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MOLECULAR TRANSFER PRINTING USING BLOCK COPOLYMERS

CROSS-REFERENCE TO RELATED APPLICATION

This application claims benefit under 35 U.S.C. § 119(e) to U.S. Provisional

Patent Application No. 61/072,744, filed April 1, 2008, titled "Molecular Transfer

Printing Using Block Copolymers," which application is incorporated by reference

herein in its entirety.

FIELD OF THE INVENTION

The invention relates to methods of nanofabrication techniques. More

specifically, the invention relates to transferring chemical patterns at the nanoscale

level utilizing block copolymers.

BACKGROUND OF THE INVENTION

As the development of nanoscale mechanical, electrical, chemical and

biological devices and systems increases, new processes are needed to fabricate

nanoscale devices and components. This is especially true as the scale of these

structures decreases to the tens of nanometers and below. The creation and

replication of patterns is a key operation in the fabrication process. For example, in

chip fabrication, optical lithography tools may be used to print the circuit patterns.

However, optical lithography is prohibitively expensive as length scales decrease, and

may reach technogical impasses at about 30 nanometers and below.

SUMMARY OF THE INVENTION

Methods of creating and transferring chemical patterns and physical patterns

of deposited materials or molecules using block copolymers are provided. The

methods involve providing block copolymer materials blended with one or more

transfer molecules or inks. The differences in chemistry of the blocks of the

copolymer that result in micro-phase separation (e.g., self-assembly into nanoscale

domains) also allow inks to be sequestered into specific blocks. By designing the ink

molecules to react, adsorb, or otherwise interact with a second substrate, inks are

transferred to the second substrate in a pattern dictated by the pattern of block

copolymer domains present at the surface of the block copolymer film.



One aspect of the invention relates to transferring inks to a substrate using

block copolymer materials. In certain embodiments, the inks or molecules to be

transferred in the process are mixed with block copolymers and deposited as films on

a substrate. An ink (or each type of ink) is compatible with only one block of the

copolymer, and after self-assembly of the blend material, the inks are sequestered into

domains of nanometer scale dimensions. A second, "transferee" substrate is then

placed in contact with the surface of the block copolymer film. By designing the ink

molecules to react, adsorb, or otherwise interact with the second substrate, for

example upon annealing the sandwiched film such that the block copolymer film

becomes rubbery and allows for efficient mass transfer, inks are transferred to the

second substrate in the exact pattern of block copolymer domains present at the

surface of the block copolymer film. The differences in the chemistry of the blocks of

the copolymer that result in micro-phase separation (self-assembly into nanoscale

domains) also allow inks to be sequestered into specific blocks and prevent lateral

mass transfer during the printing step, which otherwise would cause smearing or limit

the resolution of the technique. One or as many chemically distinct inks as there are

blocks can be patterned at once.

One aspect of the invention relates to a method of printing a chemical pattern

on a substrate. The method involves providing a block copolymer/ink blend film.

The blend film includes a microphase- separated block copolymer material and at least

one ink preferentially segregated in at least one of the blocks of the block copolymer

material. For example, in an A-b-B film, either or both of components may be inked;

in a A-b-B film exhibiting a spherical morphology, the spheres may be inked, the

material surrounding the spheres may be inked, or both of these areas may be inked

with different inks. The methods then involve transferring at least one ink to a

transferee substrate to thereby print a chemical pattern on the transferee substrate.

The transferred chemical pattern is defined by the microphase- separated domains of

the block copolymer at a surface of the blend film. The transferred chemical pattern

may contain inked and uninked regions, or may be all inked.

In certain embodiments, providing a block copolymer/ink blend film involves

directing the assembly of a block copolymer film on a first chemically patterned

substrate. Patterns are printed on the transferee substrate by mass transfer of the inks,

which attach to the transferee substrate by interaction with it. The interaction may

include chemical reaction, adsorption, absorption or other interaction. The form



and/or structure of the ink molecule may be changed during this transfer process.

Bifunctional inks - e.g., an ink having a first functional group to interact with the

transferee substrate and a second functional group to polymerize and/or conjugate

another molecule to the transferee substrate may be used.

In certain embodiments, the molecular transfer printing process involves

physically contacting, e.g., by pressing, the blend film with the transferee substrate to

create a sandwich structure. Contact may be made in a variety of manners including

conformally depositing a second substrate material on at least a portion of the blend

film. The printing process may also involve providing other conditions conducive to

mass transfer of the ink or inks to the transferee substrate. In certain embodiments,

this may involve heating or providing some other type of energy to the sandwich

structure. For example, in certain embodiments, transfer of an ink that includes a

homopolymer of one of the components of the block copolymer material involves

heating the substrate to at least 5°C or 100C above its glass transition temperature. In

other embodiments, the printing process may occur at or near room temperature, or at

lower temperatures.

The blend film surface is chemically patterned, with the pattern formed by

features of the block copolymer domains. Topographical features, e.g., at larger

length scales of the block copolymer domains, may also be present. In certain

embodiments, at least a portion of blend film surface is without topographical

features, wherein said portion includes multiple features of the pattern to be

transferred.

Another aspect of the invention relates to a method of generating a replica of a

chemical pattern. The method involves providing a first substrate having a master

template comprising a microphase-separated block copolymer material and at least

one ink preferentially segregated in at least one of the blocks of the block copolymer

material film, transferring at least one ink to a transferee substrate to thereby print a

chemical pattern on a transferee substrate, wherein the chemical pattern is defined by

the microphase-separated domains of the block copolymer at a surface of the blend

film; and directing assembly of a block copolymer film on the transferee substrate

based on the chemical pattern printed thereon to thereby form a replica of the master

template.

In certain embodiments, the method involves directing the assembly of a block

copolymer film on a chemically nanopatterned surface to generate the master



template. The first substrate may have a lithographically patterned surface.

According to various embodiments, the master template may be reused to generate

one or more additional replicas. The master template may be regenerate on the first

substrate. In embodiments wherein the transferee substrate has uninked regions from

the molecular transfer printing process, one or more additional inks or other

molecules may be added to the uninked areas to form the chemical pattern on which

the block copolymer film is assembled to form the replica.

These and other aspects of the invention are described in further detail and

with reference to the following figures below.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 shows ideal phase behavior of diblock copolymers.

Figure 2 shows spherical, cylindrical and lamellar ordered copolymer domains

formed on substrates.

Figure 3 is a flow diagram showing operations in a method of molecular

transfer printing that uses directed assembly of a block copolymer film according to

certain embodiments.

Figures 4, 5a and 5b are schematic diagrams showing operations in methods of

molecular transfer printing according to certain embodiments.

Figure 6 is a flow diagram showing operations in a method of molecular

transfer printing according to certain embodiments.

Figure 7a is a schematic diagram showing operations in a method of creating

replicas from a master template according to certain embodiments.

Figure 7b is a schematic diagram showing operations in a method of molecular

transfer printing using graphoepitaxial assembly of the block copolymer film.

Figure 7c is a schematic diagram illustrating use of bifunctional ink molecules

in a molecular transfer printing process according to certain embodiments.

Figure 7d is a schematic diagram illustrating use of copolymer cross-linking

molecules in a molecular transfer printing process according to certain embodiments.

Figure 8 shows examples of triblock copolymer structures that may be formed

using activated two-dimensional templates.

Figure 9 is a schematic diagram showing operations in a method of molecular

transfer printing according to certain embodiments.



Figure 10 is a flow diagram showing operations in a method of molecular transfer

printing according to certain embodiments.

Figure 11a is a schematic diagram illustrating the use of a topographical feature

to improve substrate-blend film contact in a method of molecular transfer printing

according to certain embodiments.

Figure 1Ib shows schematic diagrams illustrating use of a conformal deposition

of a second substrate material to provide contact with the blend film in a method of

molecular transfer printing according to certain embodiments.

Figure 12 shows SEM images of a master template regenerated after the first

cycle, and that regenerated after the twentieth cycle in an example of molecular

transfer printing according to the method illustrated in Figure 7a.

Figure 13 shows SEM images of the first and twentieth replicas generated in an

example of molecular transfer printing according to the method illustrated in Figure

7a.

