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DENSITY MULTIPLICATIONAND IMPROVED LITHOGRAPHY BY

DIRECTED BLOCK COPOLYMER ASSEMBLY

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims benefit under 35 U.S.C. 119(e) of the following U.S.

Provisional Applications: U.S. Provisional Application No. 61/005,721, filed

December 7, 2007; U.S. Provisional Application No. 61/068,912, filed March 10,

2008; and U.S. Provisional Application No. 61/189,085, filed August 15, 2008. AU of

these applications are incorporated by reference herein in their entireties and for all

purposes.

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 to pattern substrates with dense periodic nanostructures that combine

top-down patterning tools and self-assembling block copolymer materials are

provided. According to various embodiments, the methods involve chemically

patterning a substrate, depositing a block copolymer film on the chemically patterned

substrate, and allowing the block copolymer to self-assemble in the presence of the

chemically patterned substrate, thereby producing a pattern in the block copolymer

film that is improved over the substrate pattern in terms pattern feature size, shape,

and uniformity, as well as regular spacing between arrays of features and between the

features within each array as compared to the substrate pattern. In certain

embodiments, the density and total number of pattern features in the block copolymer



film is also increased as compared to the substrate pattern. High density and quality

nanoimprint templates and other nanopatterned structures are also provided.

Aspects of the invention relate to methods of enhancing the performance of

top-down lithographic materials, including healing defects in lithographic patterns and

providing sub-lithographic patterning with a high degree of perfection and

registration. Specific applications include fabricating patterned media for magnetic

recording.

One aspect of the invention relates to a method of forming dense periodic

patterns by rectifying a first pattern, the method involving selecting an ideal periodic

pattern to be formed on a substrate; forming a first pattern on the substrate, wherein

said first pattern has pattern features defined by activated regions on the substrate;

depositing a block copolymer material on the first pattern; ordering the block

copolymer material to form a second pattern having pattern features defined by

microphase-separated domains of the block copolymer material, wherein the features

of the second pattern are registered with the substrate and wherein the feature

placement error of the second pattern is less than that of the first pattern. According to

certain embodiments, the feature placement error is the difference in feature

placement of the pattern from the ideal periodic placement.

According to various embodiments the standard deviation σ of feature

placement of the second pattern from the ideal periodic pattern is no more than about

1 nm. In certain embodiments, the standard deviation σ of feature placement of the

second pattern from the ideal pattern is no more than about 5% or 2% of the pitch of

the ideal pattern.

In certain embodiments, the first pattern and second pattern have

approximately the same feature density. The features of first pattern may correspond

to a subset of features of the ideal pattern. In certain embodiment, the ideal pattern is

a 2-dimensional array of dots and the standard deviation of the feature placement of

the second pattern from the ideal pattern is no more than about 1 nm or 5%. In a

particular embodiment, the ideal pattern is a hexagonal array of dots and the standard

deviation of the feature placement of the second pattern from the ideal pattern is no

more than about 1 nm or 5%. As discussed further below, in certain embodiments,

the ideal pattern is made up of one or more circular tracks of dots, where the dots

within each track have a constant angular pitch.



In certain embodiments, each feature has a top surface having a top surface

area, and the size distribution of the top surface areas of the second pattern is

narrower than the size distribution of the top surface areas of the first pattern. The

standard deviation of the size distribution of the top surface areas of the second

pattern may be no more than about 5% of the mean feature size of the second pattern.

Another aspect of the invention relates to a method of forming dense periodic

patterns by increasing the density of a first pattern. The method involves forming a

first pattern on a substrate, wherein said first pattern comprises pattern features

defined by activated regions on the substrate; depositing a block copolymer material

on the first pattern; ordering the block copolymer material to form a second pattern

comprising pattern features defined by microphase-separated domains of the block

copolymer material, wherein the features of the second pattern are registered with the

substrate and wherein the feature density of the second pattern is greater than that of

the first pattern.

According to various embodiments, for any of the methods described above,

the ratio of the feature density of the second pattern to the feature density of the first

pattern is at least 2:1, at least 4:1, or at least 9:1. hi certain embodiments, the ratio is

X:l, where X is greater than 1. The first substrate may be a periodic pattern or an

aperiodic pattern.

For any of the methods described above, in certain embodiments, forming the

first pattern on the substrate involves forming the first pattern in a thin film deposited

on the substrate. The film may be a self-assembled monolayer or a polymer brush

according to carious embodiments. The thin film may have a preferential affinity for

a component polymer of the block copolymer material (over one or more other

components polymers) or it may have about equal affinities to each of the component

polymers of the block copolymer material. Forming the first pattern on the substrate

may involve e-beam exposure of a resist coating disposed on top of a thin film to form

an e-beam pattern, developing the e-beam pattern and locally modifying chemical

properties of the thin film by exposing the thin film through open regions of the

developed e-beam pattern to a modification agent.

In certain embodiments, the methods further involve transferring the second

pattern to a media disk for magnetic recording. The features of the first pattern may

include any of discrete spots on the substrate and stripes or lines. The second pattern



features may include any of cylinders oriented perpendicular to the substrate or

lamellae oriented perpendicular to the substrate.

A further aspect of the invention relates to nanoimprint templates that have a

template body having first or second opposed sides; a first pattern disposed on said

first side, said pattern including recessed or raised periodic features; wherein the

density of said features is greater than about 1 tera-feature per square inch. According

to various embodiments, the density is greater than about 2 tera-features per square

inch, 3 tera-features per square inch, 4 tera-features per square inch, 5 tera-features

per square inch, 6 tera-features per square inch, 7 tera-features per square inch, 8

tera-features per square inch, 9 tera-features per square inch, 10 tera-features per

square inch or higher.

Yet another aspect of the invention relates to patterned media disks and other

nanopatterned structures. According to various embodiments, such a disk or structure

has first or second opposed sides; a first pattern disposed on said first side, said

pattern comprising recessed or raised periodic features; wherein the density of said

features is greater than about 1 tera-feature per square inch. For certain embodiments

requiring circular symmetry, the ideal pattern is accommodated (or distorted) into

circular tracks grouped in zones wherein each zone, the angular pitch is constant. An

even further aspect of the invention relates to magnetic disk drives and disk drive

systems. According to various embodiments, such a drive or system may include a

patterned media disk including a disk having first or second opposed sides; a first

pattern disposed on said first side, said pattern comprising recessed or raised periodic

features; wherein the density of said features is greater than about 1 tera-feature per

square inch; a hub holding said patterned media disk rotatablly; a spindle motor

rotating said hub; a magnetic head recording or reproducing information to or from

said patterned media disk; and an actuator holding and locating said magnetic head at

a predetermined position on said patterned media disk.

For the templates, patterned media disks, disk drives, disk drive systems and

other nanopatterned structures described herein, according to certain embodiments,

the standard deviation σ of feature placement error from an ideal periodic pattern is no

more than about 1 nm or about 2% or 5% of the ideal pattern pitch. In particular

embodiments, where the first pattern is a hexagonal, nearly hexagonal, rectangular, or

nearly rectangular array, the standard deviation of the feature placement error from an

ideal array is no more than about 1 nm. Also in certain embodiments, each feature



has a top surface having a top surface area and the standard deviation of the size

distribution of the top surface areas of the pattern is no more than about 2%, 5% or

10% of the mean feature size.

In certain embodiments, the first pattern has circular symmetry about a center

point. It may have an inner diameter of at least about 7 mm and an outer diameter of

no more than about 98 mm. The pattern may have features arranged in circular tracks

around a center point.

One or more additional pattern regions may also disposed on said first side. In

certain embodiments the first pattern and the one or more additional patterns each

have features arranged in circular tracks around a center point. The first pattern and

one or more additional patterns may be arranged in circumferential bands, wherein

each band comprises features at a constant angular periodicity about the central point.

According to various embodiments, the pattern has long range order over a surface

area of at least about at least one square inch or ten square cm.

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 density multiplication of

lithographically patterned features according to certain embodiments.

