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TITLE OF THE INVENTION:
PATTERNED NANOSUBSTRATES
MADE BY DIRECTED SELF ASSEMBLY OF AMPHIPHILIC MOLECULES

CROSS REFERENCE TO RELATED APPLICATIONS
This application claims the priority of U.S. Provisional Application No. 61/003,892
filed November 21, 2007 entitled, DIRECTED ASSEMBLY OF POLYMER BLENDS BY SELF
ASSEMBLY OF ALKANETHIOLS ON ELECTRON BEAM LITHOGRAPHY PATTERNED
TEMPLATES, the whole of which is hereby incorporated by reference.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT
The research leading to this invention was carried out with United States Government
support provided under a grant from the National Science Foundation Grant No. NSF-

0425826. Therefore, the U.S. Government has certain rights in this invention.

BACKGROUND OF THE INVENTION

With the rapid development of nanoscience, it is necessary to develop simple and rapid
fabrication techniques to create highly ordered functional nanostructures (1-3). Self-
assembled monolayers (SAMs) have sparked interest, since the terminal functional group of
the SAM bonded to the substrate can modify the surface properties of the bare substrate, for
example, to create patterns of hydrophobic or hydrophilic characteristics (4,5). Such chemical
surface structures prepared with functionalized SAMs may play an important role in the site-
specific immobilization of molecules (6).

Patterned monolayers have been generated by a variety of ways, including by direct
patterning or indirect patterning (7,8). The direct patterning approaches include microcontact
printing and dip-pen nanolithography (DPN), in which the adsorbates are selectively placed
on the surface and then the remaining surface area is backfilled by a second adsorbate or left

bare. Previous work on patterning SAMs has focussed primarily on microcontact printing
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technology (9). This technology is limited, however, by the challenges of achieving high
resolution (e.g., line widths of <50 nm) and replication accuracy, due to degradation of the
elastomeric stamp and the unbalanced contact pressure applied to the substrate (8). DPN, as
another “direct writing” technology to printing SAMs, was demonstrated by Mirkin’s group
(10,11). With DPN, the preparation of patterned features has been explored down to 15 nm
line width and is controlled by a complex mixture of factors, such as the tip-substrate contact
time, relative humidity, and scan speed (12). Unfortunately, the speed of writing with an
atomic force microscope (AFM) tip as practiced with DPN is quite slow, and scale-up
requires the development of multiple scanning probe tips to enable paralleling processing
(13).

In indirect patterning, the molecules from a pre-existing SAM are removed, reacted or
destroyed using AFM, scanning tunneling microscopy (STM) or an energetic beam, followed
by back filling the bare areas by a second adsorbate (3,8). A typical example is nanografting
(14). Liu et al. patterned alkanethiolate SAMs by selective removal of adsorbates either by
applying a mechanical force with an AFM tip or by sending high energy electrons from the tip
to the substrate using STM (15,16). Again, as with DPN, this method is limited by the slow
nature of these processes. In 'addition, a key issue is control of the normal force, which is
often difficult to adjust experimentally and is theoretically calculated. Energetic beams have
also been used to destroy or react selected portions of pre-existed SAMs (17-19). For
example, Sun, ef al. used Ultra-violet (UV) radiation to selectively remove portions of a SAM
made of 11-mercaptoundecanoic acid and then backfilling using n-dodecanethiolate to obtain
a patterned SAM. Grunze and coworkers (20) irradiated a 4’-nitro-1,1’-biphenyl-4-thiol
(NBT) preabsorbed gold substrate with 50eV electrons through transmission electron
microscopy (TEM) grids to reduce nitro groups in the exposed area to amino groups, and then
used n-dodecanethiol to replace the NBT in the unexposed area to form patterned SAMs with
different functional groups. Craighead, ef al. have demonstrated patterning with bi-
component SAMs with NH,- and CH3- termini using a low energy electron beam to irradiate
a methyl-terminated SAM followed by backfilling the damaged areas with cysteamine

generated SAMs (21). These patterning methods involving the oxidation or reduction of

' SAMs by an energetic beam depend, however, on the sensitivity of a particular SAM to

irradiation, which limits the range of accessible chemical functionalities.
Polymeric materials, particularly block copolymers and blends, haven been investigated

because of their ability to self assemble into a variety of interesting and useful morphologies



10

15

20

25

30

WO 2009/075720 PCT/US2008/012977

(22). These morphologies can be used as flexible templates for assembly of nanodevices (23)
that are appropriately modified to “mate” with the block copolymer (24,25). In order to
obtain long range order in block copolymers, techniques such as nanopatterned surfaces
(26,27) and electric fields (28,29) have been used. Chemically modified surfaces have also
been used to prepare defect-free nanopatterns over large areas (30). Although certain
approaches have been demonstrated, the methods are often unsuitable for scale-up. For
example, long annealing times are typically necessary, making the approach impractical for
high rate, high volume processing methods. In order to make this approach viable for
commercial products, the ability to obtain the desired structure over large areas in a high rate,
high volume process is required. Additionally, many approaches focus on patterning of block
copolymers; however, this approach is limited in that the pattern spacing is dictated by the
polymer structure.

Another previously described technique involves the patterning of silane monolayers
(34). However, that method is limited by the high electron sensitivity and chemical and
physical stability required of the PMMA resists in the silanation process, which must be

stable to high temperatures and long reaction times.