Figure 14 is an SEM image of the block copolymer film directed to assemble on

a replica of a fingerprint pattern transferred in an example according to the method

illustrated in Figure 11a.

Figure 15 shows an SEM image showing directed assembly of a replica of the

complicated fingerprint pattern formed on neutral brush having features are about 15

nm wide.

Figures 16a-e show SEM images of photoresist patterns (indicating a chemical

pre-pattern) (left), polymer blend films assembled on the masters having those

chemical pre-patterns (middle) and the corresponding replicas (right) for various

chemical pre-patterns.

DESCRIPTION OF THE INVENTION

1. Introduction

Reference will now be made in detail to specific embodiments of the

invention. Examples of the specific embodiments are illustrated in the accompanying

drawings. While the invention will be described in conjunction with these specific

embodiments, it will be understood that it is not intended to limit the invention to such

specific embodiments. On the contrary, it is intended to cover alternatives,

modifications, and equivalents as may be included within the spirit and scope of the

invention. In the following description, numerous specific details are set forth in



order to provide a thorough understanding of the present invention. The present

invention may be practiced without some or all of these specific details. In other

instances, well known process operations have not been described in detail in order

not to unnecessarily obscure the present invention.

The methods of the invention involve molecular transfer printing using block

copolymer materials. As described further below, block copolymer materials

microphase separate into domains of different morphological features under

appropriate thermodynamic conditions. Films of block copolymer materials and

transfer molecules or inks are provided on substrates. The differences in chemistry of

the blocks of the copolymer that result in microphase separation of the domains also

allow the inks to be sequestered into specific blocks. The pattern existing at the top

surface of the film can then be transferred to the second substrate.

According to various embodiments, the block copolymer (or other polymer)

domains act as reservoirs of inks, conformal contact between the replica and the film

is facilitated when the film is in the melt, and thermodynamic barriers at reservoir

interfaces, even in the melt, prevent lateral mass transfer during printing. Master and

replica may be separated by dissolving the block copolymer film in solvent. Upon

subsequent deposition and assembly of films on the master and replica chemical pre-

patterns, a second-generation master and a mirror-image replica pattern can be

obtained.

The methods may be used to create and replicate chemical patterns at

dimensions of block copolymer films - as low as 2 nm. The methods provide 1:1

nanoscale pattern replication with perfect or near-perfect resolution.

The methods may be used to create replicas from a master chemical or

topographic pattern created, for example, by directing assembly on a substrate

patterned using advanced lithographic tools. In certain embodiments, the blend of

block copolymer and ink(s) is directed to assemble into periodic, non-regular, or

integrated circuit regular fabric architectures on the lithographically defined

templates. Under certain circumstances the assembled film exhibits 1) improvement

over the lithographic pattern quality with respect to line width roughness and control

over features dimensions, 2) resolution enhancement over the lithographic template,

and/or 3) more complicated geometry at the surface of the assembled film than the

lithographic template. This pattern at the surface of the assembled film can then be

replicated by molecular transfer printing on the surface of another substrate. This



chemical pattern in turn can direct the assembly of another block copolymer film, and

the master can be reused.

The molecular transfer printing methods described herein provide advantages

over conventional pattern transfer techniques. Lithographic techniques such as

conventional photolithography, x-ray lithography, extreme ultraviolet (EUV)

lithography or electron beam lithography are incapable of patterning at nanoscale

dimensions or are prohibitively expensive. The methods described herein provide

vastly simpler and cheaper means of generating and replicating chemical patterns.

The methods provide improvement over soft lithographic techniques, such as

microcontact printing in which topographic stamps are created. Soft lithography

techniques are incapable of patterning at such small length scales. The methods also

provide superior generation and replication of patterns than other topographic

methods, such as nanoimprint lithography: unlike with topographic methods, there are

no depth of focus issues with patterning the molecularly thin imaging layer

(lithographic template) as well as providing methods of resolution enhancement and

improvement of pattern quality that are not possible with nanoimprint lithography.

As indicated above, the molecular transfer printing methods described use

block copolymers. Block copolymers are a class of polymers that have two or more

polymeric blocks. The structure of diblock copolymer AB, also denoted A-b-B, may

correspond, for example, to AAAAAAA-BBBBBBBB. Figure 1 shows theoretical

phase behavior of diblock coplymers. The graph in Figure 1 shows, χN (where χ is

the Flory-Huggins interaction parameter and N is the degree of polymerization) as a

function of the volume fraction, f, of a block (A) in a diblock (A-b-B) copolymer. χN

is related to the energy of mixing the blocks in a diblock copolymer and is inversely

proportional to temperature. Figure 1 shows that at a particular temperature and

volume fraction of A, the diblock copolymers microphase separate into domains of

different morphological features. As indicated in Figure 1, when the volume fraction

of either block is around 0.1, the block copolymer will microphase separate into

spherical domains (S), where one block of the copolymer surrounds spheres of the

other block. As the volume fraction of either block nears around 0.2 - 0.3, the blocks

separate to form a hexagonal array of cylinders (C), where one block of the

copolymer surrounds cylinders of the other block. And when the volume fractions of

the blocks are approximately equal, lamellar domains (L) or alternating stripes of the

blocks are formed. Representations of the cylindrical and lamellar domains at a



molecular level are also shown. Domain size typically ranges from 2 or 3 to 50 nm.

The phase behavior of block copolymers containing more than two types of blocks

(e.g. A-b-B-b-C), also results in microphase separation into different domains. The

size and shape of the domains depend on the molecular weight and composition of the

copolymer.

Figure 2 shows spherical, cylindrical and lamellar ordered domains formed on

substrates. Domains (spheres, cylinders or lamellae) of one block of the copolymer

are surrounded by the other block copolymer. As shown in Figure 2, cylinders may

form parallel or perpendicular to the substrate. While the Figures 1 and 2 show phase

behavior of diblock copolymers for illustrative purposes, the phase behavior of block

copolymers containing more than two types of blocks (e.g., A-b-B-b-C) also results in

microphase separation into different architectures.

According to various embodiments, the methods of the invention involve

incorporating inks or transfer molecules preferentially into a subset of the blocks of

the block copolymer film. The pattern at the free surface of the film is then

transferred to another substrate by mass transfer of the ink(s). Figure 3 is a process

flow diagram illustrating operations in according to certain embodiments. The

process begins by providing a first substrate to support or underlay a block copolymer

thin film (301). As discussed below, in many embodiments, the substrate is a

lithographically patterned substrate that serves to direct assembly for a master

template for generation of pattern replicas. In certain embodiments, the substrate may

be chemically and/or topographically patterned. Also in certain embodiments, the

substrate may be neutral or unpatterned.

A blend of block copolymer material and one or more inks is then provided on

the substrate (303). The blend is microphase separated into different domains, e.g., as

described above with respect to Figures 1 and 2 . At least one of the domains contains

an ink, i.e., molecules that may be transferred to another substrate, which

preferentially exists in that domain. An example is shown in the schematic of Figure

4, which shows an A-b-B diblock copolymer at 401. Two ink molecules or

compounds, 403 and 404, are shown. In certain embodiments, an ink molecule is a

polymer having a functional group that is used in the pattern transfer attached to it: in

Figure 4, x is the functional group of ink 403 and y is the functional group of ink 404.

Ink 403 is preferential to block A of the A-b-B block copolymer, and ink 404

preferential to block B. A thin film of a blend of the block copolymer with the ink



molecules on a substrate is indicated at 407. In the schematic, the material has

undergone microphase separation, forming lamellar domains with the ink molecules

located in the domains to which they are highly preferential, i.e., 403 in the A domain

and the 404 in B domain. In other embodiments, only a subset of domains are inked,

e.g., a blend may contain a A-b-B copolymer and only an A-preferential or B-

preferential ink. Similarly, a blend A-b-B-b-C triblock copolymer may contain only

inks preferential to A and B, etc. The inks may be added to the block copolymer

prior to deposition of the material on the substrate, or may be added after the block

copolymer film is deposited and/or assembled into nanoscale domains. Providing the

blend may also involve performing various operations on the block copolymer film,

including cross-linking it, etc.

Returning to Figure 3, the pattern formed by the block copolymer domains at

the free surface of the blended thin film is then transferred to a second substrate (305).