Figure 4A shows an illustration of a pattern of a square array of dots, as well a

pattern having a lower feature density than the pattern of the square array of dots.

Figure 4B is another pattern having a lower feature density than the pattern of

the square array of dots shown in Figure 4A.

Figure 4C is an illustration of a rectangular array and its lattice constants.

Figure 5 is a flow diagram showing operations in rectifying lithographically

patterned features according to certain embodiments.

Figure 6 is an illustration of a pattern rectification according to certain

embodiments.

Figure 7 is a schematic illustration of an assembly process of thin films of

poly(styrene- >/øc£-methyl methacrylate) (PS-b-PMMA) used to demonstrate both



density multiplication and pattern quality rectification on substrates pre-patterned by

e-beam lithography.

Figures 8A-8D show top-down SEM images of developed e-beam resist

patterned at Ls=39, 78, 27 and 54nm, respectively.

Figures 8E-8H show micrographs of the block copolymer films guided by the

pre-pattern with the corresponding e-beam features shown in Figures 8A-8D. The

polymer pitch on the guided patterns (Lp) is 39, 39, 27 and 27nm, respectively.

Figures 81-8L are plots of the dot size distributions of both the e-beam and the

corresponding block copolymer patterns shown in Figures 8A-8H.

Figure 9A shows results of a simulation in which a block copolymer film was

grown on a chemical spot pattern. The simulated spot pattern and a horizontal cross

section of the simulated system taken at mid-height of block copolymer film are

shown.

Figure 9B shows results of a simulation in which the formation of PS-b-

PMMA block copolymer films at various interfacial energies between a chemically

patterned PS brush surface and the blocks of the copolymer film.

Figure 10 shows an example of placement error as measured for hexagonally-

arrayed bits of a pattern media disk.

Figures H A and H B are images of a substrate at various stages in a pattern

transfer process in which 20nm tall Si pillars were created from a PMMA cylinder

forming block copolymer film generated by methods described herein. The PMMA

cylinder domain was removed and remaining pores were cleaned with oxygen plasma.

7nm of Cr was deposited by e-beam evaporation and PS mask was removed using a

piranha solution leaving a mask of Cr dots on the surface. Figure 1IA shows an SEM

image of Cr dots after lift-off. Figure H B shows an SEM image of the 20 nm tall

pillars etched using the Cr mask.

Figure 12 shows an illustration of a patterned media disk.

Figure 13A is a process flow diagram illustrating operations in creating and

using a nanoimprint template according to certain embodiments.

Figure 13B illustrates an example of a nanoimprint process using a template

according to various embodiments.

Figure 14 shows an example of a patterned media disk patterned with

hexagonally arrayed dots.



Figure 15 shows components of a disk drive system according to certain

embodiments.

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.

Self-assembling materials spontaneously form structures at length scales of

interest in nanotechnology. In the particular case of block copolymers, the

thermodynamic driving forces for self-assembly are small and low-energy defects can

get easily trapped. Aspects of the invention involve directing the assembly of defect-

free arrays of isolated block copolymer domains at densities up to 10 terafeatures/in

on chemically patterned surfaces. In certain embodiments, comparing the assembled

structures to the chemical pattern, the density of the features is increased, e.g., by a

factor of two, four, nine or higher. In certain embodiments, dimensional uniformity

of the assembled structures to the chemical pattern is improved. Feature placement is

improved in certain embodiments. Also in certain embodiments, the methods provide

control over feature size, shape, spacing of features within arrays, and the spacing of

arrays of features.

Aspects of the invention include high density magnetic storage devices and

methods for producing such devices. In certain embodiments, high quality and high

density nanolithographic templates are provided. The use of self-assembling materials

to define templates for patterning dense features at length scales of 25 nm and below

provide a means to continue to shrink the dimensions of electronic and storage



devices as optical lithography, the engine of the semiconductor industry, reaches

intrinsic technological and economical limits. For magnetic storage devices, the

demands for diminishing feature size and spacing outpace those for integrated circuits

particularly as the industry considers introduction of patterned media to extend

densities beyond limitations imposed by the onset of the superparamagnetic effect in

conventional continuous granular media. Self-assembling block copolymers form

dense periodic arrays with dimensions and spacing of domains from nanometers to

tens of nanometers (e.g., about 3 to 50 nm).

The domain structure of block copolymer thin films has already been used to

create templates for defining nanoscale features in metals, semiconductors, and

dielectrics for applications as varied as quantum dots and nanoporous membranes for

creating insulating air-gaps between wires in integrated circuits. One entry point for

block copolymer thin films in fabrication thus capitalizes on inexpensive creation and

processing of dense nanoscale features of roughly uniform dimensions.

Although using the domain structure of thin copolymer films to pattern has

been termed block copolymer "lithography," known processes of defining features in

metals, semiconductors, and dielectrics for various applications have only a

superficial relationship to optical or electron beam lithography used in the

manufacture of high-performance devices. Lithography, as currently practiced for

nanomanufacturing, requires essentially defect-free patterns, control over feature

dimensions and shapes with molecular-level tolerances, and precise placement of each

patterned feature with respect to the features in the same and underlying and

overlying layers.

In embodiments of the methods described herein, the assembly of block

copolymer films is directed on lithographically defined chemically nanopatterned

surfaces such that 1) the pattern quality (defectivity and uniformity of dimensions) of

the patterned features is improved compared to those created using traditional high

resolution photoresists and/or 2) the density of features is increased, thereby

increasing the resolution of the lithographic tool. Importantly, the methods provide

attributes of optical and electron beam lithographic processes, including perfection,

registration and a side-wall profile suitable for pattern transfer. The methods are

capable of defining individual device elements with some advantage over established

lithographic techniques. The techniques described herein allow fabrication of



ultrahigh density (>1 Tbit/in ) magnetic bit patterned media within stringent pattern

quality requirements - higher densities than obtainable with conventional lithographic

tools for these pattern quality requirements.

Hexagonal arrays formed spontaneously by block copolymers may be applied

directly for patterned media applications if adequate organization and dimensional

uniformity can be achieved in thin film templates. Methods to impart improved

ordering in block copolymer films include chemical pre-patterning, graphoepitaxy,

solvent annealing, shear, electric fields, flow, thermal gradients and internal fields.

Whereas all these methods provide orientational ordering, only chemical pre-

patterning and graphoepitaxy provide additional control over translational ordering

and feature registration. For patterned media applications, chemical pre-patterning

does not compromise storage area (as opposed to graphoepitaxy where topographic

features use valuable substrate area), and allows for guidance of the self-assembling

system at a sufficient level to address stringent pattern quality requirements including

vanishingly small defect densities and control over feature shapes and dimensions.

The pre-patterning method, however, is disadvantageous in that it introduces an extra

high-resolution lithographic step. In the methods described herein, the self-assembling

block copolymer exercises some pattern rectification action (quality enhancement),

feature density multiplication (resolution enhancement/cost reduction), providing

improvement in quality and density over traditional lithographic processes.

As indicated above, the 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 nm or 3 nm 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. It should also be noted that while

much of the description below describes methods and resulting devices that use block

copolymer materials having perpendicular cylindrical morphologies, the methods and

devices are not so limited and extend to any morphology that is of interest in defining

pattern features.

A block copolymer material may be characterized by bulk lattice constant or

period L0. For example, a lamellar block copolymer film has a bulk lamellar period

or repeat unit, L0. For cylindrical and spherical domain structures, the periodicity of

the bulk domain structures can be characterized by the distance between the cylinders

or spheres, e.g., in a hexagonal array. Periodic patterns formed on substrates or in

thin block copolymer films may also be characterized by characteristic lengths. "L" is

used herein to denote a characteristic length or spacing in a pattern. It may be

referred to as a lattice constant, pitch, period or length. For example, a lamellar

period Ls of a two-phase lamellar substrate pattern may be the width of two stripes.

Ls is used herein to denote the period, pitch, lattice constant or other characteristic

length of a substrate pattern.