BRIEF SUMMARY OF THE INVENTION

The invention provides a method of fabricating a patterned nanosubstrate. The
method includes the steps of: (a) providing a substrate coated with a resist layer; (b) forming
a nanoscale pattern in the resist layer by lithography, wherein the pattern contains one or more
first regions essentially devoid of resist and one or more second regions comprising resist; (c)
forming a monolayer of first amphiphiles in the one or more first regions by self assembly;
and (d) removing resist from the one or more second regions. In certain embodiments, a
monolayer of second amphiphiles is subsequently formed in the one or more second regions.
One or more functional agents can then be coupled to the distal ends of at least a portion of
the first or second amphiphiles. The functional agents can be, for example, antibodies,
enzymes, proteins, ligands for cell surface receptors, nucleic acids, cells or other agents, for
example when the nanosubstrate is used in a biosensor or biochip. Structural agents such as
polymers can also be coupled to the first or second amphiphiles using chemical properties
such as hydrophobicity/hydrophilicity, charge, or other chemical interactions.

Another aspect of the invention is a patterned nanosubstrate. The nanosubstrate

includes a substrate, a metal layer superimposed on the substrate, and a layer of a first
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amphiphile superimposed on the metal layer. The first amphiphile layer is disposed within
one or more first regions according to a nanoscale pattern established by lithography. In
certain embodiments the nanosubstrate also includes a layer of a second amphiphile disposed
within one or more second regions interspersed between the first regions. The nanosubstrate
can further include one or more functional agents coupled to the distal ends of at least a
portion of the first or second amphiphiles. The functional agents can be, for example,
antibodies, enzymes, proteins, ligands for cell surface receptors, nucleic acids, cells or other
agents. The nanosubstrate can also be coupled to one or more structural agents such as
polymers or conductive leads joined to the first or second amphiphiles.

Other features and advantages of the invention will be apparent from the following
description of the preferred embodiments thereof and from the claims, taken in conjunction

with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 shows a schematic diagram- of patterning of hydrophilic/hydrophobic
alkanethiols combining EBL and self-assembly of alkanethiol molecules. a) ~150 nm thick
PMMA resist spin coated onto the gold deposited on a silicon wafer; b) & c) patterned
PMMA trenches defined by electron beam and development; d) a hydrophilic 11-Amino-1-
undecanethiol, hydrochloride (MUAM) assembled in the PMMA trench area; €) patterned
MUAM after PMMA resists removed by acetone; f) backfilled by hydrophobic 1-
octadecanethiol (ODT) yielding the final chemical pattern.

Figs. 2A — 2B show force modulation microscopy (FMM) and field emission
scanning electron microscopy (FESEM) images of the pattened PMMA resist after
development and plasma treatment; Fig. 2C shows lateral force microscopy (LFM, contact
mode) of MUAM (-NHj3") lines after PMMA removal; Fig. 2D -2E show LFM (contact
mode) and FESEM images of binary patterned monolayers consisting of hydrophilic MUAM
(-NH3") (shown as dark) and hydrophobic ODT (-CH3) (shown as light).

Figs. 3A and 3B show FESEM images of patterned polystyrene (Fig. 3A) and
poly(acrylic acid) (Fig. 3B) assembled by patterned MUAM (-NH;"Y/ODT (-CH3)
monolayers.

Figs. 4A shows an FESEM image of patterned polystyrene/poly(acrylic acid)
assembled by patterned MUAM (-NH;")/ODT (-CH3) monolayers; Fig. 4B shows AFM
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topographic images of patterned polystyrene/poly(acrylic acid) before and after washing by
hexane and the corresponding height information for the blue line shown on the right side.
Figs. SA and 5B show FESEM images of patterned polystyrene/poly(acrylic acid)
blends by patterned MUDA (-COOH)/ODT (Fig. 5A) and HUT (-OH)/ODT (Fig. 5B).
Figs. 6A-6D show FESEM images of polystyrene/poly(acrylic acid) blends patterned
into non-uniform geometries. Fig. 6A shows 90° bends; Fig. 6B shows T-junctions; Fig. 6C

shows a square array; and Fig. 6D shows a circular array.

DETAILED DESCRIPTION OF THE INVENTION

Nanosubstrates can be used to control nanoscale morphology in high rate/high volume
manufacturing methods. The inventors have developed a method for making patterned
nanosubstrates having different chemical functionalities by combining lithographic methods
and self-assembly of amphiphilic molecules. The resulting patterned nanosubstrates can then
be used to assemble patterned structures, for example, from polymer blends, functionalized
nanoelements, or mixtures of biomolecules or cells. The method and patterned nanosubstrate
of the invention can be used, for example, in nanodevices and biosenéors.

The approach can be divided conceptually into two steps, top-down and bottom-up. In
the top-down portion of the process, a nanolithography method such as electron beam
lithography (EBL) is performed on a substrate to produce a positive nanoscale resist pattern,
e.g., using polymethyl methacrylate (PMMA) as the resist material. In the bottom-up portion
of the process, a first amphiphile (e.g., a hydrophilic alkanethiol) is assembled on the
patterned regions exposed by lithography. After the resist is removed, a second amphiphile
(e.g., a hydrophobic alkanethiol) is backfilled in the bare areas vacated by the resist. Finally,
a mixture of functional or structural elements (e.g., a PS/PAA blend) can be assembled on the
patterned amphiphiles, for example by spin-coating the patterned nanosubstrate with a
solution containing the functional or structural elements.