This is done by mass transfer of the ink molecules to the second substrate, for

example, in Figure 4, substrate 409 is brought into contact with the thin film. Either

both or one of the different inks may be transferred as desired by appropriately

manipulating the ink molecules, the second substrate and the transfer technique.

Schematic examples of both scenarios are shown in Figure 4 : both molecules 403 and

404 being transferred at 4 11 and only ink 403 at 413. In either case, the second

substrate is chemically patterned in accordance with the pattern at the free surface of

the thin film blend, in this case stripes or lamellae. The second substrate may be

rigid or flexible.

In certain embodiments, the pattern at the free surface, which is transferred to

the second substrate, differs from the block copolymer pattern at the interface with the

first substrate, depending on the morphology of the copolymer blend. An example is

shown in Figure 5A. Here, as in Figure 4, a blend including a A-b-B diblock

copolymer, a A-preferential ink (503), and a B-preferential ink (504) are formed as a

microphase separated thin film 507 on a substrate. In this case, though, the blend

exhibits spherical or parallel cylindrical morphology such that the A-rich domains

form periodically arrayed spheres or parallel cylinders within a matrix of B-rich

component of the blend. The pattern 5 11 in the blend at the free surface, which is to

be transferred to the second substrate, differs from the pattern 513, in this case the

substrate is neutral or unpatterned.



In certain embodiments where ink molecules in only one or a subset of

domains of the block copolymer are transferred, the uninked regions of the second

substrate are filled with a different functionality, i.e., by attaching molecules having a

certain functionality to the uninked regions. An example is shown in Figure 5B:

substrate chemically patterned by molecular transfer printing using an ink molecule

553 having an "x" functionality is shown at 551. The uninked areas are then filled,

e.g., by reacting, adsorbing, etc., a molecule 554 having a "y" functionality to form

the chemically patterned substrate shown at 555. This pattern may then be used to

assemble a microphase separated block copolymer film 557 from block copolymer

556. In the example shown in Figure 5B, the block copolymer 556 and the resulting

block copolymer film are different from those used in the molecular transfer printing

process used to form the chemically pattern substrate shown at 551. One or more

domains of the film 557 may be inked for further molecular transfer printing or the

film may be uninked. In one example, a PS-b-PMMA/PS-OH blend is assembled and

the PS transferred via molecular transfer printing to a second substrate (551). The

uninked regions are filled with hydroxyl terminated poly(2-vinylpyridine) or P2VP-

OH (555), with PS-b-P2VP then assembled on the replica of the original chemically

patterned substrate (557).

In another example, a PS-b-PMMA/PS-OH blend is assembled and the PS

transferred via molecular transfer printing to a second substrate. The uninked regions

are filled with PDMS-OH brushes, e.g., by spin-coating PDMS and removing the

excess material such that replica is patterned with PS-OH and PDMS-OH brushes.

PS-OH is then removed, e.g., by oxygen plasma, and the PDMS-OH may serve as a

hard mask for pattern transfer.

In certain embodiments, the molecular transfer methods described above

include directing the assembly of block copolymers. Directed assembly of block

copolymers involves depositing a block copolymer material on a chemically or

otherwise patterned substrate and ordering the components of the material in

accordance with the underlying pattern. The block copolymer self assembles into

distinct domains with the chemical pattern directing the self-assembly. Figure 6 is a

process flow diagram illustrating operations according to certain embodiments. The

process begins by creating a chemical pattern on a substrate (601). Any appropriate

method of patterning a substrate may be used, with examples including x-ray

lithography, extreme ultraviolet (EUV) lithography or electron beam lithography.



The block copolymer blend is then deposited on the substrate (603), and ordered in

accordance with the underlying substrate (605). To induce ordering, the block

copolymer material is typically annealed above the glass transition temperature of the

blocks of the copolymer material. By appropriately choosing the first substrate

pattern, the block copolymer material and ordering conditions, the block copolymer

film may be directed to assemble into periodic, aperiodic or non-regular features, or

almost any desired architecture, on the first substrate. The pattern at the free surface

of the film is then transferred to a second substrate (607). In certain embodiments,

operations 605 and 607 are performed in a single heating operation.

Using the molecular transfer methods described in Figure 1 with directed

assembly is an especially powerful approach because methods of directed assembly

can be manipulated to produce block copolymer films having almost any nanoscale

pattern at the free surface, including periodic and aperiodic patterns and patterns

having irregular features. Also, as discussed further below, under certain

circumstances the assembled film exhibits 1) improved pattern quality over the

lithographic template with respect to line width roughness and control over features

dimensions, 2) resolution enhancement over the lithographic template, and/or 3) more

complicated geometry at the surface of the assembled film than the lithographic

template. The methods provide a simple to implement way to print a pattern that is

more complex and/or has superior resolution than the original lithographic template,

allowing pattern transfer of nanoscale patterns that are impossible, impractical or

prohibitively expensive to produce using conventional lithographic techniques.

The transferred chemical pattern can in turn direct the assembly of another

block copolymer film, and the master can be reused. Figure 7a is a schematic

diagram showing amplification of a master template via the molecular transfer

printing method. A lithographically defined chemically nanopatterned substrate

having a striped patterned is shown at 701. Block copolymer material 707 and inks

705 are spun onto the substrate and annealed to form an ordered blended film 709.

This ordered blended film is the master template. (Lithographic template 701 may

also be thought of as a master template, for the purposes of discussion herein

however, the ordered blend film on the lithographic substrate is referred to as the

master template). A substrate 711 is then brought into contact with the free surface of

the ordered blend film so that the ink molecules 705 are transferred to the substrate.

After the transfer, the blend film is dissolved and the two substrates are separated,



leaving the lithographically defined chemically patterned substrate 701 and newly

patterned substrate 715. Block copolymer material and inks or just block copolymer

or block copolymer diluent blend are again spun onto the substrate 709 and annealed

to form regenerated master template 713. The chemical pattern remains durable and

so can be reused numerous times to regenerate the master template. In other

embodiments, the block copolymer film remains intact during the separation process,

without need for regeneration. The newly patterned substrate is shown flipped at 717.

Block copolymer and inks (not shown) are spun and annealed to form a replica 719 of

the master template. Note that this method of replicating a master template is not

limited to films formed by directed assembly, but may be used with blended block

copolymer films formed by any method.

Figures 3-6 above describe methods of molecular transfer printing of chemical

nanopatterns using block copolymers, as well as using blend films as templates for

replicas. Further details of the molecular transfer methods are given below.

2. Forming the Blend Film

While the below discussion refers chiefly to directed assembly of block

copolymer materials on chemically nanopatterned surfaces, other methods may be

used as well - for example, microphase separated block copolymer films can be

formed by depositing block copolymer films and annealing the films so that they self-

assemble into different domains. Graphoepitaxy may be used to form thin films of

periodic arrays of cylinders, spheres and other features having long range order.

Figure 7b, for example, shows a schematic diagram in which a graphoepitaxially

assembled block copolymer/ink blend film 751 (i.e., the underlying substrate uses

artificial relief structure to induce order in the block copolymer film). A second

substrate 753 is brought into contact with the free surface of the blend film and to

transfer the chemical pattern via molecular transfer printing. The chemically

transferred pattern 755 is depicted on the second substrate after separation.

The molecular transfer printing methods described herein are powerful when

combined with the directed assembly of block copolymer materials. A master

chemical or topographic pattern, for example, can be created using advanced

lithographic tools. The blend of block copolymer and ink(s) can then be directed to

assemble into periodic, non-regular, or integrated circuit regular fabric architectures

on the lithographically defined templates. This pattern at the surface of the assembled

film, often of higher quality that the original chemically patterned surface, or at higher



resolution can then be replicated by MTP on the surface of another substrate.

Because the domain sizes of block copolymers can be as small as 2-3 nm, the MTP

techniques of the invention provide methods of creating and replicating dense

chemical patterns at the highest resolution possible, and at least an order of magnitude

smaller than can be achieved using existing technology including various forms of

soft lithography, for example, micro contact printing.