As indicated above, aspects of the invention relate to increasing the density of

features in a pattern and improving pattern quality as compared to pattern using

traditional high resolution lithographic tools. Figures 3-6 present overviews of

density multiplication and pattern rectification processes according to various

embodiments, with details, examples, parameters and applications then discussed

below with reference to Figures 7-14.

One aspect of the invention relates to density multiplication of pattern

features. By multiplying the density of pattern features, the resolution of the

lithographic tool is increased. Figure 3 is a process flow diagram illustrating

operations in according to certain embodiments. The process begins by providing a

substrate to support or underlay a block copolymer thin film (301). The substrate

surface is then patterned, e.g., by e-beam lithography (303). As used herein, substrate

surface may refer to the surface of a material or layer on the substrate. As discussed

below, in many embodiments, patterning the substrate involves creating a chemical

contrast pattern in a thin film on the substrate. In a specific example, a polymer brush

thin film is chemically modified to create a pattern, with the pattern features defined

by regions of chemical contrast. Regardless of the method or materials used in

patterning, a pattern is provided defined by regions of chemical contrast or otherwise

activated or inactivated regions.

The pattern created at the substrate surface has a lower density of features than

the desired pattern in the eventual film or device. For example, for a desired pattern

of a hexagonal array of dots having a lattice constant L , a substrate pattern of Ls =

2Ld may be created. In another example shown in Figure 4A, a desired pattern of a

square array of dots having a lattice constant Ld is shown at 401. A substrate pattern

having a lattice constant Ls = 2Ld i shown at 403 . The density of the dot features of

pattern 403 is one-half linearly of pattern 401 and one-fourth area-wise that of pattern

401.

In certain embodiments, the pattern created at the substrate is periodic, such as

that shown at 403 in Figure 4A. For a two dimensional pattern such as that in

Figure 4A, the ideal pattern can be characterized by 2 lattice vectors and, in certain

embodiments, a basis). Figure 4C shows a rectangular lattice with two dots in the

basis. Lx and Ly are the two lattice vectors and Lby and Lbx are the basis vectors. A

periodic substrate pattern can then be generated by any linear combination of the ideal

pattern lattice vectors Lx and Ly. In certain embodiments, the pattern lattice constant



or other characteristic length Ls may be n x L , where n is an integer greater than or

equal to 2 . For a two-dimensional pattern, such as those shown in Figure 4A, the

feature density of the substrate pattern is La/(n2), e.g., La/4 for n = 2, La/9 for n=3,

La/16 for n = 4, etc. Although it may be convenient depending on the patterning

technique to create a periodic substrate pattern, the density multiplication techniques

described herein do not require a periodic pattern, as long as the pattern features of the

substrate pattern correspond to a subset of the pattern features of the desired pattern.

An example of such a pattern in shown at 405 in Figure 4B. The features of pattern

405 correspond to a subset of the features of pattern 401 shown in Figure 4A, in this

case slightly more than half of the features of pattern 401 are in pattern 405.

Corresponding features are features whose placement in relation to other features in

the pattern matches the placement of the desired pattern features. In general, it can be

thought of as "removing" some percentage of the features of the desired pattern, with

the spacing of the remaining features left intact. While the example shown in

Figure 4B has slightly more than half of the features of the desired pattern 401,

according to various embodiments, the substrate pattern may have at most 80%, 70%,

60%, 50%, 40%, 30%, 20% or 10% of the number of features of the desired pattern.

It should also be noted that in certain embodiments, the substrate pattern may be a

periodic pattern, but with n equal to a non-integer. For example, in certain

embodiments, Ls = (V2)Ld results in a pattern that is periodic and whose features

correspond to a subset of the features in L<. For the Figure 4A, this corresponds to

keeping the dots on every other diagonal line for certain dot arrays. Similarly, with

other periodic substrate patterns, in certain embodiments, an Ls that is not at an

integer multiple of Ld can be used to generate a periodic substrate pattern that can be

used to direct assembly of a pattern having Ld.

In certain embodiments, while the pattern may not have an underlying

periodicity, it may be advantageous for the substrate pattern features may be

approximately uniformly distributed over the pattern area, i.e., so that there are

enough features to direct the assembly of the block copolymer film over the entire

pattern area.

Returning to Figure 3, after the substrate is patterned, a layer of material

containing a block copolymer is deposited on the patterned substrate (305). For

example, the material may be a block copolymer/homopolymer blend hi many

embodiments, the copolymer material is chosen such that the lattice constant L0 is



within about 10% of the desired lattice constant Ld, i.e., so that Ls = nLo (+/- 10%) in

cases where the substrate pattern is periodic. (It should also be noted that while in

certain embodiments, the bulk lattice constant or period L0 is the same as the desired

pattern, there may be situations it which this is not the case.)

Components of the block copolymer material are then ordered as directed by

the underlying pattern (307). To induce ordering, the block copolymer material is

typically annealed above the glass transition temperature of the blocks of the

copolymer material. The resulting block copolymer film is patterned with features

defined by microphase separated domains, with the feature density higher than that of

the original substrate pattern and the features registered with the underlying substrate

(309).

Another aspect of the invention relates to pattern rectification or improving the

quality of the substrate pattern. Figure 5 is a process flow diagram illustrating

operations according to certain embodiments. As with the process described in Figure

3, the process beings by providing a first substrate to support or underlay a block

copolymer thin film (501). The substrate surface is then patterned with a "lower

quality" pattern (503). Pattern quality may be characterized by one or more of the

following: feature size, feature size distribution (uniformity in feature size), feature

shape and feature placement (e.g., spacing of features within in arrays and spacing of

array elements) as compared to a desired pattern. Figure 6 shows examples of

substrate patterns 601 and 603, e.g., as made by an e-beam. The desired patterns of

hexagonal array of dots is shown at 607 and 609, formed from directed assembly on

e-beam patterns 601 and 603 respectively. The pattern 601 is a lower quality pattern

than the hexagonal array of dots shown at 607 in that the pattern features are of

various sizes, are not uniform circles, and that the spacing between features is not

uniform due to feature placement error. In addition, some dots in pattern 601 are

missing altogether. Similarly, pattern 603 is a lower quality pattern than pattern 609.

According to various embodiments, the feature density of the pattern may be the same

as that of the desired pattern, or it may be less than that of the desired pattern as in the

methods of Figure 3. Substrate pattern 601, for example, has the same density of

features as the desired hexagonal array of spots 607, while substrate pattern 603 has

one-fourth the density of the desired hexagonal array of spots 609.

Returning to Figure 5, after the substrate is patterned, a layer of material

containing a block copolymer is deposited on the patterned substrate (505).



Components of the block copolymer material are then ordered as directed by the

underlying pattern (507). The resulting film is patterned, with pattern quality

improved over the original substrate pattern. (509).

Examples of pattern rectification and density multiplication in generating

hexagonal arrays of perpendicularly oriented PMMA cylinders in a PS matrix using

two copolymers with different lattice constants (Lo=39nm, and Lo=27nm) are

described below with respect to Figures 7-9B. First, Figure 7 shows a schematic

illustrating the assembly process of thin films of poly(styrene-W<9c£-methyl

methacrylate) (PS-b-PMMA) used to demonstrate both density multiplication and

pattern quality rectification on substrates pre-patterned by e-beam lithography. A

SiOx substrate after various stages (A, B, C and D) in the assembly process is shown

in the figure. First, a brush of hydroxyl-terminated polystyrene (Mn=6 Kg/mol) was

deposited on a SiOx substrate. An e-beam resist layer was applied and an electron

beam used to write the closest possible match to a hexagonal pattern with a lattice

constant Ls such that Ls = nLo with n=l or 2 over a total area of lOOµm x lOOµm .

(For Ls = 39 and 78nm, additional patterns covering 3000µm x 50µm were made).

