 
surface. TCNL is advantageous in that it will work on many 
different surface compositions, and does not require strict 

is an image of the current measured between a conductive 
platinum AFM tip and each point of the surface, showing no 20 

current on the GO surface and a current enhancement of about 
100 pA in the rGOepi nanoribbons. These current values were 
consistent with the presence of about 12 nm wide and several 
nanometers thick rGOepi nanoribbons presenting a vanish
ingly small Schottky barrier; and a resistive SiC substrate 
(resistivity of about 105 Qcm1 

). For a 25 nm thick GO film 
locally heated by a tip at about 1000° C., heat flow through the 
layers could reduce most of the GO underneath the tip and 
leave only a few layers of GO at the SiC interface. The 
topographical image (FIG. 12b and the black graph in FIG. 
12c) indicates that the reduction produced a shallow indenta
tion of about 1 nm whose origin was been previously dis
cussed for the isolated GO sheets. 

The electrical properties of the locally reduced GO epi struc
tures were further investigated using KPFM and four-point 
pro be transport measurements in a UHV Omicron N anopro be 
system. The sheet resistance, Rsheet' of 20x20 µm2 squares of 
TCNL rGO epi decreased with increasing temperature used for 
the TCNL local reduction, up to four orders of magnitude 
lower than the resistance of the original GOepi (427±11 MQ). 
The same decrease of the in-plane resistivity was observed for 
extended films of rGOepi produced by overnight heating of 
GOepi in a furnace at 600° C. (18±10 kQ). Furthermore, Rsheet 

and the shape of the I-V characteristics could be varied by 
changing the temperature of the AFM probe (in FIG. 13a, 
Rsheet=9l74 kQ and 30 kQ for low and high temperature, 
respectively). Kelvin probe measurements showed that 
TCNL rGO epi displayed a contact potential change of 168±54 
mV in respect to GOepi' similar to bulkreducedrGO (188±96 
m V). The presence of residual oxygen and structural disorder 
led to the large difference in conductivity between epitaxial 
graphene and rGO epi or TCNL-rGO epi" 

An isolated TCNL-rGO epi nano ribbon (FIG. l3b) was also 
analyzed with a length of about 25 µm and a width of about 
100 nm, as measured by AFM. I-V data was acquired by 
placing conductive tips on top of two micron-size squares of 
rGOepi fabricated in-situ by an electron beam at each end of 
the nanoribbon. Two point transport measurements indicated 

control of atmospheric conditions. 
The embodiments of the present invention are not limited 

to the particular formulations, process steps, and materials 
25 disclosed herein as such formulations, process steps, and 

materials can vary somewhat. Moreover, the terminology 
employed herein is used for the purpose of describing exem
plary embodiments only and the terminology is not intended 
to be limiting since the scope of the various embodiments of 

30 the present invention will be limited only by the appended 
claims and equivalents thereof. For example, temperature and 
pressure parameters can vary depending on the particular 
materials used. 

Therefore, while embodiments of this disclosure have been 
35 described in detail with particular reference to exemplary 

embodiments, those skilled in the art will understand that 
variations and modifications can be effected within the scope 
of the disclosure as defined in the appended claims. Accord
ingly, the scope of the various embodiments of the present 

40 invention should not be limited to the above discussed 
embodiments, and should only be defined by the following 
claims and all equivalents. 

What is claimed is: 
1. A method of modifying a surface, the method compris-

45 ing: providing a surface comprising a first functional group at 
a first location; resistively heating an atomic force micro
scope tip to a specific temperature; positioning the resistively 
heated atomic force microscope tip adjacent to, or in contact 
with, the first location effective to heat the first location; 

50 thereby removing the first functional group from at least a 
portion of the first location such that the surface comprises a 
second functional group at the at least the portion of the first 
location; wherein the first functional group is a tetrahydropy
ranyl carbamate, amine N-oxide, tetrahydropyranyl ether, 

55 triphenylmethyl ether, tetrahydropyranyl carbonate ester, 
S-tetrahydropyranyl carbonyl, or ethyl disulfide; and wherein 
the second functional group is an amine, alcohol, phenol, or 
thiol, wherein the surface is a cross-linked polymer surface, 
and the polymer is covalently bonded to a substrate. 