As described above, directed assembly of block copolymer films involves

depositing the block copolymer material on a chemically (or otherwise activated)

patterned substrate. The approach may be used to achieve near perfect or perfect

duplication of the underlying pattern in the copolymer film. Directed assembly of

patterns having spatial arrangements commensurate with the characteristic dimensions

of the domain structure of the block co-polymer (e.g, using a pattern of hexagonally

arrayed spheres to direct the assembly of block copolymers having perpendicular

cylindrical or spherical domain structures or a pattern of stripes to direct the assembly

of block copolymers that exhibit lamellar morphology) is described in U.S. Patent No.

6,746,825, incorporated herein in its entirety and for all purposes. Directed assembly

of patterns containing irregular, isolated or discrete features is described in U.S.

Patent Publication No. 2006/0134556, titled "Methods and compositions for forming

aperiodic patterned copolymer films," by Nealey et al. and U.S. Application No.

11/879,758, filed July 17, 2007 and titled "Methods and compositions for forming

patterns with isolated or discrete features using block copolymer materials," by

Nealey et a., both which are incorporated herein by reference in their entireties and for

all purposes. For example, integrated circuit layouts may be patterned using features

such as lines, t-junctions, bends, spots and jogs. Using the methods described in the

above-reference patent application, almost any desired pattern formed by

lithographically nanopatterning the initial substrate can be replicated in the block

copolymer layer. The pattern can then be transferred to a second substrate as

described above with reference to Figures 3-7a.

Transferring patterns at the free surface of block copolymer films formed

using directed assembly is also powerful for some applications because tightly

controlled patterns at the free surface of the film that are more complex or otherwise

differ from initial lithographic pattern may be formed by manipulating the block

copolymer material, initial chemical pattern and directed assembly process conditions.



For example, binary two-dimensional surface patterns can be used to drive assembly

of three-component and three-dimensional structures throughout the thickness of the

film. Figures 8a-c shows examples of complex three-component block copolymer

structures that may be formed from directed assembly of a material containing a

triblock A-b-B-b-C copolymer on a binary pattern (each shade represents a different

domain of the block copolymer material). Using the methods of the invention, all or a

subset of the A, B and C may contain a separate ink. For certain of the structures, the

pattern varies as the thickness of the film increases; in these cases, the pattern to be

transferred is controlled by controlling the thickness of the film. Directed assembly of

complex three-dimensional structures, including the structures such as those shown in

Figure 8, as well as structures exhibiting morphologies of multiple continuous

domains in discussed in U.S. Patent Application No. 11/545,060, filed October 5,

2006 and titled "Directed assembly of triblock copolymers," by Nealey et al., which is

incorporated herein by reference in its entirety and for all purposes. U.S. Patent

Application No. 11/580,694, filed October 12, 2006, titled "Fabrication of complex

three-dimensional structures based on directed assembly of self-assembling materials

on activated two-dimensional templates," by Nealey et al., incorporated by reference

herein in its entirety for all purposes, also discusses forming complex three-

dimensional thin film block copolymer structures. As with the example shown in

Figure 5, the pattern at the lithographic template/block copolymer film interface may

be different than the pattern at the free surface. Because less complex and/or easy to

form chemical patterns may be used to direct assembly of more complex patterns at

the surface of block copolymer films, in certain embodiments an expensive

lithographic method such as electron beam lithography may be used a single time to

form a lithographic template that can be used to drive the assembly of a more

complex transferable pattern.

In certain embodiments, the assembled blend film exhibits improved pattern

quality with respect to line width roughness and control over features dimensions,

and/or resolution enhancement. Block copolymer films having improved line width

roughness and/or critical dimension and/or resolution enhancement over the

chemically nanopatterned surface are described in Edwards et al., Dimensions and

Shapes of Block Copolymer Domains Assembled on Lithographically Defined

Chemically Patterned Substrates, Macromolecules 2007, 40, 90-96; Daoulas et al.,

Directed Copolymer Assembly on Chemical Substrate Patterns: A Phenomenological



and Single-Chain-in-Mean-Field Simulations Study of the Influence of Roughness in

the Substrate Pattern, Langmuir, 24, 1284-1295; Edwards et al., Precise Control

over Molecular Dimensions of Block-Copolymer Domains Using the Interfacial

Energy of Chemically Nanopatterned Substrates, Advanced Materials 2004, 16, No.

15, 1315-1319, U.S. Provisional Patent Application No. 61/005,721, filed December

7, 2007, titled "Methods To Enhance And Augment The Patterning Capabilities Of

Lithographic Materials And Processes Using Block Copolymers," and U.S.

Provisional Patent Application No. 61/068,912, filed March 10, 2008, titled

"Patterning Beyond The Limits Of Lithographic Resolution," all of which are

incorporated herein by reference in their entireties. Because the pattern at the top of

the film is better than the pattern on the lithographically patterned substrate (or other

chemical pattern that is used to drive the assembly of the block copolymer film), the

pattern transferred to the second substrate is improved over the original

lithographically patterned substrate. By repeating the molecular printing operations

with each successively transferred pattern used as a template for the next generation,

pattern quality improves with each generation. Pattern quality may also improve by

improving the chemical contrast of the pattern from generation. For example, a

chemical pattern may have relatively poor chemical contrast, but is able to direct

assembly of a block copolymer film. The assembled block copolymer film may then

be used to transfer inks that are have high chemical contrast, creating a pattern that

has improved chemical contrast over the original chemical pattern.

Density multiplication techniques such as described in the above-referenced

U.S. Provisional Patent Application No. 61/068,912, may also be used in accordance

with the molecular transfer printing methods described herein. For example, using

these techniques, a lithographically patterned substrate having dots spaced 64 nm

apart may be used to direct assembly of a block copolymer film having dots spaced 16

nm apart. The pattern at the block copolymer film surface may be transferred via

molecular transfer printing to another substrate, which is then used to direct assembly

of a film having dots spaced 4 nm apart. Molecular transfer printing is then used to

transfer the pattern to a second surface. The result is a high pattern density

chemically patterned substrate generated from a single lithographically patterned

substrate that was patterned at a relatively low pattern density.



A. Block copolymers

Any type of copolymer that undergoes microphase separation under

appropriate thermodynamic conditions may be used. This includes block copolymers

that have as components glassy polymers such as PS and PMMA, which have

relatively high glass transition temperatures, as well as more elastomeric polymers,

e.g., polyisoprene (PI), polybutadiene (PB), and poly(dimethylsiloxane) (PDMS) that

allow room temperature processing.

In addition to one or more inks, the block copolymer material may further

comprise one or more additional block copolymers. In some embodiments, the

material may be a block copolymer/block copolymer blend. An example of a block

copolymer/block copolymer blend is PS-b-PMMA (50 kg/mol)/PS-b-PMMA (100

kg/mol). Either as, or in addition to one or more inks, the block copolymer material

may also further comprise one or more homopolymers. In some embodiments, the

material may be a block copolymer/homopolymer blend.

The block copolymer material may also further comprise one or more

homopolymers. In some embodiments, the material may be a block

copolymer/homopolymer blend. In a preferred embodiment, the block copolymer

material is a block copolymer/homopolymer/homopolymer blend. In a particularly

preferred embodiment, the material is a PS-b-PMMA/PS/PMMA blend.

The block copolymer material may comprise any swellable material.

Examples of swellable materials include volatile and non-volatile solvents,

plasticizers and supercritical fluids. In some embodiments, the block copolymer

material contains nanoparticles dispersed throughout the material. The nanoparticles

may be selectively removed.

The thickness of the deposited block copolymer film typically is between ones

of nanometers to 200 nm, although films of thickness up to about 1 micrometer may

be used in some instances. In particular embodiments, the film thickness is between

about 20-200, or more particularly between about 30-100 nm.

In certain embodiments, the block copolymer film may be cross-linked for

greater structural integrity. Cross-linking the block copolymer film typically occurs

after self-assembly and prior to separation of the block copolymer film, usually prior

to the contact with the second substrate. Figure 7d shows a schematic of an A-B

block copolymer 791. Each of the blocks has one or multiple "x" groups, which has

crosslinkable functionality. Inks 793 have "z" groups, to interact with the second



substrate in the printing process. The block copolymer blend film 797 undergoes a

cross-linking process that cross-links each block of the block polymers within each

domain to produce blend film 799. The "z" groups are available for molecular

transfer printing as described further below. In certain embodiments, cross-linking

allows the first substrate/block copolymer/second substrate sandwich structure to be

exposed to solvent, physical force, etc. to be separated without destroying the block

copolymer film. In this manner, an assembled block copolymer film may be re-used

to print its pattern numerous times.