Patterns with both n=l and n=2 were written on the same sample. (After developing

the e-beam resist, representative samples were saved for imaging and metrology of

the patterns created by traditional e-beam lithography.) The substrate having a PS

brush and overlying patterned layer of resist is shown at 701' (for the pattern

rectification process, with n=l) and 701" (for the density multiplication process, with

n = 2) In stage B, samples for block copolymer assembly were subjected to a brief

dose of oxygen plasma to generate a chemical contrast on the substrate. The bulk of

the resist was removed to leave the substrate patterned with a hexagonal array of

spots. The patterned substrates are shown at 703' (for n=l, L =L0) and 703" (for n=2,

LS=2LO) . Depositing a layer of polymer brush, applying an e-beam resist layer,

patterning the resist layer, generating a chemical contrast on the substrate and

removing the resist are all operations that may be performed to pattern the substrate as

in operations 303 and 503 of Figures 3 and 5, respectively. As described further

below, however, patterning the substrate is not limited to this particular method but

may be done by any appropriate method. In stage C, a block copolymer film having a

lattice constant L0 was spun on the patterned substrates. The patterned substrates with

spun-on block copolymer films are shown at 705' and 705". In stage D, the films



were then annealed in vacuum. The areas of the surface (arrays of spots) exposed to

the oxygen plasma were preferentially wet by the PMMA block, and background

areas are slightly preferential towards the PS block. The film was thus ordered to form

perpendicular cylinders of PMMA in a hexagonal array as shown at 707.

(Perpendicular cylinders with defects including short sections of parallel cylinders

were observed on areas of the sample adjacent to the patterned regions).

The PMMA domains were then selectively removed. Scanning electron

micrographs (SEM) can be used quantify the feature size uniformity of both block

copolymer and e-beam features. The improved quality of patterning afforded by

directing the assembly of block copolymer films on lithographically-defined

chemically patterned surfaces in comparison to the lithographically-defined patterns

themselves is presented in Figure 8A-8L. Figures 8A-8D show top-down SEM

images of developed e-beam resist patterned at Ls=39, 78, 27 and 54nm respectively.

Figures 8E-8H show micrographs of the block copolymer films guided by the pre-

pattern with the corresponding e-beam features above. The polymer pitch on the

guided patterns (Lp) is 39, 39, 27 and 27nm respectively. In Figures 8I-8L, the dot

size distributions of both the e-beam and the corresponding block copolymer patterns

from at least 15000 dots are plotted.

Figures 8A and 8C show an e-beam pattern for Ls=39 and Ls=27nm,

respectively, with Figures 8E and 8G showing the block copolymer films formed on

comparable e-beam patterns. Comparing Figure 8A with Figure 8E and Figure 8C

with 8G shows that the e-beam pattern has a lower quality apparent in variations in

distance between rows and dot size distribution. Both of these sources of noise are

rectified by the block copolymer as shown in Figures 8E and 8G. At Ls=39nm, the e-

beam pattern shows an average dot size of As=276nm with a standard deviation

σs=30nm2 while the block copolymer pattern had an average dot size Ap=262nm2 with

σp=23nm2, rectifying the quality of the e-beam pre-pattern by narrowing the dot size

distribution, as shown in Figure 81. The e-beam resist pattern at Ls=27nm (Figure 8C)

does not have enough resolution to define a useful lithographic mask nor does it

display the necessary statistics on dot size, shape or placement required for the

application. Nonetheless, the block copolymer film shown in Figure 8G that is formed

on a Ls=27 nm pattern maintains a uniform lattice constant. The dot size distribution



plot shown in Figure 8K shows that the block copolymer film rectifies the dot size

distribution of the e-beam pre-pattern from σs=26nm down to σp=llnm .

As discussed above, directed assembly may be implemented not only to

improve the quality but to substantially augment the capabilities of the lithographic

process beyond current resolution limits. Figure 8B shows the e-beam resist used to

pre-pattern the substrate at Ls=2Lo=78nm. The block copolymer shown in Figure 8F

registers with the pre-patterned site. The lattice with LS=2LO is nearly commensurate

to the natural lattice of the block copolymer and the self assembly interpolates the

location of the PMMA cylinders in between the pre-patterned dots multiplying the

density of features by a factor of four (two in each direction in analogy to

heteroepitaxial thin films) in addition to maintaining a constant and uniform feature

size. The commensurability tolerance is about +/-0.1L 0 for the average lattice spacing.

The resultant pattern is commensurate with the substrate pattern; the period of the

self-assembled pattern adjusts itself to be commensurate with the substrate pattern as

long as the natural period falls within a certain tolerance range, such as +/-0.1L 0 in

certain embodiments. The e-beam pre-pattern at Ls=2L0=78nm has an average area

As=595nm 2 with σs=35nm 2. The block copolymer not only multiplies the feature

density, but also rectifies the dot area size by more than a factor of two to keep it

constant at Ap=260nm 2 with σp=22nm 2. Similar rectification occurs for Lε=39nm as

shown in Figures 81 and 8J. For Ls=2Lo=54nm the polymer also multiplies the feature

density to lTdot/in 2 (27nm pitch) as shown in Figures 8D and 8H while rectifying the

size distribution from σs=39nm on the e-beam pattern down to σp=13nm on the

block copolymer, as shown in Figure 8L.

Long range order is preserved throughout the entire pre-patterned area

(lOOxlOOµm2 and 3000x50 µm2 for some samples) with defect densities that are

compatible with data storage requirements. High-resolution SEM image analysis was

performed on a sampling set of images comprising about 15000-20000 dots total.

Based on this sampling a defect density less than 10 4 for patterns with Ls=39, 78 and

27nm and less than 10 3 for patterns with Lε=54nm was estimated. This is compared

to a projected defect tolerance in bit patterned media on the order of 1 dot in 104-106

depending on the algorithms and counter-measures used. Long range order is shown

in larger area images (4µm long) and even larger (tens of microns long) Moire

interference patterns (not shown).



Placement accuracy was quantified by measuring the standard deviation of

placement error away from the ideal pattern along the x-direction (σx) and the y-

direction (σy) . Representative results are summarized in Table 1. At smaller

dimensions the block copolymer patterns have tighter distributions and the statistics

are preserved for the multiplied and non-multiplied patterns. As a comparison,

placement tolerances for patterned media are projected to be standard deviation σ

about less than or equal to about 1 nm or 5% of the pitch in the ideal pattern.. In

certain embodiments, the placement tolerances are projected to

Table 1: Standard deviation of dot placement errors along the x-direction (σx) and the

y-direction (σy) on the e-beam defined patterns (having pitches Ls) and the block

copolymer films (having pitches Lp).

Pattern pitch (nm) σx (nm) σy (nm)

Ls Lp e-beam copolymer e-beam Copolymer

39 39 2.1 1.3 2.2 1.3

78 39 1.4 1.2 1.0 1.3

27 27 3.4 1.2 3.5 1.1

54 27 2.2 1.2 2.0 1.2

At smaller dimensions, the block copolymer pattern has tighter distributions, and the

statistics are the same for the density multiplied and non-multiplied patterns.

Metrics of pattern quality that can not be determined from top-down SEM

images relate to the shapes and dimensions of features in the pattern transfer template.