A method of fabricating a patterned nanosubstrate according to the invention includes
providing a substrate that is coated with a resist layer; forming a nanoscale pattern in the
resist layer by lithography, wherein the pattern comprises one or more first regions essentially
devoid of resist and one or more second regions comprising resist; forming a monolayer of a
first amphiphile in the one or more first regions by self assembly; and removing the resist
from the one or more second regions. The process of resist removal can be accomplished by

dissolving the resist with a solvent, under conditions that leave the monolayer of first
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amphiphile essentially intact. Optionally, a monolayer is then formed by self assembly of a
second amphiphile in the one or more second regions after the resist has been removed.
Another optional step is the addition of one or more functional or structural agents to the
surface of the monolayer formed by the first and/or second amphiphiles. This can be
facilitated through the placement of specific chemical substituents at the distal (e.g.,
hydrophilic) ends of the first and/or second amphiphiles. The substrate may or may not
contain one or more base layers or other layers. The first and second regions together can
occupy the entire surface of the nanosubstrate, or less than the entire surface.

A patterned nanosubstrate according to the invention includes a substrate, a metal or
other coating layer superimposed on the substrate, and a nanopatterned layer of a first
amphiphile superimposed the metal layer. The first amphiphile layer is disposed within one
or more first regions according to the nanoscale pattern, which is established by lithography.
In some embodiments, the nanosubstrate further includes a layer of a second amphiphile

disposed within one or more second regions. The second regions are interspersed between

"the first regions. In some embodiments, one or more functional agents are attached at the

distal ends of at least a portion of the first and/or second amphiphiles. The substrate may or
may not contain one or more base layers or other layers. The first and second regions
together can occupy the entire surface of the nanosubstrate, or less than the entire surface.

A precursor patterned nanosubstrate according to the invention includes a substrate, a
metal or other coating layer superimposed on the substrate, a nanopatterned layer of a first
amphiphile superimposed on the metal layer and disposed within one or more first regions on
the substrate, and a resist disposed within one or more second regions on the substrate. The
second regions are interspersed within the spaces between the first regions. The substrate
may or may not contain one or more base layers or other layers. The first and second regions
together can occupy the entire surface of the nanosubstrate, or less than the entire surface.
The precursor can be converted into a finished patterned nanosubstrate by removing the resist,
e.g., by dissolving the resist with a solvent.

The invention also includes kits containing one or more components of the invention
together with packaging material and instructions for using the components. In one
embodiment, a kit contains a precursor patterned nanosubstrate and instructions for removing
the resist material and adding a second amphiphile monolayer provided by the user. In
another embodiment, a kit contains a patterned nanosubstrate that is devoid of functional

agents, but is surface-derivatized with appropriate chemical groups (e.g., amino groups or

-6-
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other functional groups), together with instructions so that the user can couple one or more
desired functional agents to the surface of the patterned nanosubstrate.

In contrast to previous approaches, by making use of conventional lithographic
techniques such as EBL, the approach of the present invention is not limited to specific
functional groups, such as photosensitive groups, or to the reaction conditions required for
other patterning methods such as electron irradiation. The present invention allows a large
variety of SAMs to be patterned, because the lithography approach establishes mechanical
limits to self association of amphiphilic molecules in creating a patterned SAM on the
substrate. In addition, the approach described here has the benefit of using general resists
such as PMMA, which function over a wide range of temperature and humidity, for example.
Further measures, such as the use of ethanol in the monolayer assembly process, prevent
swelling or dissolution of the PMMA resists, resulting in patterned features with very high
resolution and quality. This technology provides a route capable of creating nanopatterned
SAMs with ultrahigh resolution down to the range of less than 10 nm.

In one embodiment, a nanoscale pattern is formed containing hydrophilic amphphiles
in a first region of the substrate and hydrophobic amphiphiles in a second region of the
substrate. While all amphiphilic molecules include at least one hydrophilic portion and at
least one hydrophobic portion, as used herein the term “hydrophilic amphiphile” refers to an
amphiphile that, when assembled to form a monolayer on a substrate surface exposes a
hydrophilic portion or functional group into the medium above the substrate, and a
“hydrophobic amphiphile” refers to an amphiphile that, when assembled to form a monolayer
on substrate surface exposes a hydrophobic portion or group into the medium above the
substrate. Functional groups exposed by the amphiphiles of a SAM to the medium can be
employed to selectively assemble, for example, single component macromolecules to desired
areas of the substrate.

One significant advantage of the present method is the ability to control the site-
specific deposition of polymer blends or other mixtures of functional moieties using a
chemically patterned surface through secondary interactions. Another advantage is that the
selective assembly process can be accomplished in a short period of time, as little as 30
seconds, and does not require the long annealing time required, for example, in the
conventional assembly of block copolymers and polymer blends. Furthermore, the resulting
polymeric structures can be patterned over a very large area and high resolution, consistent

with the limits of photolithography or EBL. This affords a significant advantage over the
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limited area of assembly provided by DPN and over the low resolution provided by
microcontact printing. Therefore, the present method provides a path towards the processing
of polymeric nanostructures at high rates and high volumes. The polymeric structures
produced according to the invention can have multiple surface functionalities and can be used
in fabrication of, for example, microphotonic arrays and biosensors.