According to various embodiments, materials that may be used in molecular

transfer printing methods described herein are not limited to block copolymer

materials, but may be performed with any material that can undergo separation into

different domains, in which one or more inks may be sequestered. In certain

embodiments, this is material that undergoes phase separation or is otherwise

separated or separable. In certain embodiments, non-block copolymer polymer blends

may be used. In other embodiments, polymer blends that contain block copolymers

that are not micro-phase separated may be used. For example, a polymer blend that is

separated into domains may incorporate block copolymers to reduce the size of the

domains. According to various embodiments, the domains may be on the order of

nanometers - micrometers or larger.

B. Inks

An ink, or a transfer molecule or composition, is a molecule or composition

that is transferred from the block copolymer blend film to a second substrate in

accordance with the pattern exhibited by the block copolymer film at its free surface.

It may also be referred to as a transfer molecule or composition. The molecule or

composition is preferentially compatible with or separates into a subset of the blocks

or components of the block copolymer film to form the patterned and inked blended

film. After self-assembly of the block copolymer material, microphase separation

results in inks that are sequestered into domains of nanometer scale dimensions.

Typically an ink is compatible with one block of the block copolymer, e.g.,

compatible with only the PS block of a PS-b-PMMA diblock copolymer. In

embodiments triblock (n-block) copolymers, the ink may be compatible with

anywhere from one to n-1 blocks of the copolymer material. All or a subset of the

copolymer domains may be inked.



The ink molecules are transferred to the second substrate by interaction with

the second substrate, e.g., reacting with it, adsorbing on it, absorbing into it, etc. In

addition to be preferentially to one of the components of a block copolymer film, an

ink molecule is also designed to interact with second substrate. Inks are transferred to

the second substrate in the exact pattern of block copolymer domains in which they

are present at the surface of the block copolymer film. The differences in chemistry

of the blocks of the copolymer that result in micro-phase separation (self-assembly

into nanoscale domains) also allow inks to be sequestered into specific blocks and

prevent lateral mass transfer during the printing step that might otherwise smear or

limit the resolution of the technique.

The inks may be any diluents of the copolymer material that preferentially

separate into a subset of the domains of the assembled material. Examples of inks

include homopolymers of the components of the block copolymer (e.g., PS-OH as an

ink that preferentially separates into the polystyrene domains of a PS-b-PMMA

copolymer film).

The inks may be functional molecules, e.g., peptide molecules may be

transferred to create peptide patterns on the second substrate. In certain embodiments,

it may be desirable to homogenously swell all the components of the block copolymer

material with inking only one of block copolymer domains. This can be

accomplished, for example, by including a diluent without the reactive group that

allows it to be transferred to the second substrate. For example, in Figure 7a, only

one of the molecules indicated at 705 has an -OH reactive group, so that only it

would be transferred.

Examples of inks include homopolymers compatible with one block, e.g.

poly(phenylene oxide)-OH, which is mixable with PS or P2VP-OH, which the

inventors have found stays with PMMA in certain blends. Other inks include any

non-volatile small molecules (e.g., unpolymerized organic molecules) or

functionalized nanoparticles preferential to a single or subset of blocks.

Homopolymers and oligomers with varying mass transport properties and attachment

chemistries, other selectively compatible small molecules, and inks amenable for

post-patterning functionalization may all be use in accordance with the methods

herein.

In certain embodiments, the inks may be or include dopants, e.g., an integrated

circuit pattern may be transferred using a molecule containing boron, phosphorous,



gallium, arsenic, etc. In this manner these dopants may be subsequently implanted in

a semiconductor substrate.

Bifunctional inks may be used in certain embodiments, with one functionality

for attaching to the second substrate and a second function as determined by the

eventual application. This is illustrated in Figure 7c, which shows bifunctional ink

molecules 761, one having "x" and "z" functional groups, and one having "y" and "z"

functional groups. The "z" functional group is used during the molecular transfer

printing process to interact with the transferee substrate, forming chemical pattern 763

on the transferee substrate. The ink molecules retain the "x" or "y" functional groups

at their unattached ends. In certain embodiments, these groups are further

functionalized. Examples include of "x" or "y" functional groups as well as further

functionalization operations include

Bromine: Atom Transfer Radical Polymerization (ATRP on surface) to attach

a second block on chain end; transformation of bromide to azide or amine

functionality, etc.

Nitroxide: nitroxide mediated polymeization to attach a second block

Z-C(=S)-S-R: reversible addition-fragmentation chain transfer (RAFT)

polymerization

alkene: polymerizable, crosslinkable

- NHS, carboxylic acid, amine or maleimide: conjugate DNA, biologically

relevant molecules or nanoparticles to the pattern

In certain embodiments, the "x" and "y" functional groups do not need further

functionalization .

In certain embodiments, the inks may be designed to transfer chemical

functionality. For example, a poly(tert-butyl acrylate) (PBA -X) ink molecule (e.g., as

part of a PS- -PBAt/PS-X/PBA'-X ternary blend, with the X group interacting with

the second substrate surface) may be transferred to the second substrate, with PBA

deprotected in the transferred pattern to afford carboxylic acid functionality for

modification.

According to various embodiments, an ink may be blended with the block

copolymer material prior to or after the material has been provided to a substrate. An

ink may also be added to the block copolymer material prior to or after ordering of the

block copolymer material. In certain embodiments, one or more inks and block

copolymers is added to a homogenous disordered solution of block copolymer, which



is then spun on or otherwise transferred to a first substrate. The deposited material is

then annealed to induce ordering. Because each ink has preference for one (or a

subset) of the component polymers of the block copolymers, when the block

copolymers self assemble into different domains, each ink is segregated into domains

of the component to which it is preferential. In other embodiments, one or more inks

may be added to the block copolymer film after the block copolymer has self-

assembled into the different domains. For example, an ink may be preferentially

absorbed into the block copolymer film after the block copolymer film assembly.

In certain embodiments, an ink may be integrated into a block copolymer film

by substituting the ink molecules for a diluent that it is in the film. So, for example,

the block copolymer film may be assembled using a first diluent that is preferential to

one of the domains. This diluent may be substituted for the ink molecules. The

diluent may also be modified in some way to transform it into the desired transfer

molecule.

In certain embodiments, there may be one or more reservoirs each having one

or more inks that serve to refresh a block copolymer film with ink. The reservoir may

be located so that it contacts the block copolymer film, e.g., within the substrate

underlying the block copolymer film, so that the reservoir molecules contact the film

and diffuse through the film to reach the surface, each molecule going to the domain

to which it is preferential. Ink molecules may also be delivered from the reservoirs to

the film using microvalves, microchannels and pumps, capillary forces, gravity, etc.

An ink molecule may be directed to its preferred domain or may not need to be due to

the chemical preference. According to various embodiments, refilling the block

copolymer film may occur from the backside or the free surface of the film.

C. Ordering the film

As described above, the block copolymer material is induced to self-assemble

(either directed or undirected) into domains of different morphological features.

Inducing ordering is typically accomplished by annealing it above its glass transition

temperature. According to various embodiments, the annealing or other ordering

operation may be performed prior to or after the second substrate being brought into

contact with the copolymer material. For example, Figure 7a illustrates operations in

which the block copolymer 707 and inks 705 are deposited and annealed to form an

ordered blend film 709, prior to contacting the second substrate 711. In other

embodiments, the copolymer material may be ordered after the second substrate is



brought into contact with the material. This is schematically illustrated in Figure 9,

which shows substrate 901 on which a block copolymer blend film is to be deposited.

In the example shown in Figure 9, the substrate is lithographically patterned to direct

the self-assembly of the copolymer film. A solution including ink molecules 905 and

copolymer 907 is spun onto the substrate as indicated to form a disordered blend film

909. Substrate 911 is then brought into contact with the disordered blend film 909.

An annealing process is performed to order the film, separate the copolymer

components into distinct domains and sequester each ink into the domain for which it

has an affinity. The ordered blend film in contact with substrate 911 is shown at 913.