Of particular importance is the side wall profile of the mask. The three-dimensional

structure of the domains through the film thickness may be very different than plan

view images or even bulk block copolymer morphologies are strong functions of the

geometry and strength of interactions between the polymer and the patterned

substrate. Figures 9A and 9B show the results of Monte Carlo simulations of the

fundamental physics of assembly in the case of the interpolated structures by resorting

to Monte Carlo simulations of. Parameters in the simulations were chosen to describe

a block copolymer with LO=39 nm, a film thickness of about 1.1 L0, a spot pattern

with LS=2LO, and spot size equal to twice the natural cylinder area. A simulated

chemical spot pattern 901 and a horizontal cross section 903 of the simulated system



taken at mid-height of block copolymer film are shown in Figure 9A. A simulated

system typically contained 60 cylinders. The PMMA block wets the spots and the PS

block wets the background of the chemical pattern. The interactions between the

patterned spots and the PMMA block (Λ PMMA ) and the patterned background and the

PS block (ΛpS) play a critical role with respect to the three-dimensional structure of

the assembled domains. The interfacial energies between the chemically patterned PS

brush surface and the blocks of the copolymer are not known quantitatively, but

Λ PMMA S expected to be medium or strong and Λps is expected to be weak. Four cases

are considered to encompass these expectations, and are presented in Figure 9B: (I)

weak Λ PMMA and weak ΛPS, (II) strong Λ PMMA and weak Λ
PS

, (III) medium Λ PMMA and

medium ΛPs, and (IV) strong Λ PMMA and strong ΛPs . In the model, the strength of

interaction between the patterned substrate and a block is quantified by AN, where N

is the number of beads per copolymer chain. The strong interaction (ΛN=2.1)

considered corresponds to the interfacial energy between PMMA and a silicon oxide

substrate. The medium and weak interactions correspond to two-thirds and one-third

of that value, respectively. The non-preferred block has an equal but repulsive

interaction in all cases. Image 903 in Figure 9A shows a representative cross section

for all of the cases at half height in the plane of the film showing the interpolation of

cylindrical domains (with diameter comparable to the natural cylinder diameter) at

four times the density with respect to the chemical pattern. Figure 9B shows vertical

cross sections of the assembled domains through rows of cylinders on chemically

patterned spots alternating with interpolated cylinders (plane P at 905), and vertical

cross sections of rows of interpolated cylinders (plane P' at 907). The cross-sections

represent a long-time simulation that averages over thermal fluctuations, but highlight

the effect of the pattern on the average cylinder shape. Cases I-III depict equilibrium

scenarios for which a perpendicular orientation of the cylinders is achieved through

the full thickness of the film with case I being the most uniform. Medium Λ PMMA

causes the non-interpolated cylinders to adopt an undercut profile (case II). For even

stronger Λ PMMA some of those cylinders actually break into two halves (not shown).

If Λps and Λ PMMA are both increased (case III) then the interpolated cylinders exhibit a

slight constriction at their base. Finally, in the limit of strong Λ PMMA and strong Λ
PS

(case IV), interpolated cylinders do not extend all the way to the substrate and form a

complicated three-dimensional network. They end at a distance of about 8 nm from



the substrate, and are connected to each other in the plane of the film forming

perimeters of hexagons, centered around cylinders extending vertically away from

each patterned spot. At the surface of the film, however, the observed pattern is the

same as in other cases, namely a hexagonal array of spots. These simulated scenarios

indicate there is a window of tolerance for density multiplication to work successfully

within a range of interaction values. The window of tolerance provides the ability to

generate lower defect densities or even higher orders of density multiplication. For

example, a brush layer is chosen such that the brush interactions in density multiplied

patterns with Ls=54nm has a defect density below 10~4 .

The methods described above are not limited to cylinder forming block

copolymers or patterns of arrayed dots, but may be used with any appropriate block

copolymer morphology and desired pattern. For example, density multiplication has

been demonstrated for lamellar forming block copolymers of various sizes on

substrate patterns, with Ls=nLo. Substrate patterns were generated as described above

with respect to the cylinder forming block copolymers, with the width of the PMMA

wetting lines equal to about L /2 . Table 2, below, shows L0' s and Ls' s used to

generate well ordered lamellar thin films registered with the underlying substrate.

The effect of commensurability of the substrate pattern with lamellae forming block

copolymer material was also demonstrated, with using substrate patterns with Ls=nLo

for the following n: 0.87, 0.98, 1.31, 1.53, 1.75, 1.97, 2.03, 2.37, 2.71 and 3.05.



Broadly speaking, the films at 0.87, 0.98, 1.75, 1.97, 2.03 and 3.05 were well-ordered

and disorder at 1.31, 1.53, 2.37 and 2.71.

PARAMETERS

Substrate

Any type of substrate may be used. In semiconductor applications, wherein

the block copolymer film is to be used as a resist mask for further processing,

substrates such as silicon or gallium arsenide may be used. For patterned media

applications, a circular substrate may be used. A master pattern for patterned media

may be made on almost any substrate material, e.g., silicon, quartz, or glass. (This

pattern in turn gets transferred to multiple working nanoimprinting templates in

certain embodiments, as discussed further below.)

According to various embodiments, the substrate may be provided with a thin

film or imaging layer thereon. The imaging layer may be made of any type of

material that can be patterned or selectively activated. In a certain embodiment, the

imaging layer comprises a polymer brush or a self-assembled monolayer. Examples

of self-assembled monolayers include self-assembled monolayers of silane or siloxane

compounds, such as self-assembled monolayer of octadecyltrichlorosilane.

In certain embodiments, the imaging layer or thin film to be patterned is a

polymer brush layer. In certain embodiments, the polymer brush may include one or

more homopolymers or copolymers of the monomers that make up the block

copolymer material. For example, a polymer brush of at least one of styrene and

methyl methylacrylate may be used where the block copolymer material is PS-b-

PMMA. One example of a polymer brush to be used in a thin film is PSOH.

As discussed above with respect to Figures 9A and 9B, the interfacial energy

between the substrate and the components of the block copolymer material affect the

shape of the assembled domains. In certain embodiments, the substrate may be

"neutral," i.e., the interfacial energy ΛA between polymer A of a A-b-B block and the

substrate is roughly the same as the interfacial energy ΛB. In other embodiments, the

substrate is mildly or strongly preferential to one of the components of the block

copolymer (or a subset of components of a higher order block copolymer).



Patterning the Substrate

The substrates may be patterned by any method, including all chemical,

topographical, optical, electrical, mechanical patterning and all other methods of

selectively activating the substrate.

In embodiments where the substrate is provided with an imaging layer (such

as a self-assembled monolayer or polymer brush layer) patterning the substrate may

comprise patterning the imaging layer. Alternatively, a substrate may be patterned by

selectively applying the pattern material to the substrate.

The substrate patterning may comprise top-down patterning (e.g. lithography),

bottom-up assembly (e.g. block copolymer self-assembly), or a combination of top-

down and bottom-up techniques. In certain embodiments, the substrate is patterned

with x-ray lithography, extreme ultraviolet (EUV) lithography or electron beam

lithography.

In certain embodiments, because density multiplication allows the substrate

pattern to have a lower density than the final desired pattern, the e-beam or other

lithographic tool write time is greatly reduced.

Substrate Pattern

The surface pattern (as well as the block copolymer material used) affect self-

assembled domains that result from the processes described above. The surface

pattern and the block copolymer film deposited on it are chosen to achieve the desired

pattern in the block copolymer film.

In certain embodiments, there is a 1:1 correspondence between the number of

features patterned on the substrate (by e-beam lithography or other technique) and the

number of features in the self-assembled block copolymer film. These are

embodiments in which the density of features is not multiplied. It should be noted

that in certain cases, the 1:1 correspondence might not be exactly 1:1 but about 1:1,

e.g., due to imperfections in the substrate pattern. The directed assembly may or may

not be epitaxial according to various embodiments. That is, in certain embodiments,

the features as defined by the block copolymer domains in the block copolymer film

are located directly above the features in the chemical contrast pattern on the

substrate. In other embodiments, however, the growth of the block copolymer film is

not epitaxial. In these cases, the chemical contrast (or other substrate pattern) may be

offset from the self-assembled domains. The geometry of the substrate pattern is



generally commensurate with the geometry of the pattern in the self-assembled block

copolymer film: to generate hexagonally arrayed cylinders, the substrate is patterned

with hexagonally arrayed dots; to generate square arrays of cylinders, the substrate is

patterned with square arrays of dots, etc.

For many patterning techniques, making a perfect hexagonal is very difficult.

The substrate pattern may thus be an approximate hexagonal lattice, or a rectangular

array with an extra dot in the center of the rectangle closely matching the equivalent

hexagonal array. Similarly, substrate patterns may approximate other geometric

patterns.