In the method of the present invention, the pattern is drawn by a lithography method,
such as EBL patterning of a PMMA resist. This technology is versatile, because it is capable
of patterning a wide variety of amphiphiles, such as conventional alkanethiols, and it is not
limited to amphiphiles with specific functional groups, for example as required for patterning
by electron radiation. In addition, this process does not have restrictive chemical or physical
property requirements for the resist material as in the patterning of silane SAMs. Since the
patterning of SAMs is based on the patterning of a resist by lighography, this approach has
the potential to reach ultrahigh resolution down to the limits of lithography techniques, or
down to 10 nm or less. The invention also provides the ability to pattern SAMs over large
areas and with high throughput, comparable to the production of microelectronics. The
binary hydrophilic/hydrophobic patterns that can be generated by this method can be used to
assemble macromolecules or polymer blends to form functionally complex surfaces.

Patterned nanosubstrates of the invention can be used to direct the assembly of
polymers to form macromolecules, arrays or complexes of macromolecules, or other higher
order structures. This directed assembly can be based on electrostatic forces, hydrogen
bonding, hydrophobic forces, as well as van der Waals forces. A desired distribution of
amphiphiles with certain chemical properties can be established on a substrate using the
methods outlined above. Such amphiphiles include hydrophilic/hydrophobic amphiphiles,
amphiphiles carrying positive or negative charge at or near their distal ends, and amphiphiles
bearing groups such as hydroxyl or carboxyl groups that participate in hydrogen bonding.

The top layer of a patterned nanosubstrate, i.e., the surface that can interact with a
solution or test sample placed upon it, can be derivatized to add one or more functional
agents. Such functional agents include peptides, proteins, antibodies and their antigen
binding fragments, recombinant or engineered proteins, enzymes, ligands for cell surface
receptors, nucleic acids, oligonucleotides, and even whole cells. Functional agents provide
the patterned nanosubstrate the ability to sense specific molecules in their vicinity and can
enable a patterned nanosubstrate to function as a biosensor. Functional agents can also be

used to carry out chemical reactions on the surface of the nanosubstrate, enabling it to serve
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as a nanoreactor or to carry out analytical techniques. By creating an appropriately designed
nanoscale pattern by lithography, functional groups can be arranged in any desired pattern in
order to carry out sequences of reactions or to allow the functional interaction of functional
agents.

It should be noted that the directed assembly process described above is another level of
self assembly, and in at least some cases it can occur very rapidly, e.g., during the course of a
30 second spin coating process, and generally doesn’t require any time consuming annealing
process. The high specificity and selectivity between macromolecules and chemical
functional groups make this process useful for fabricating binary component polymer arrays
on a single patterned surface at a high rate, which is critically important to reduce the cost of
nanomanufacturing. Using high resolution techniques such as ESL, the smallest features of
nanopatterns that can be established on a substrate with the present methodology is expected
to be as small as 10 nm or less. In this regard it should be noted that if the nanopattern is to
direct the assembly of a mixed phase system (e.g., a hydrophilic/hydrophobic polymer blend
like PS/PAA), the phase domain size of the system applied to the nanopattern can be limiting.
Only when the phase domain size is well matched with the pattern size can highly selective
assembly be obtained. Some systems have a phase domain size (e.g., PS/PAA has a phase
domain size of 300-500 nm) that is much larger than the feature size of the nanopattern. By
changing the polymer system or adding a compatibilizer, the phase domain size can be

changed (reduced), thereby improving the resolution of directed assembly.

Substrate Material

The substrate can be formed of a single homogeneous material or it can be formed
from a layered assembly or other assembly of different materials. Any material suitable for
use in nanodevices, electronics, photonics, or biosensor applications can be used. For
example, the substrate can contain a base layer of silicon, silicon dioxide, a polymer, or other
materials. For implementations involving electrically conductive layers or components, the
base layer or the entire substrate is preferably formed from any non-conductive material. The
base layer can be optionally coated with one or more conducting or non-conducting layers.
Conducting layers can be formed by depositing a metal such as gold, silver, copper, or
chromium using known methods, such as evaporation or sputtering. The thickness of the
base layer and any additional layers or regions can be tailored to suit the desired application.

Conducting layers will typically be in the nm range, e.g., from about 1 nm to about 1000 nm,
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or from about 1 nm to about 500 nm, or about 50 nm to about 150 nm, and preferably in the

range from about 10 nm to about 100 nm, such as about 75 nm.

Lithography

Prior to fabrication of self assembled monolayers of one or more amphiphiles on the
nanosubstrate, a nanoscale pattern is established in a layer of a resist material using a
lithography method. Any available method can be used that is capable of establishing a
pattern having nanoscale features in the range from about 1 nm to about 1000 nm, or about 1
nm to about 500 nm, or about 50 nm to about 200 nm, preferably in the range of about 10 nm
to about 100 nm, or about 100 nm to about 150 nm. For example, the method can be
electron beam lithography, ion beam lithography, photolithography (also known as optical
lithography, or nanoimprint lithography.

Electron beam lithography (EBL) is a well-established patterning technology capable of
creating extremely fine patterns down to at least 10 nm due to the very small spot size (~ 2
nm) of the electrons (31). Compared to other lithographic processes, it combines high
resolution with high reliability and reasonable patterning speed, therefore, it is widely used in
the modern electronics industry for integrated circuits. In a general EBL process, an electron
beam scans across the substrate surface covered with an electron sensitive resist layer, such as
a PMMA resist, to write a previously programmed pattern; afterwards, the exposed PMMA
regions are removed from the substrate by the developer, and then the desired magnetic or
metal material is deposited on top of this PMMA template. Finally, a lift-off process is carried
out and the materials are patterned on those regions which have been previously defined by
the electron beam.