Depending on the specific materials used, inducing the copolymer material to self-

assemble occurs prior to and/or at lower temperatures than required to induce mass

transfer of the ink molecules to the second substrate. In situations wherein this is not

the case, however, the film is ordered prior to contacting with the second substrate.

3. Molecular Transfer Printing

Once a patterned and blended film is formed, with inks segregated into

different domains at the free surface of the blend film, the pattern at the free surface is

transferred to a second substrate via mass transfer of ink molecules from the blend

film to the second substrate. The pattern geometry that is transferred is controlled by

the geometry of the block copolymer film at its free surface.

Figure 10 is a process flow diagram that depicts operations in method of

transferring the ink molecules from the free surface of the blend film to the second

substrate. The process begins by providing a substrate having a patterned block

copolymer/ ink blend film deposited thereon as described above. See block 1001. A

second substrate, i.e., the substrate to which the pattern is to be transferred, is then

placed into contact with the free surface of the patterned blend film. The two

substrates are pressed together or otherwise placed into physical contact (1003).

(While typically the blend film and the second substrate physically contact, in certain

embodiments, the blend film may be brought into close enough proximity with the

second substrate that the transfer molecules are able to be transferred to the second

substrate.) Various methods or tools for aligning the substrates may be used so that

the pattern is transferred to the desired area on the second substrate. It should be

noted also that certain embodiments, as described above with reference to Figure 9,

the second substrate may be brought into contact with the blend film prior to ordering.



In addition to pressing two relatively flat surfaces together, contact between

the second substrate and the blend film may be made by roll to roll or roll to substrate

processing. For example, a cylindrical substrate may be rolled across a blend film on

a flat substrate to transfer the pattern to the cylindrical substrate. Either or both of the

substrates may be cylindrical or otherwise curved, so long as physical contact can be

made between the blend film and the second or transferee substrate.

The second substrate and ink molecules are tailored such that the molecules

adsorb onto, react with or otherwise stick to the surface of the second substrate. In

one example, an -OH group on an ink molecule reacts with a silanol group of a

silicon oxide substrate, thereby affixing the ink molecule to substrate.

In general, the area of pattern that can be transferred in one step depends on

planarity and achievable contact area of the blend film with second substrate. In

certain embodiments, a raised topographical feature such as a mesa may be used to

improve contact of the second substrate and the inked block copolymer film. Figure

11a depicts a substrate 1101 including mesa 1103. Patterned and inked block

copolymer film 1105 is on the substrate 1101, with the portion of the film on the mesa

in contact with substrate 1107. The total surface area of the substrate 1107 is larger

than that copolymer film of the mesa, providing improved contact at the blend film

free surface / substrate interface 1109. As can be seen from the schematic, the film on

the lower portions of the substrate 1101 does not contact the substrate 1107.

Accordingly the film there may not be present and/or these portions of the substrate

may not be patterned. After printing, the transferred pattern 1111 on substrate 1107 is

depicted.

In certain embodiments, the second substrate may be brought into contact with

the block copolymer blend film via conformal deposition of a material onto the blend

film.

Figure 1Ib shows schematic depictions of two examples of conformal

deposition of a material onto the blend film. Blend films 1151 and 1153 are shown,

deposited on a flat substrate and a substrate having a topographical feature,

respectively. A transferee substrate material, shown at 1155 and 1157, is then

conformally deposited on blend film 1151 and 1153, respectively. Conformal

deposition may take place by any know conformal deposition method including

chemical vapor deposition, atomic layer deposition, physical vapor deposition and

spin on methods. Specific examples include conformal deposition of silicon oxide,



e.g., via evaporation of a silicon-containing precursor, or spin coating a

silsesquioxane oligomer on the surface to create conformal contact. Any material that

may be conformally deposited may be used. If necessary, the material conformally

may then be bond handled for additional strength, or otherwise processed. For

example another layer may then be deposited on the conformally deposited material.

This is illustrated at 1159 and 1161. In certain embodiments, the silicon oxide layer,

silsesquioxane layer, or other layer is thermally cured prior to or during the printing

process to form the top layer of second substrate. The ink molecules of the blend film

are then transferred in the printing process, e.g., by reaction or adsorption of

compatible molecules on the second substrate as discussed further below. The

transferred chemical patterns are shown at 1163 and 1165. In certain embodiments,

the chemical pattern may also be transferred to the sidewalls of the recessed feature

shown at 1165.

Returning to Figure 10, once the patterned blend film is in contact with the

second substrate, conditions that allow the transfer of the ink or transfer molecules

from the blend film to the substrate are provided. See block 1005. In many

embodiments, this involves an applying thermal or some other form of energy (UV,

etc.) to the material. For example, this may be the activation energy for the reaction

of the transfer molecules with the surface of the second substrate, the adsorption of

the molecules onto the second substrate, or interaction with the transfer molecules and

the second substrate. In this manner, the pattern at the free surface of the blend film is

printed on the second substrate. The differences in chemistry of the blocks of the

copolymer that result in microphase-separation (self-assembly into nanoscale

domains) and sequestering of inks into particular nanoscale domains also prevent

lateral mass transfer during this printing step that might otherwise smear or limit the

resolution of this technique.

The MTP temperature depends on the temperature at which the inks have

enough mobility for mass transfer to occur on reasonable time frame. For

homopolymers, this is above their glass transition temperature Tg. In certain

embodiments, transfer temperatures ranging from about the glass transition

temperatures to the thermal decomposition temperature of the components blocks of

the block copolymer are used. Small molecules may transfer below glass transition

temperatures of the copolymer.



In certain embodiments, block copolymers blends having a physical and/or

chemical crosslinking within domains are used. For example, in one embodiment, to

transfer PMMA-OH and PS-OH inks from a PS- -PMMA/PS-OH/PMMA-OH blend,

temperatures ranging from 120°C-280°C are used. In certain embodiments, room

temperature processing may be used by using elastomeric polymers. In these

embodiments, the printing process may involve only physically contacting the free

surface of the blend with the second substrate.

As indicated the chemical pattern that is transferred is defined by the pattern

of the block copolymer domains at the surface of the blend film. In certain

embodiments, the chemical pattern transferred is a replica of the chemical pattern

defined the nanoscale domains of the block copolymer film at the surface of the film.

In alternative embodiments, the transferred pattern is still defined by the pattern at the

surface of the film, but is not a replica, e.g., if two of the components of a triblock

copolymer that forms a ternary pattern at the blend film surface have the same ink or

are not inked, a binary pattern may be transferred.

As described below, the critical dimension (width) of the pattern features is

limited only by the size of block copolymer domains, as so may be as small as ones of

nanometers and as high as 100-200 nm. The height of the transferred chemical

pattern features is determined by the size and characteristics of the ink molecules. An

examples of a typical range of heights is 1-10 nm.

Once the printing step is complete, the substrates are separated. See block

1007. Separation techniques include exposure to a solvent, sonication, mechanical

force, etc., or any combination of these. Depending on the separation technique, the

integrity of the block polymer film may be maintained or not. For example, referring

back to the example depicted in Figure 7, once the printing step is complete, the block

copolymer film is dissolved and washed away, in this example leaving the original

lithographically patterned substrate 709. The original lithographic substrate may be

used again as depicted in the figure.

In certain embodiments, the block copolymer film is cross-linked so that it

does not dissolve during the separation operation, and so may be re-used. A master

template, for example, may be used to generate numerous replicas without having to

undergo the regeneration process depicted in Figure 7 . In embodiments in which the

block copolymer film is not dissolved, it may be necessary to replenish the block

copolymer film with fresh ink molecules. This may be done by a deposition,



infiltration, absorption, or other process or there may be a reservoir of ink molecules

that feeds the molecules to the block copolymer film. In embodiments in which the

block copolymer domains are not refilled with ink, a film may be able to be re-used

multiple times before running dry.

The mode of separation may also vary with the composition of the substrate to

which the pattern is transferred. For example, a flexible film such as an elastomeric

film may be peeled off the block copolymer film after the chemical pattern has been

transferred to the flexible film.