In density multiplication techniques, the features in the substrate pattern are a

subset of features in a pattern having a density and geometry commensurate with the

desired pattern. The number of features in the substrate pattern is less than the

number in the block copolymer film, as discussed above, the substrate pattern have

10% or even fewer of the number of features in the self-assembled film. The

geometry of the substrate pattern itself is not necessarily commensurate with the

desired pattern. As described above with respect to Figure 4c, the substrate pattern

itself may have no underlying periodicity.

In certain embodiments, the pattern corresponds to the geometry of the bulk

copolymer material. For example, hexagonal arrays of cylinders are observed bulk

morphologies of certain PS-b-PMMA and other block copolymers. However, in other

embodiments, the substrate pattern and the bulk copolymer material do not share the

same geometry. For example, a block copolymer film having domains of square

arrays of cylinders may be assembled using a material that displays hexagonal arrays

of cylinders in the bulk.

Although the substrate pattern features correspond to features in the desired

pattern, in certain embodiments, there substrate pattern may have various

imperfections or quality issues that are rectified by the block copolymer. The

individual features patterned on the substrate may be smaller than or larger than the

mean feature size of the block copolymer domains (or the desired feature size). There

is also tolerance in the pitch or lattice spacing of the substrate pattern. In certain

embodiments, the mean lattice spacing in the substrate pattern is about +/- 0.1L0.



Block copolymer material

The block copolymer material includes a block copolymer. The block

copolymer may be comprised of any number of distinct block polymers (i.e. diblock

copolymers, triblock copolymers, etc.). A specific example is the diblock coploymer

PS-b-PMMA. 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.

The block copolymer material may include 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).

The block copolymer material may also include one or more homopolymers.

In some embodiments, the material may be a block copolymer/homopolymer blend or

a block copolymer/homopolymer/homopolymer blend, such as 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.

FILM CHARACTERISTICS

The methods described produce patterns with a high degree of perfection and

registration at feature densities not obtainable by conventional lithographic methods.

As described further below, the patterned block copolymer films may be used for

pattern transfer, e.g., to create templates for nanoimprint lithography. The transferred

patterns have the same high densities and quality characteristics as the block

copolymer films.

Film Morphology

The film morphology may be any possible bulk or non-bulk morphology. In

particular embodiments, the morphology is a perpendicular cylindrical morphology or

a perpendicular lamellar morphology. According to various embodiments, the block



copolymer film morphology may or may not match the bulk morphology of the block

copolymer.

Density

Feature density is limited only by the critical dimensions (feature size and

distance between features) obtainable with block copolymer films. Block copolymer

films having critical dimensions as low as 2 nm or 3 nm have been observed. The

methods are not limited to these dimensions but may be applied to any block

copolymer material. As examples, block copolymer films having L0 (e.g., cylinder

center-to-center distance) of 50 nm correspond to feature densities of 300

gigafeature/in , which corresponds to 300 Gbit/in pattern media. L0 of 20 nm

corresponds to a density of about 1.9 terabit/in2 and 10 nm to 7 Tbit/in2. Using block

copolymers materials with L0 as low as 2 or 3 nm, densities greater than 100 Tbit/in2

may be obtained. According to various embodiments, the patterns in the block

copolymer films, or nanoimprint templates produced from these films, have densities

of at least 500 Gfeature/in2, 800 Gfeature/in2, at least 1 Tfeature/in2, at least 5

Tfeature/in2, at least 6 Tfeature/in2, at least 7 Tfeature/in2, at least 8 Tfeature/in2, at

least 9 Tfeature/in2, at least 10 Tfeature/in2, at least 12 Tfeature/in2 or at least 15

Tfeature/in2.

Current state of the art lithographic methods have difficulty in producing

films having greater than 500 Gbit/in that also have the quality required for patterned

media quality. E-beam and other conventional lithographic techniques sacrifice

quality and writing speed for density; while e-beam lithography has been used to

pattern hexagonally-closed packed dots at densities greater than 500 Gbit/in2 (true?),

the quality of these patterns is insufficient to meet pattern media standards, or in cases

where especially high resolution resists are used, like CaF, the writing time becomes

prohibitively long to produce a pattern large enough for a patterned media disk.

According to various embodiments, the block copolymer film patterns and

resulting structures such as nanoimprint templates are characterized by one or more

quality measurements including feature size distribution, feature placement error,

placement of arrays of elements. The high quality patterns are made possible not only

because of the pattern rectification described above, but also because density



multiplication methods allow the initial substrate patterns to have lower density.

Since feature and pattern quality of e-beam and optical lithography improves as

feature density is lowered, density multiplication allows higher quality substrate

patterns to be used.

Feature Size Distribution

The rectification methods described herein narrow feature size distribution

over the substrate pattern feature size distribution. (It should be noted that while

rectification makes the feature size more uniform, it does not necessarily result in the

feature size of the bulk block copolymer material.) Feature size may be quantified by

feature width or feature area. In certain embodiments, lamellar feature size may be

feature width and dot feature size may be surface area (e.g., surface area of a cylinder

end) or dot diameter. According to various embodiments, the standard deviation σ of

dot diameter is no more than about 5% of mean feature diameter or width. In certain

embodiments, standard deviation σp of dot diameter is no more than about 2% of

mean feature diameter or width. For dots, in certain embodiments, the standard

deviation σp of feature area is no more than 10% of mean feature area, or in certain

embodiments, no more than 5% of mean feature area. In specific examples, σp of

feature area is less than 25 nm2, less than 15 nm2 or less than 10 nm2. Also in certain

embodiments, the σp is no more than 50% of the standard deviation σs of substrate

pattern feature size (or of an e-beam lithographic pattern of the same feature density).

Placement Error

Low placement error is important for pattern media. Read/write devices, such

as a hard disk drive, are programmed to expect a bit every "x" nm along substantially

circular tracks; if the placement error is too large and the bit is not where the device

expects it to be, the data error rate increases. Figure 10 shows an example of

placement error as measured for hexagonally-arrayed bits of a pattern media disk

1001. In this example, cross-track (y) and down track (x) placement errors are

measured. (In certain embodiments, the head flies along the circumferential down

track bits.) Placement error P may be calculated as:

P = absolute value [(actual location of dot) - (ideal location of dot)]



In other embodiments, placement error P may be calculated for two adjacent dots may

be calculated along each of the x and y axes as the absolute value of the difference of

the actual dot placements vs. the ideal difference. According to various embodiments,

the standard deviation σp of placement error across all dots is no more than 5% of the

pattern pitch Lp or other characteristic length, or 2% of the pattern pitch. In certain

embodiments, the standard deviation σp of placement error is no more than 1 nm.

A technological benchmark for the quality of the patterns is garnered from

transferring the pattern to the underlying substrate. The block copolymer film

produced by density multiplication has a vertical side-wall profile suitable for pattern

transfer. Figures H A and H B shows SEM images of pattern transfer using a

directed block copolymer template with density multiplication (Lp = 39 nm, Ls = 78

nm). Using a lift-off technique 20nm tall Si pillars were created. A block copolymer

film like the one shown in Figure 8F (Ls=78nm, Lp=39nm) was generated. The

PMMA cylinder domain was removed and remaining pores were cleaned with oxygen

plasma. 7nm of Cr was deposited by e-beam evaporation and PS mask was removed

using a piranha solution leaving Cr dots on the surface. Figure H A shows an SEM

image of the Cr dots after lift-off. A CHF4 reactive ion etch was used to generate

20nm Si pillars. An SEM image of the 20 nm tall pillars etched using the Cr mask is

shown in Figure HB. The pillars were uniform over the entire sample (3mm long)

and otherwise identical to those formed in patterns where Ls=39nm. Taken together,

molecular simulation and pattern transfer results demonstrate that the degree of

perfection, registration and vertical side-wall profiles of the enhanced resolution

templates provide a path based on e-beam patterning and directed assembly of block

copolymers of bit patterned media at densities over lTb/in 2.