The type of resist material used will depend on the lithography method. The resist can
be, for example poly (methyl methacrylate) (PMMA) for EBL, or a photoresist for
photolithography. An imprint resist can be used to carry out nanoimprint lithography.
Regardless of which lithography technique is used, the resist preferably is hydrophobic and
capable of being removed after assembly of the first amphiphile using a solvent, such as an
organic solvent (e.g., acetone, hexane, an alcohol, a chlorohydrocarbon, or a mixture thereof).
The thickness of the resist material can be determined by the particular application, but is
preferably selected to approximately match, or be somewhat greater than, the thickness of the

monolayer of first amphiphile. For example, the thickness of the resist layer can range from

-10-
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about 10 nm to about 50 nm, or from about 50 nm to about 200 nm, or more, or can be about

100 to about 150 nm.

Amphiphiles

Amphiphilic molecules that are capable of self assembly will have at least one portion
that is hydrophilic and at least one portion that is hydrophobic. Self assembly generally
involves the association of hydrophobic groups together to form a hydrophobic region, and
may also involve electrostatic, hydrogen bonding, or other non-covalent or covalent
interactions between the hydrophilic portions of the amphiphiles. Amphiphiles may have
certain chemically reactive groups in any portion of the molecule. Preferably, an amphiphile
has a reactive group at one end that can react with the substrate. For example, amphiphiles
can possess a terminal or near terminal thiol group capable of reacting with a gold surface on
the substrate. Amphiphiles may or may not have one or more additional reactive groups. For
example, they may have amino groups or other groups including carboxyl groups, sulthydryl
groups, or hydroxyl groups at or near the terminal portion that extends away from the
substrate and into the medium (e.g., air or an aqueous solution) that is disposed above the
surface of the substrate.

In some embodiments, the substrate is hydrophobic, or is coated with a hydrophobic
material, and the amphiphiles will generally adhere to the substrate or its coating by
hydrophobic interactions, but also can be covalently linked to the substrate or its coating
through a reactive group (e.g., a thiol group reacting with a gold coated substrate). Covalent
linkage to the substrate or its coating is preferred, and the particular chemical group added to
the terminus of the amphiphile will depend on the surface chemistry of the substrate. In these
embodiments, the other end of the amphiphile contains a polar head group, such as a charged
or other hydrophilic substituent (e.g., an amino group, carboxyl group, hydroxyl group, or one
or more sugar molecules). The hydrophilic substituent will permit the patterned
nanosubstrate to be wetted and to interact with aqueous solutions and their molecular
components. Mixtures of hydrophilic and hydrophobic amphiphiles can be arranged into a
two-dimensional pattern to establish one or more regions on the nanosubstrate where aqueous
solutions will or will not interact with the substrate, as desired for the particular application.
For example, square, rectangular, or circular patterns of hydrophilic amphiphiles surrounded
by hydrophobic amphiphiles can be used to establish a nanoarray containing nanowells for

use in sensors or analytical chips.
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A group of suitable amphiphiles for use with the invention is shown in Table 1.

Table 1. Structures of some exemplary alkanethiols

11-Amino-1-undecanethiol,

hydrochloride

11-Mercaptoundecanoic acid

11-Hydroxy-1-undecanethiol

The following examples are presented to illustrate the advantages of the present
invention and to assist one of ordinary skill in making and using the same. These examples

are not intended in any way otherwise to limit the scope of the disclosure.

Materials

11-Amino-1-undecanethiol hydrochloride with 99% purity and 11-Hydroxy-1-
undecanethiol with 97% purity were purchased from Asemblon, Inc. 11-Mercaptoundecanoic
acid with 97% purity and 1-octadecanethiol with 98% purity were purchased from Aldrich.
Polystyrene standard with 20,000 My, poly (acrylic acid) with 2,000 My, and the solvents
including hexane, acetone, anhydrous ethanol and N, N-dimethylformamide were purchased

from Aldrich.

Methods
Substrate Preparation: PMMA trench patterns (300 nm wide with 700 nm spacing)

were created on a gold substrate as follows. A 120 nm thick Au layer was evaporated onto a
Si (100) wafer with 5 nm thick Cr as an adhesion layer. The PMMA resist with 150 nm
thickness was spin-coated onto the Au substrate. Electron beam lithography (EBL) was used
to write previously programmed patterns on the PMMA film. The exposed PMMA regions
were developed using MIBK solution and then treated with oxygen plasma for 5 seconds to

remove the residual PMMA resist at the bottom of the PMMA trench.
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Patterning_of alkanethiols: After the template with PMMA pattern was cleaned by
plasma, it was immersed into 1 mM 11-amino-1-undecanethiol hydrochloride or 11-hydroxy-
1-undecanethiol, or 11-mercaptoundecanoic acid for 24 hours to form well-ordered
hydrophilic SAMs at the PMMA trench area. Afterwards, the template with assembled
SAMs was washed with ethanol several times to remove any additional layers of alkanethiol
situated on the top of the monolayer deposited on the substrate surface. Afterwards, the
template was extracted with acetone using a Soxhlet extractor for 24 hours to completely
remove any remaining PMMA resist in the second area. Finally, the template was immersed
in 1-octadecanethiol for 24 hours to grow well-ordered hydrophobic alkanethiols on the
remaining gold area, i.e., the spacing area of the original PMMA pattern.