EXAMPLES

The following examples provide details illustrating aspects of the present

invention. These examples are provided to exemplify and more clearly illustrate these

aspects of the invention and are in no way intended to be limiting.

Experimental Procedure: Examples 1-3

The following experimental procedure was used to transfer chemical patterns to Si

wafers in the some of the below examples:

Block copolymer : PS- -PMMA

Inks : PS-OH (preferentially to PS domains) and PMMA-OH (preferential to

PMMA domains)

Forming blend film on neutral or chemically nanopatterned first substrate:

Spin-coat 1.5% PS- -PMMA (52K-52K) with PS-OH (6K, 5% relative to PS-b-

PMMA) and PMMA-OH (6K, 5% relative to PS- -PMMA); Anneal at 190 0C for 1

day (or 230 0C for 3 min) or w/o annealing

Transferring pattern : cover first substrate with Si wafer, and anneal at 160 0C

for 2 days (or varying annealing conditions)

Separating substrates : sonicate in toluene to separate wafers and remove

unbound polymers

Using transferred pattern to direct assembly of block copolymer film: Spin-

coat PS- -PMMA (or blend) on the top cover wafer and anneal at 230 0C for 3 min or

190 0C for 1 day.

Example 1

A master template was formed from the directed assembly of the block

copolymer film on a lithographically defined chemically nanopatterned substrate

using the experimental procedure outline above. The period of the parallel alternating



poly(styrene) (PS) and poly(methylmethacrylate) (PMMA) lamellar domains was

47.5 nm. The pattern was transferred to a second substrate. The transferred pattern

was then used to direct the assembly of a block copolymer film to form a replica and

the master template was regenerated using a process as described with reference to

Figure 7a. The process repeated 20 times to produce 20 replicas and regenerate the

master template 20 times.

Figure 12 shows SEM images of the master template regenerated after the 1st

cycle, and that regenerated after the 20th cycle. No substantial differences were

observed between the quality of the master templates from cycle to cycle, showing

that the original lithographically defined chemical pattern is durable.

Figure 13 shows SEM images of the 1st and 20th replica (i.e., the replica

created from molecular transfer printing using the original master template and the

replica created from molecular transfer printing using the 20th regenerated master

template.) No substantial defects in films or differences between the quality of the

replicas from cycle to cycle were observed.

Example 2

Block copolymer blend film was spun onto a wafer having a neutral surface

and multiple raised areas or mesas of 50 nm in relief. Block copolymer blend film

was formed on the unpatterned substrate, forming a "fingerprint" pattern with features

of dimension about 25 nm. A second wafer was brought into contact with the wafer

to transfer the pattern, and a block copolymer film was directed to assemble on the

transferred pattern in accordance with the above experimental procedures. Figure 14

is an SEM image of a block copolymer film directed to assemble on the transferred

chemical pattern. The image shows that the complicated fingerprint pattern was

transferred perfectly or near perfectly. Poor transfer of complicated fingerprint

pattern was observed from the areas in between mesas, including little or no transfer

was observed from the areas near the mesa edges.

Example 3

In the above examples, a 52K-52K PS- -PMMA block copolymer having a

47.5 nm bulk lamellar period was used. In this example, an 18K-18K PS- -PMMA

block copolymer having a lamellar period of 28.9 nm was used in the blend film. The

blend film was assembled on a neutral surface, forming a fingerprint pattern, which

was then transferred to a second wafer via the molecular transfer printing process

described above. Figure 15 shows an SEM image showing directed assembly of the



exact replica of the complicated fingerprint pattern formed on neutral brush. The

features are about 15 nm wide. This shows that the molecular transfer printing

process works at very small dimensions, limited only the period of the block

copolymer. The process would be similarly expected to produce substantially perfect

replicas of patterns having dimensions in ones of nanometers (e.g., features having a

smallest dimension of about 3 nm).

Experimental Procedure: Examples 4-8

Block copolymer : Various PS- -PMMA blends:

Blend L50: 90 wt% poly(styrene-Woc£-methyl methacrylate) (PS- -PMMA,

Mn = 52-52 kg-mol 1), 5 wt% hydroxyl-terminated polystyrene (PS-OH, Mn = 6

kg'mol 1), and 5 wt% hydroxyl-terminated poly(methyl methacrylate) (PMMA-OH,

Mn = 6 kg'mol 1) . The blend naturally forms lamellae with a period, LB , of 50.3 nm

and PS-OH and PMMA-OH serve as inks.

Blend L30: 90 wt% PS- -PMMA (18-18 kg-mol 1), 5 wt% PS-OH (6 kg-mol

1X and 5 wt% PMMA-OH (6 kg-mol 1)] ; the blend naturally forms lamellae with LB =

29.6 nm and PS-OH and PMMA-OH serve as inks.

Blend C35: 90 wt% PS- -PMMA (46-21 kg-mol 1), 7 wt% PS-OH (6 kg-mol

1X and 3 wt% PMMA-OH (6 kg-mol 1)]; the blend naturally forms cylinders with LB =

34.9 nm and PS-OH and PMMA-OH serve as inks.

Inks : PS-OH (preferentially to PS domains) and PMMA-OH (preferential to

PMMA domains)

Forming blend film on first (master) master substrate: Solutions of 2.5 wt. %

Blend L50 in toluene were spin coated on chemically neutral and nanopatterned

substrates to yield films with thicknesses of about 100 nm, which were subsequently

annealed at 190 0C for 24 h or 230 0C for 3 min, respectively, to induce equilibrium

morphologies. Solutions of 2.5 wt. % Blend L30 were spin coated on neutral

substrates to yield about 100-nm-thick films, which were annealed at 190 0C for 24 h .

Solutions of 1.5 wt. % and 9 wt. % Blend C35 were deposited on silicon substrates to

yield films with targeted thickness of about 50 nm and about 400 nm, which were

annealed at 230 0C for 90 min to form parallel half-cylinders and perpendicular

cylinders at film surfaces, respectively.

The assembled blend films functioned as master templates for MTP.



Transferring pattern : An oxygen-plasma-cleaned silicon substrate was placed

in contact with the surface of the master template. The sandwiched structure was

annealed at 160 0C for 24 h .

Separating substrates : Sandwich structure separated by dissolving the

polymers by repeated sonication in chlorobenzene to yield the replica (and regenerate

the original template for chemically patterned substrates).

Using transferred pattern to direct assembly of block copolymer film: The

corresponding block copolymers and blends with commensurate periods were then

spin-coated from toluene solutions to from 50-nm-thick films onto the replicas and

annealed at 190 0C for 24 h on fingerprint and dot patterns or 230 0C for 3 min on

stripe patterns.

Example 4

A 100-nm-thick film of Blend L50 was assembled on a non-preferential

wetting surface such that the lamellae were oriented perpendicular to the substrate in a

fingerprint pattern. A silicon substrate with a native oxide layer, the replica substrate,

was then placed in contact with the film surface. Upon annealing at elevated

temperature, above the glass transition temperatures (Tg) of both blocks of the

copolymer but below the order-disorder temperature, the inks reacted with the replica

surface, creating a pattern of PS and PMMA brushes reflecting the domain structure at

the interface. The block copolymer and unreacted homopolymers were subsequently

dissolved and the master and replica substrates were separated. After MTP, the

brushes on the replica were analyzed by atomic force microscopy (AFM). When both

PS-OH and PMMA-OH inks were incorporated into the blend, the AFM phase image

showed fingerprint patterns of adjacent PS and PMMA brush regions with a period of

about 50.1 nm. Where non-reactive PMMA homopolymer (or no PMMA) was

incorporated into the blend, a pattern of PS brushes and the exposed substrate was

observed in the AFM phase image.