APPLICATIONS

Applications include pattern transfer as well as functionalizing one or more

domains of the assembled block copolymer structure. In certain embodiments,

patterned media and methods for fabricating pattern media are provided. Figure 12

shows a patterned media disk 1200. Insets show dots 1201 and lines 1203 that may

patterned on the disk for data storage. The methods described herein may be used to

generate the patterns of dots, lines or other patterns for patterned media. According to

various embodiments, the resulting block copolymer films, nanoimprint templates,

and patterned media disks are provided. As discussed above, the nanoimprint



templates and patterned disks have higher quality and higher density than

conventional templates and disks.

In certain embodiments, a nanoimprint template is generated. A nanoimprint

template is a substrate with a topographic pattern which is intended to be replicated on

the surface of another substrate. There are several types of nanoimprinting processes.

For UV-cure nanoimprinting, the template is a UV-transparent substrate (for example,

made of quartz) with etched topographic features on one side. The patterned side of

the template is brought into contact with a thin film of UV-curable liquid nanoimprint

resist on the substrate to which the pattern is intended to be transferred. The liquid

conforms to the topographic features on the template, and after a brief UV exposure,

the liquid is cured to become a solid. After curing, the template is removed, leaving

the solid resist with the replicated inverse topographic features on the second

substrate. Thermal nanoimprinting is similar, except that instead of UV-light curing a

liquid resist, heat is used to temporarily melt a solid resist to allow flow of the resist to

conform with topographic features on the template; alternatively, heat can be used to

cure a liquid resist to change it to a solid. For both approaches, the solid resist pattern

is then used in subsequent pattern transfer steps to transfer the pattern to the substrate

(or the resist may be used directly as a functional surface itself).

The nanoimprint template may be generated by selectively removing one

phase of the block copolymer pattern and replicating the topography of the remaining

polymer material with a molding or nanoimprinting process. In certain embodiments,

the nanoimprint template may be generated with one or more additional pattern

transfer operations. Figure 13A is a process flow diagram illustrating operations in

creating and using a nanoimprint template according to certain embodiments. First, a

block copolymer film is directed to assemble on substrate with a chemical contrast

pattern (1301). This is done in accordance with the methods described above with

respect to Figures 3 and 5. One of the domains of the block copolymer film is then

removed, e.g., by an oxygen plasma, thereby creating raised or recessed features

(1303). The topographic pattern is then transferred to a substrate (1305). According

to various embodiments, the pattern may be transferred by using the remaining

polymer material as an etch mask for creating topography in the underlying substrate,

or by replicating the topography in a second substrate using a molding or

nanoimprinting process. The resulting structure is then replicated by nanoimprinting

to create patterned media (1307). The flow diagram shown in Figure 13 is just an



example of a process. In certain embodiments, the structure created by selective

removal of one of the polymer phases in 1303 may be used as the patterned media

template, e.g., after treating or functionalizing the remaining phase hi other

embodiments, additional pattern transfer operations may occur between generating the

block copolymer film and creating patterned media.

Figure 13B illustrates an example of a nanoimprint process using a template

according to various embodiments. First, at 1350, a cross-section of a nanoimprint

template 1351 having features 1353 is shown. (Note that the features 1353 are raised;

alternatively the recesses between these raised pillars or cylinders may be considered

features). A second substrate to which the patterned is to be transferred is shown at

1355. According to various embodiments, template 1351 may be a block copolymer

film after selective removal of one phase, or may have been generated as described

above in operation 1305 of Figure 13A. Similarly, second substrate 1355 may be a

disk to be patterned for data storage or an intermediate component in generating such

as disk. In certain embodiments, a layer of resist (e.g., a UV-curable liquid resist) is

on the substrate 1355.

At 1360, the second substrate 1355 is brought into contact with template 1351,

thereby replicating the topography of the template. For example, a liquid resist on

substrate 1355 conforms to the topographic features on the template, and after a brief

UV exposure, the liquid is cured to become a solid. The resulting patterned structure

1357 is shown at 1370.

In many patterned media applications, the patterned media is in the form of a

circular disk, e.g., to be used in hard disk drives. These disks typically have inner

diameters as small as 7 mm and outer diameters as large as 95 mm. The patterned

features may be arranged in circular tracks around a center point. The block

copolymer films used to fabricate these patterned media disks are also circular. In

certain embodiments, the patterns on the original substrate, the assembled block

copolymer films, the nanoimprint templates and the pattern media are divided into

zones, with the angular spacing of the features (dots) within a zone constant.

Figure 14 shows an example of a patterned media disk patterned with hexagonally

arrayed dots. The nominally hexagonal pattern of dots is relaxed near the center of

each radial zone. Within each zone or circumferential band, however, the pattern

becomes compressed in the circumferential (but not radial) direction moving in

toward the center of the disk. Likewise, within each zone, the pattern is



circumferentially stretched moving outward toward the edge of the disk away from

the center.

Each zone is made up of dots on circular tracks (so that a head can fly along a

track circumferentially to read or write data). According to various embodiments, the

stretching and compression is done in a way such that the number of dots all the way

around a single track is constant. This means that the dots are arranged with constant

angular spacing along a track, when viewing rotationally with respect to the center of

the disk. This also means that the circumferential spacing of the dots within a single

zone scales with the radius. Thus, the amount of stretching and compressing needed

corresponds to the radial width of a zone. The spacing between tracks is kept

constant; only the circumferential direction gets stretched or compressed.

Each zone has its own constant angular spacing of dots, and that spacing is

chosen so that the self-assembled pattern is in the relaxed state near the center of the

zone. For example, if we are using block copolymers with a natural period of 39 nm,

then the spacing of dots in the center of each zone is 39 nm, and is more compressed

(e.g., 36 nm spacing) along a track at the inner edge of a zone, and stretched (e.g., 42

nm spacing) at the outer edge of a zone. In Figure 14, the pattern in the middle of

zones 3 and 4 is the relaxed pattern (same periodicity in both zones). Likewise, at the

outer edge of both zones 3 and 4, the pattern has been stretched by a comparable

amount. For self-assembly of block copolymers, the precursor e-beam pattern is

written with this zone-wise stretching and compression. If each zone is not too wide,

the block copolymer forms a commensurate pattern on the precursor pattern,

following the compression and stretching that has been written by the e-beam into the

precursor pattern. As described above, the block copolymer film assembly is fairly

tolerant, allowing the distance between dots on the chemical pattern to vary by +/-

0.1L0. This allows a block copolymer film deposited on a zone to form a

commensurate pattern. According to various embodiments, the width of the zone may

be on the order of 1 mm, though this can vary depending on the pattern and the block

copolymer used.

Also provided are disk drive systems having rotatable magnetic disks, such as

those described above. Referring now to Figure 15, there is shown a disk drive 1500

in accordance with one embodiment of the present invention. As shown in Figure 15,

at least one rotatable magnetic disk 1512 is supported on a spindle 1514 and rotated

by a disk drive motor 1518. The magnetic recording on each disk is typically in the



form of an annular pattern of concentric data tracks (not shown) on the disk 1512.

At least one slider 1513 is positioned near the disk 1512, each slider 1513

supporting one or more magnetic read/write heads 1521. As the disk rotates, slider

1513 is moved radially in and out over disk surface 1522 so that heads 1521 may

access different tracks of the disk where desired data are recorded and/or to be

written. Each slider 1513 is attached to an actuator arm 1519 by means of a

suspension 1515. The suspension 1515 provides a slight spring force which biases

slider 1513 against the disk surface 1522. Each actuator arm 1519 is attached to an

actuator 1527. The actuator 1527 as shown in Figure 15 may be a voice coil motor

(VCM). The VCM comprises a coil movable within a fixed magnetic field, the

direction and speed of the coil movements being controlled by the motor current

signals supplied by controller 1529.

During operation of the disk storage system, the rotation of disk 1512

generates an air bearing between slider 1513 and disk surface 1522 which exerts an

upward force or lift on the slider. The air bearing thus counter-balances the slight

spring force of suspension 1515 and supports slider 1513 off and slightly above the

disk surface by a small, substantially constant spacing during normal operation. Note

that in some embodiments, the slider 1513 may slide along the disk surface 1522.