Patterning of polystyrene (PS), poly(acrylic acid) (PAA) or polystyrene/poly(acrylic

acid) blends: Once the secondary thiol treatment was finished, the chemically patterned
template was immediately put on the rotating plate of a spin coating machine prefilled with
high purity nitrogen gas, and a droplet of polymer solution, such as 1 wt% PS in DMF, 1 wt%
PAA in DMF or 1 wt% PS/PAA with a 70/30 ratio in DMF, was placed on the top of the
pattern area of the template. After remaining quiescent for 5 minutes, the polymer solution
was spin-coated on the template surface at 3000 rpm rotation speed for 30 seconds. With the
evaporation of DMF, PS, PAA or PS/PAA blends were assembled on the chemically
patterned template.

Extraction of PS phase: The patterned PS/PAA film was immersed in hexane, a

solvent of PS and a non-solvent for PAA, for 24 hours to remove the PS phase.

Characterization

Field emission scanning electron microscopy (FESEM) images and EDS were
performed using a JEOL 7401F field emission scanning electron microscope. FMM images
of patterned PMMA resists were examined using scanned probe microscopy (Veeco
NanoScopella, PSIA XE-150 mode, 40N/m tip spring constant). Phase images of patterned
alkanethiols were examined using tapping mode AFM. Topographic images of patterned

PS/PAA films before and after hexane treatment were done using non-contact mode AFM.
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EXAMPLE 1
Patterning of hydrophilic/hydrophobic alkanethiols

PMMA resists on a gold substrate were patterned using EBL, and self-assembly of thiol
molecules was used to create patterned alkanethiol monolayers. Figure 1 shows a schematic
diagram of the process used to pattern hydrophilic and hydrophobic alkanethiols. To begin
the process, initial PMMA resist layer 30, about 150 nm thick, was spin-coated onto gold
layer 20 deposited on substrate base layer 10. Next, the positive PMMA resist line patterns
were formed by EBL, followed by 5 seconds of oxygen plasma treatment. The hydrophilic
MUAM monolayers then were assembled on the exposed gold surface at the bottom of
PMMA trenches 40 by immersing the template in a thiol solution for 24 hours. After
thiolation, the remaining PMMA resist was removed by Soxhlet extraction using acetone for
24 hours to expose the gold surface. Finally, the hydrophobic ODT monolayers were
assembled onto exposed gold area 50, yielding a pattern with different chemical functionality.
The finished patterned nanosubstrate 100 was covered with first regions 60 of MUAM
adjacent to second regions 70 of ODT.

It should be noted that a clean gold surface on both the trench bottom and the area after
PMMA removal is critical for the formation of well ordered SAMs. Efforts to pattern the
SAMs without plasma treatment were unsuccessful. Therefore, before the thiolation of the
first SAM, the PMMA trench template was treated by oxygen plasma for 30 seconds in order
to get rid of the residual PMMA debris formed during the development process. Figs. 2a and
2b show the FMM and FESEM images of the PMMA resist pattern on the gold surface after
plasma treatment. The thickness of the PMMA resist was around 30 nm. Similarly, before
the thiolation of the secondary SAM, the PMMA resist on the space area has to be completely
removed to guarantee a clean gold surface. Soxhlet extraction with acetone was carried out
for 24 hours to remove all of the PMMA resist. Energy Dispersive Spectroscopy (EDS) of
the template after extraction demonstrated the complete removal of PMMA resist. Figure 2¢
shows the LFM image of patterned MUAM stripes on the gold surface after PMMA removal;
the image shows the same pattern as the original PMMA resist pattern. Figure 2d shows the
LFM image of patterned MUAM/ODT monolayers after patterned MUAM was backfilled
with ODT monolayers. The force difference between the tip and MUAM or ODT produced
different contrast, replicating the same pattern as PMMA resist. The patterned MUAM/ODT
monolayers were also verified in the FESEM image as shown in Figure 2e. MUAM has

higher electron density than ODT due to the terminal amino functional group. As a result, the
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increasing scattering of secondary electrons of MUAM is expected to generate the lower
brightness compared to ODT in the image. The better ordering of alkane chains in ODT than
MUAM monolayers also contributed to the higher brightness of ODT SAMs in the image.
The increased order for longer chains in the ODT monolayer caused reduced interfacial free
energy. Hence, the lower content of absorbed contaminants on the ODT region make the

surface appear brighter (32,33).

EXAMPLE 2
Direct assembly of macromolecules by patterned MUAM/ODT monolayers

In order to evaluate the use of a hydrophilic/hydrophobic monolayer pattern to serve as
a template for polymer assembly into larger structures, a single polymer component (either a
polystyrene (PS) or poly(acrylic acid) (PAA) solution) was spin-coated onto a gold template
similar to that described in Example 1, patterned with alternating hydrophilic MUAM and
hydrophobic ODT monolayers. As shown in Figure 3a, the PS was deposited onto the ODT
strips with high selectivity. It is assumed that the hydrophobicity was the main driving force
in directing PS to the hydrophobic ODT regions in this experiment. However, selective
assembly on a monlayer coated, patterned nanosubstrate also could be driven by electrostatic
forces. PAA is a weak polyanion that would be absorbed on surfaces with cationic
characteristics. Thus, a positively charged alkanethiol can be used to guide PAA to a desired
site on the substrate surface. Figure 3b shows that PAA was selectively absorbed to the
MUAM regions containing a positively charged NH;" terminal group. Some small defects,
which are believed due to contamination, are visible in the images. Such defects can be
prevented by the use of a clean room for monolayer assembly and polymer assembly. The
highly selective assembly of each single component of PS and PAA not only demonstrated
the functionality of this hydrophilic/hydrophobic pattern, but also indirectly demonstrated the
regularity of the patterned thiols.