Example 5

Masters were prepared using lithography and replicated using MTP to create

multiple numbers of copies. Chemical patterns consisting of arrays of stripes with

periods, Ls, of 45 nm, 47.5 nm and 50 nm were written on the master using extreme

ultra violet interference lithography (EUV-IL). Blend L50 was directed to assemble

on the master to create alternating PS and PMMA lamellar domains that are 1)

oriented perpendicular to the substrate, 2) registered with the underlying chemical



pattern, and 3) matched in period with the underlying pattern, even at dimensions

different than LB. After MTP, dissolution of the polymer film, and substrate

separation, a replica with alternating stripes of PS and PMMA brushes was obtained

and the master was also recovered. The master and the replica were subsequently used

to direct the assembly of freshly deposited films of Blend L50. This process was

repeated for 20 cycles using a single master without noticeable deterioration of the

pattern quality and 20 identical replicas were created from the same master. Fast

Fourier-transfer (FFT) analysis of the SEM images of the assembled films on the

master of the 20th cycle and the 20th replica revealed the remarkable pattern transfer

fidelity; the PS and PMMA domains have essentially identical periods on masters and

replicas alike, for commensurate and incommensurate values of Ls and LB .

Example 6

The methods described herein may be used to make replicas of device-

oriented patterns. Substrates were patterned with e-beam lithography to form arrays

of 120° bends, jogs and T-junctions. Masters were made by assembling blend L50

films on the patterned substrates. Molecular transfer printing was then performed to

create replicas. All patterns were replicated with a high degree of fidelity. Figures

16a-c show SEM images of the photoresist pattern, indication of the chemical pre-

pattern (left), polymer blend films assembled on the masters (middle) and the

corresponding replicas (right). Molecular transfer printing replicates arrays of 120°

bends (Figure 16a); jogs (Figure 16b); and T-junctions (Figure 16c) with high

fidelity, and the domain structures in the assembled films on masters and replicas are

mirror images. This demonstrates the perfection and quality of the molecular transfer

process in replicating features for the fabrication of integrated circuits.

Example 7

Hexagonally packed cylinders were directed to assemble on masters patterned

with hexagonal arrays of spots (Ls of 45 nm) using a blend C45 polymer blend. After

molecular transfer printing, highly ordered arrays of cylinders were reassembled on

the replica with high degree of perfection. Figure 16d shows the photoresist pattern,

indication of the chemical pre-pattern (left), C45 blend assembled on the master

(middle) and the corresponding replica (right). The insets are FFTs of the images.

Discrete dot patterns may be used in the fabrication of integrated circuits.



Example 8

A master was fabricated by assembling a 30 nm period blend on 60-nm-pitch

chemical pattern by density multiplication. This technique allows substrates to be

pre-patterned at sub-lithographic resolutions. A chemical pre-pattern (Ls = 60 nm) of

alternating stripes with widths of approximately 15 nm and 45 nm that are

preferentially wet by PMMA and PS, respectively, was prepared. This master was

used to direct the assembly of lamellae-forming blend L30 with LB = 29.6 nm. In

comparing the master pre-pattern with the assembled film of blend L30, the density of

features is multiplied by a factor of two. Molecular transfer printing from the surface

of this film generated a chemical pre-pattern on the replica and subsequent

reassembled film on the replica, with 15 nm features and 30 nm period. Figure 16e

shows SEM images of the photoresist pattern (left) and blend L30 films assembled on

the master by 2x density multiplication (middle) and its corresponding replica (right).

The replica can then direct the assembly of the same blend in 1:1 fashion.

Example 9

Large area replication by molecular transfer printing was performed by

conformally coating a master EUV-IL pattern having nine exposure films of 1 x 1.4

mm each. A 30-nm-thick silicon oxide layer was deposited on a master block

copolymer film by chemical vapour deposition. During molecular transfer printing,

inks react with the silicon oxide to form chemical pre-patterns at the film-oxide

interface. A thin oxide replica supported on a carrier wafer showed replication of the

50 the 50-nm-pitch patterned areas of the master. The oxide, after pattern transfer

from the assembled block copolymer film, may serve as a hard mask for further

pattern transfer to the underlying carrier substrate, and deposition of the oxide through

a stencil mask may enable molecular transfer printing on thin oxide replicas only in

predefined regions. In one embodiment a total replication area of up to 1 cm x 1 cm

or higher may be achieved by a conformal coating process.

Although the foregoing invention has been described in some detail for

purposes of clarity of understanding, it will be apparent that certain changes and

modifications may be practiced within the scope of the invention. It should be noted

that there are many alternative ways of implementing both the process and

compositions of the present invention. Accordingly, the present embodiments are to

be considered as illustrative and not restrictive, and the invention is not to be limited

to the details given herein.



All references cited are incorporated herein by reference in their entirety and

urposes.



Claims

1. A method of printing a chemical pattern on a substrate comprising:

providing a block copolymer/ink blend film, said blend film comprising a

microphase-separated block copolymer material; at least one ink preferentially

segregated in at least one of the blocks of the block copolymer material film, and

transferring at least one ink to a transferee substrate to thereby print a

chemical pattern on the transferee substrate, wherein the chemical pattern is defined

by the microphase-separated domains of the block copolymer at a surface of the blend

film.

2 . The method of claim 1 wherein providing a block copolymer/ink blend

film comprises directing the assembly of a block copolymer film on a first chemically

patterned substrate.

3 . A method of printing a chemical pattern on a substrate comprising:

providing a polymer/ink blend film, said blend film comprising a domain-

separated polymer material; at least one ink preferentially segregated in at least one of

the domains of the blend film, and

transferring at least one ink to a transferee substrate to thereby print a

chemical pattern on the transferee substrate, wherein the chemical pattern is defined

by the separated domains of the block copolymer at a surface of the blend film.

4 . The method of claim 1 or 3 wherein the at least one ink is transferred

to the transferee substrate by a chemical reaction at the surface of the transferee

substrate.

5 . The method of claim 4 wherein the at least one ink is transferred to the

transferee substrate by adsorption onto the transferee substrate.

6 . The method of claim 1 or 3 wherein transferring the at least one ink

comprises physically contacting the blend film with the transferee substrate.

7 . The method of claim 1 or 3 wherein transferring the at least one ink

comprises heating the blend film to at least 50C above the glass transition

temperatures of its component copolymers or polymers.

8. The method of claim 1 or 3 wherein at least a portion of blend film

surface is without topographical features, wherein said portion includes multiple

features of the pattern to be transferred.



9 . The method of claim 1 or 3 wherein providing the block copolymer/ink

blend film comprises assembling a block copolymer film on a first substrate.

10. The method of claim 9 wherein the pattern in the block copolymer film

at the interface with the first substrate differs from the pattern in the block copolymer

film at a free surface of the film.

11 The method of claim 1 or 3 wherein the at least one ink comprises a

compound having a first functional group to interact with the transferee substrate and

a second functional group to polymerize and/or conjugate another molecule to the

transferee substrate.

12 The method of claim 1 or 3 wherein transferring the at least one ink

comprises conformally depositing a transferee substrate material on at least a portion

of the blend film.

13 The method of claim 1 wherein at least one ink molecule comprises a

homopolymer of the one of the components of the block copolymer.

14 The method of claim 1 or 3 where at least one ink molecule comprises

a nanoparticle or a non-volatile small molecule.

15 The method of claim 1 or 3 wherein only a subset of separated

domains of the blend film are inked.

16. The method of claim 1 or 3 wherein all of the separated domains of the

blend film are inked.

17. A method of generating a replica of a chemical pattern, comprising:

providing a first substrate having a master template comprising a microphase-

separated block copolymer material and at least one ink preferentially segregated in at

least one of the blocks of the block copolymer material film,

transferring at least one ink to a transferee substrate to thereby print a

chemical pattern on a transferee substrate, wherein the chemical pattern is defined by

the microphase-separated domains of the block copolymer at a surface of the blend

film; and

directing assembly of a block copolymer film on the transferee substrate based

on the chemical pattern printed thereon to thereby form a replica of the master

template.

18. The method of claim 17 further comprising directing the assembly of a

block copolymer film on a chemically nanopatterned surface to generate the master

template.



19. The method of claim 18 wherein the first substrate comprises a

lithographically patterned surface.

20. The method of claim 17 further comprising reusing the master template

to generate one or more additional replicas.

21. The method of claim 17 further comprising, after printing a chemical

pattern on the transferee substrate, regenerating the master template on the first

substrate.

22. The method of claim 17 wherein the transferee substrate comprises

inked and uninked regions.

23. The method of claim 22 further comprising filling the uninked regions

with an ink molecule.
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