2. The method of claim 1, further comprising discontinuing 
the positioning of the resistively heated atomic force micro
scope tip adjacent to, or in contact with, the first location. 

a resistance larger than about 2 gigaohms when the tips were 
positioned on an arbitrary position on the GO surface (very 60 

large barrier at the contact) and a drop in resistance from 120 
MQ (between the 2 squares with no nanoribbon) to 20 MQ 
(between the 2 squares connected by the nanoribbon). The 
transport changed from insulating to metallic (linear I-V 
curves) in the presence of the TCNL-rGOepi nanoribbon 
between the squares (FIG. 13b ). By using the relation Rsheet= 

(Rribbon · W ·tribbon)I (L ·tsheet), and assuming a 13 nm thick nan-

3. The method of claim 2, further comprising repositioning 
the resistively heated atomic force microscope tip adjacent to, 

65 or in contact with, a second location on the surface effective 
to heat the second location, wherein the second location com
prises the first functional group or a third functional group. 
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4. The method of claim 3, further comprising removing the 
first functional group or the third functional group from at 
least a portion of the second location such that the surface 
comprises the second functional group or a fourth functional 
group at the at least the portion of the second location. 

5. The method of claim 3, further comprising resistively 
heating the atomic force microscope tip to a different tem
perature before repositioning the resistively heated atomic 
force microscope tip adjacent to, or in contact with, the sec
ond location on the surface. 10 

32 
wherein the protecting functional group is configured to 

react when exposed to heat at a temperature above a 
thermal deprotection temperature to form a different 
functional group; 

wherein the polymer, once cross-linked, does not soften 
above the thermal deprotection temperature; and 
wherein G is a tetrahydropyranyl carbamate, amine 
N-oxide, tetrahydropyranyl ether, triphenylmethyl 
ether, tetrahydropyranyl carbonate ester, S-tetrahydro-
pyranyl carbonyl, or ethyl disulfide. 

13. The method of claim 12, wherein the polymer is a 
co-polymer such that P comprises at least two components, 
and wherein Y and G are on different components of P. 

14. The method of claim 12, wherein Y is a cinnamate 
group and G is a tetrahydropyranyl carbamate group. 

6. The method of claim 1, further comprising moving the 
resistively heated atomic force microscope tip to a second 
location on the surface while continuously maintaining the 
resistively heated atomic force microscope tip adjacent to, or 

15 15. The method of claim 14, wherein the polymer is rep
resented by the formula 

in contact with, the surface from the first location to the 
second location effective to heat the surface from the first 
location to the second location, wherein at least a portion of 
the surface from the first location to the second location 
comprises the first functional group or a third functional 20 

group. 
7. The method of claim 6, further comprising removing the 

first functional group or the third functional group from at 
least a portion of surface from the first location to the second 
location such that the surface comprises the second functional 25 

group or a fourth functional group, at the at least the portion 
of the surface from the first location to the second location. 

8. The method of claim 1, further comprising functional
izing the second functional group. 

9. The method of claim 8, further comprising disposing a 30 

biological material, a nano scale object, or a micro scale object 
on the functionalized second functional group. 

10. The method of claim 1, further comprising disposing a 
biological material, a nano scale object, or a micro scale object 
on the second functional group. 35 

11. A system for modifying a surface, the system compris
ing: an atomic force microscope; an atomic force microscope 
tip; and a resistive heater in electrical communication with the 
atomic force microscope tip; wherein the resistive heater is 
configured to provide sufficient heat to the atomic force 40 

microscope tip to transfer the heat to a first location on a 
surface when the atomic force microscope tip is positioned 
adjacent to, or in contact with, the first location; wherein the 
transferred heat is effective to remove a first functional group 
from at least a portion of the first location such that the surface 45 

comprises a second functional group at the at least the portion 
of the first location; wherein the first functional group is a 
tetrahydropyranyl carbamate, amine N-oxide, tetrahydropy
ranyl ether, triphenylmethyl ether, tetrahydropyranyl carbon-
ate ester, S-tetrahydropyranyl carbonyl, or ethyl disulfide; 50 

and wherein the second functional group is an amine, alcohol, 
phenol, orthiol, wherein the surface is a cross-linked polymer 
surface, and the polymer is covalently bonded to a substrate. 

12. The method of claim 1, wherein the surface is formed 
from a polymer represented by a formula Yn-Pn-Gm wherein 55 

n is a positive integer, Y is a cross-linking functional group, P 
is a backbone of the polymer, and G is a protecting functional 
group; 

0 0 

I 

16. The method of claim 12, wherein the polymer is cross
linked before positioning the resistively heated atomic force 
microscope tip adjacent to, or in contact with, the first loca
tion. 

17. The method of claim 12, wherein the polymer is dis
posed on a substrate, and wherein the substrate comprises a 
surface-modification comprising a cross-linking group that 
forms a covalent bond to the polymer. 

18. The method of claim 1, wherein the second functional 
group is amine. 

19. The method of claim 18, further comprising function
alizing the amine to create patterns of maleimide, aldehyde, 
thiol and/or biotin. 

20. The method of claim 1, wherein the first functional 
group is a tetrahydropyranyl carbamate, amine N-oxide, 
triphenylmethyl ether, tetrahydropyranyl carbonate ester, 
S-tetrahydropyranyl carbonyl, or ethyl disulfide. 

* * * * * 