EXAMPLE 3
Direct assembly of PS/PAA blends by patterned hydrophilic/hydrophobic monolayers
A further demonstration of the use of a hydrophilic/hydrophobic pattern such as
demonstrated in Example 2 was accomplished by the assembly of PS/PAA blends. A
PS/PAA blend with 70/30 composition ratio was spin-coated on a gold template containing

pattened MUAM/ODT monolayers with 300 nm/700 nm scale. Figure 4a shows the
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presence of a side-by-side PS/PAA film with the dark areas indicating PAA and the light
areas indicating PS. In order to prove that the phase separation of PS/PA blends was directed
by the chemically patterned surface, the patterned PS/PAA film was immersed in hexane, a
solvent of PS and a non-solvent for PAA, for 24 hours to remove the PS phase. Figure 4b
shows the AFM topographic images of the PS/PAA film before and after dissolving the PS
phase by hexane. It can be seen that after hexane treatment, the regions occupied by the
original PS phase in the image look much brighter due to the removal of the PS phase. In
addition, bu comparing the corresponding height difference of the film before and after
hexane treatment, it was observed that the average height difference was increased by 10.8
nm after the PS phase was dissolved by hexane. The increased height difference and the
regular PS/PAA pattern scale replicating the original alkanethiol patterns indirectly
demonstrated the highly selective phase separation and assembly of separate PS and PAA
patterns from a PS/PAA blend.

EXAMPLE 4
Effect of terminal functional groups on assembly of PS/PAA blends

The interactions between SAMs and assembled macromolecules are determined by the
terminal functional group of SAMs exposed at the interface. To demonstrate the capability of
patterning other types of alkanethiol by this technique and to study the influence of surface
functionality on assembly of polymer blends, monolayer surfaces were prepared from 11-
mercaptoundecanoic acid (MUDA) (having —COOH terminal groups)and 11-hydroxy-1-
undecanethiol (HUT) (having —OH terminal groups) as hydrophilic amphiphiles, in addition
to MUAM (having NH;" terminal groups). To eliminate any distance effects, all of the
hydrophilic thiols had the same alkyl chain length to make the SAMs of similar thickness.
Table 1 shows the structures of these three alkanethiols. Figure 5 shows the FESEM images
of patterned PS/PAA films directed by MUDA/ODT and HUT/ODT, respectively. It can be
seen that the film patterned by MUDA/ODT has much better order than that by HUT/ODT.
The latter shows more defects, including some discontinuous lines and incomplete patterning.
The driving force directing the PAA phase onto MUDA or HUT is believed to be the result of
hydrogen bonding interactions between the -COOH group of PAA and the -COOH group of
MUDA or the “OH group of HUT. The former has stronger hydrogen bonding forces due to

the existence of the carboxyl group, resulting in greater forces of attraction for assembling
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PAA on MUDA as compared to HUT. This resulted in better patterning of the spin-coated
PS/PAA blends.

EXAMPLE 5
Assembly of PS/PAA blends in non-regular geometries

The direct assembly of PS/PAA blends can be used to achieve highly ordered periodic
lines over large area in a very short time. .However, for many practical applications, including
nanolithography, the formation of features with complex and non-regular geometries is
important. Examples of desirable non-regular features include square arrays, circular arrays,
T-junctions, and 90° bends. Figure 6 shows a set of complex structures generated by direct
assembly of PS/PAA blends. In Figure 6a, periodic lines with 90° bends were produced
having a high degree of order. T-junctions are shown as the light grey areas in Figure 6b.
More complicated square and circular arrays are shown in Figs. 6¢c and 6d, respectively.
Therefore, by designing the PMMA trench template with the appropriate patterns, direct
assembly of PS/PAA blends could easily and rapidly direct the assembly of a variety of
complex non-uniform patterns.

The ability to obtain this rapid patterning is due to the strong attraction between the
chemically patterned surface (i.e., the substrate-bound amphiphiles) and the added
macromolecules (i.e., the functional or structural agents that form a complex with the
amphiphiles).. In this system, strong interactions result from the hydrophobic interaction
between PS and ODT and the electrostatic force between PAA and MUAM. Alternatively,
the interactions between SAMs and assembled macromolecules could also be generated by
hydrogen bonding or van der Waals forces, which are determined by the terminal functional

group or groups of the amphiphiles exposed at the interface.
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CLAIMS

What is claimed is:

1. A method of fabricating a patterned nanosubstrate, the method comprising:

(a) providing a substrate coated with a resist layer;

(b) forming a nanoscale pattern in the resist layer by lithography, wherein the pattern
comprises one or more first regions essentially devoid of resist and one or more second
regions comprising resist;

(c) forming a monolayer of first amphiphiles in the one or more first regions by self
assembly; and

(d) removing resist from the one or more second regions.

2. The method of claim 1, further comprising:

(e) forming a monolayer of second amphiphiles in the one or more second regions.

3. The method of claim 1, further comprising:
(e) coupling a functional agent to the distal ends of at least a portion of the first

amphiphiles.

4. The method of claim 2, further comprising:
() coupling a functional agent to the distal ends of at least a portion of the first or

second amphiphiles.

5. The method of claim 3 or claim 4, wherein the functional agent is selected from the group
consisting of antibodies, enzymes, proteins, ligands for cell surface receptors, nucleic acids,

cells, and a combination thereof.
6. The method of claim 1, wherein the substrate comprises a metal layer beneath the resist

layer, and wherein the metal layer comprises a metal selected from the group consisting of

Au, Ag, Cu, Cr, and a combination thereof.
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7. The method of claim 1, wherein the substrate comprises a base layer beneath the metal

layer.

8. The method of claim 7, wherein the base layer compises silicon or silicon dioxide.

9. The method of claim 1, wherein the first and second amphiphiles are alkanethiols.

10. The method of claim 1, wherein at least a portion of the first or second amphiphiles
comprises a terminal functional group selected from the group consisting of an amino group,
a carboxyl group, a sulthydryl group, and a hydroxyl group.

11. The method of claim 1, wherein the resist is PMMA.

12. The method of claim 1, wherein the one or more first regions or the one or more second

regions comprise at least one feature having a dimension smaller than 15 nm.

13. The method of claim 3, wherein step (e) is performed in less than 1 minute.

14. The method of claim 2, wherein the base layer is silicon, the metal layer is gold, the first

amphiphile is 11-amino-1-undecanethiol, and the second amphiphile is 1-octadecanethiol.

15. The method of claim 1, wherein the metal layer is from 50 to 150 nm in thickness.

16. The method of claim 1, wherein the resist layer is from 50 to 200 nm in thickness.

17. The method of claim 1, wherein a predetermined nanoscale pattern of alternating

hydrophilic and hydrophobic regions is established on the surface of the nanosubstrate.

18. The method of claim 3 or claim 4, wherein a predetermined nanoscale pattern of

functional groups is established on the surface of the nanosubstrate.

19. The method of claim 18, wherein the functional groups are amino groups.
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20. The method of claim 1, wherein the lithography is selected from the group consisting of
electron beam lithography, photolithography, ion beam lithography, and nanoimprint

lithography.

21. A patterned nanosubstrate comprising a substrate, a metal layer superimposed on the
substrate, and a layer of first amphiphile superimposed the metal layer, wherein the first
amphiphile layer is disposed within one or more first regions according to a nanoscale pattern

established by lithography.

22. The patterned nanosubstrate of claim 21, further comprising a layer of second amphiphile

disposed within one or more second regions interspersed between the first regions.

23. The patterned nanosubstrate of claim 21, further comprising a layer of resist disposed

within one or more second regions interspersed between the first regions.

24. The patterned nanosubstrate of claim 21, further comprising a functional agent coupled to

the distal ends of at least a portion of the first amphiphiles.

25. The patterned nanosubstrate of claim 22, further comprising a functional agent coupled to

the distal ends of at least a portion of the first or second amphiphiles.
26. The patterned nanosubstrate of claim 24 or claim 25, wherein the functional agent is
selected from the group consisting of antibodies, enzymes, proteins, ligands for cell surface

receptors, nucleic acids, cells, and a combination thereof.

27. The patterned nanosubstrate of claim 21, wherein the metal layer comprises a metal

selected from the group consisting of Au, Ag, Cu, Cr, and a combination thereof.

28. The patterned nanosubstrate of claim 21, wherein the substrate comprises a base layer.

29. The patterned nanosubstrate of claim 28, wherein the base layer comprises silicon or

silicon dioxide.
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30. The patterned nanosubstrate of claim 21, wherein the first and second amphiphiles are

alkanethiols.

31. The patterned nanosubstrate of claim 21, wherein at least a portion of the first or second
amphiphiles comprises a terminal functional group selected from the group consisting of an
amino group, a carboxyl group, a sulfhydryl group, and a hydroxyl group.

32. The patterned nanosubstrate of claim 23, wherein the resist comprises PMMA.

33. The patterned nanosubstrate of claim 21, wherein the one or more first regions comprise

at least one feature having a dimension smaller than 15 nm.

34. The patterned nanosubstrate of claim 22, wherein the one or more second regions

comprise at least one feature having a dimension smaller than 15 nm.
35. The patterned nanosubstrate of claim 22, wherein the base layer is silicon, the metal layer
is gold, the first amphiphile is 11-amino-1-undecanethiol, and the second amphiphile is 1-

octadecanethiol.

36. The patterned nanosubstrate of claim 21, wherein the metal layer is from 50 to 150 nm in

thickness.

37. The patterned nanosubstrate of claim 23, wherein the resist layer is from 50 to 200 nm in

thickness.

38. The patterned nanosubstrate of claim 21, wherein the nanoscale pattern comprises

alternating hydrophilic and hydrophobic regions on the surface of the nanosubstrate.

39. The patterned nanosubstrate of claim 24 or claim 25, wherein the functional agent is

distributed on the surface of the nanosubstrate according to the nanoscale pattern.

40. The patterned nanosubstrate of claim 39, wherein the functional groups are amino

groups.
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41. The patterned substrate of claim 21, wherein the lithography is selected from the group
consisting of electron beam lithography, photolithography, ion beam lithography, and

nanoimprint lithography.

42. A kit comprising the patterned nanosubstrate of claim 21 together with packaging

material and instructions for use.

43. A kit comprising the patterned nanosubstrate of claim 23 together with packaging

material and instructions for use.
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