The various components of the disk storage system are controlled in operation

by control signals generated by control unit 1529, such as access control signals and

internal clock signals. Typically, control unit 1529 comprises logic control circuits,

storage (e.g., memory), and a microprocessor. The control unit 1529 generates control

signals to control various system operations such as drive motor control signals on

line 1523 and head position and seek control signals on line 1528. The control signals

on line 1528 provide the desired current profiles to optimally move and position slider

1513 to the desired data track on disk 1512. Read and write signals are communicated

to and from read/write heads 1521 by way of recording channel 1525.

The above description of a typical magnetic disk storage system, and the

accompanying illustration of Figure 15 is for representation purposes only. It should

be apparent that disk storage systems may contain a large number of disks and

actuators, and each actuator may support a number of sliders.

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

for all purposes.



Claims:

1. A nanoimprint template comprising: a template body having first or second

opposed sides; a first pattern disposed on said first side, said pattern comprising

recessed or raised periodic features; wherein the density of said features is greater

than about 1 tera-feature per square inch.

2. The nanoimprint template of claim 1 wherein the density of said features is

greater than about 2 tera-features per square inch.

3. The nanoimprint template of claim 1 wherein the density of said features is

greater than about 7 tera-features per square inch.

4. The nanoimprint template of any of claims 1-3 wherein the standard deviation

σ of feature placement error from an ideal periodic pattern is no more than about 1

nm.

5. The nanoimprint template of any of claims 1-3 wherein the standard deviation

σ of feature placement error from an ideal pattern is no more than about 5% of the

ideal pattern pitch.

6. The nanoimprint template of any of claims 1-3 wherein the standard deviation

σ of feature placement error from an ideal pattern is no more than about 2% of the

ideal pattern pitch.

7. The nanoimprint template of any of claims 1-3 wherein the first pattern

comprises a two dimensional array and the standard deviation of the feature

placement error from an ideal array is no more than about 1 nm.

8. The nanoimprint template of any of claims 1-3 wherein each feature comprises

a top surface having a top surface area, wherein the standard deviation of the size

distribution of the top surface areas of the pattern is no more than about 10% of the

mean feature size.



9. The nanoimprint template of any of claims 1-3 wherein each feature comprises

a top surface having a lateral dimension, wherein the standard deviation of the lateral

dimensions of the pattern is no more than about 5% of the mean lateral dimension.

10. The nanoimprint template of any of claims 1-3 wherein each feature comprises

a top surface having a top surface area, wherein the standard deviation of the top

surface areas of the pattern is no more than about 2% of the mean feature size.

11. The nanoimprint template of claim 1 further comprising a second pattern

region disposed on said first side.

12. The nanoimprint template of claim 1 wherein the first pattern has circular

symmetry about a center point.

13. The nanoimprint template of claim 12 wherein the first pattern has an inner

diameter of at least about 7 mm and an outer diameter of no more than about 98 mm.

14. The nanoimprint template of claim 1 wherein first pattern comprises features

arranged in circular tracks around a center point.

15. The nanoimprint template of claim 1 further comprising one or more

additional patterns disposed on said first side wherein the first pattern and the one or

more additional patterns each comprise features arranged in circular tracks around a

center point.

16. The nanoimprint template of claim 15 wherein the first pattern and one or

more additional patterns are arranged in circumferential bands, wherein each band

comprises features at a constant angular periodicity about the central point.

17. The nanoimprint template of claim 1 wherein the pattern has long range order

over a surface area of at least about at least one square inch or ten square cm.

18. The nanoimprint template of claim 1 wherein the features are dots.



19. A patterned media disk comprising a disk having first or second opposed

sides; a first pattern disposed on said first side, said pattern comprising recessed or

raised periodic features; wherein the density of said features is greater than about 1

tera-feature per square inch.

20. The patterned media disk of claim 19 wherein the density of said features is

greater than about 2 tera-features per square inch.

2 1. The patterned media disk of claim 19 wherein the density of said features is

greater than about 7 tera-features per square inch.

22. The patterned media disk of any of claims 19-21 wherein the standard

deviation σ of feature placement error from an ideal periodic pattern is no more than

about 1 nm.

23. The patterned media disk of any of claims 19-21 wherein the standard

deviation σ of feature placement error from an ideal pattern is no more than about 5%

of the ideal pattern pitch.

24. The patterned media disk of any of claims 19-21 wherein the standard

deviation σ of feature placement error from an ideal pattern is no more than about 2%

of the ideal pattern pitch.

25. The patterned media disk of any of claims 19-21 wherein the first pattern

comprises a two-dimensional array and the standard deviation of the feature

placement error from an ideal array is no more than about 1 nm.

26. The patterned media disk of any of claims 19-21 wherein each feature

comprises a top surface having a top surface area, wherein the standard deviation of

the size distribution of the top surface areas of the pattern is no more than about 5% of

the mean feature size.



27. The patterned media disk of any of claims 19-21 wherein each feature

comprises a top surface having a lateral dimension, wherein the standard deviation of

the lateral dimensions of the pattern is no more than about 5% of the mean lateral

dimension.

28. The patterned media disk of any of claims 19-21 wherein each feature

comprises a top surface having a top surface area, wherein the standard deviation of

the top surface areas of the pattern is no more than about 2% of the mean feature size.

29. The patterned media disk of any of claims 19-21 further comprising a second

pattern region disposed on said first side.

30. The patterned media disk of claim 19 wherein the first pattern has circular

symmetry about a center point.

3 1. The patterned media disk of claim 30 wherein the first pattern has an inner

diameter of at least about 7 mm and an outer diameter of no more than about 98 mm.

32. The patterned media disk of claim 19 wherein first pattern comprises features

arranged in circular tracks around a center point.

33. The patterned media disk of claim 19 further comprising one or more

additional patterns disposed on said first side wherein the first pattern and the one or

more additional patterns each comprise features arranged in circular tracks around a

center point.

34. The patterned media disk of claim 33 wherein the first pattern and one or more

additional patterns are arranged in circumferential bands, wherein each band

comprises features at a constant angular periodicity about the central point.

35. The patterned media disk of claim 19 wherein the pattern has long range order

over a surface area of at least about at least one square inch or ten square cm.



36. The patterned media disk of claim 19 wherein the features are pillars raised

above the disk surface.

37. The patterned media disk of claim 19 wherein the features are recessed below

the disk surface.

38. The patterned media disk of claim 19 wherein the pattern is transferred to the

substrate from a block copolymer film.

39. The patterned media disk of claim 38 wherein the pattern is transferred to the

substrate from a block copolymer film via at least one nanoimprint template.

40. A method of forming dense periodic patterns, the method comprising: forming

a first pattern on a substrate, wherein said first pattern comprises pattern features

defined by activated regions on the substrate; depositing a block copolymer material

on the first pattern; ordering the block copolymer material to form a second pattern

comprising pattern features defined by microphase-separated domains of the block

copolymer material, wherein the features of the second pattern are registered with the

substrate and wherein the feature density of the second pattern is greater than that of

the first pattern.

4 1. The method of claim 40 wherein the ratio of the feature density of the second

pattern to the feature density of the first pattern is at least 2:1.

42. The method of claim 40 wherein the ratio of the feature density of the second

pattern to the feature density of the first pattern is at least 4:1.

43. The method of claim 40 wherein the ratio of the feature density of the second

pattern to the feature density of the first pattern is at least 9:1.

44. The method of any of claims 40-43 wherein the first pattern is a periodic

pattern.



45. The method of any of claims 40-43 wherein first pattern is an aperiodic

pattern.

46. The method of any of claims 40-43 wherein forming the first pattern on the

substrate comprises forming the first pattern in a thin film deposited on the substrate.

47. The method of claim 46 wherein the film is a self-assembled monolayer.

48. The method of claim 46 wherein the thin film comprises a polymer brush.

49. The method of claim 46 wherein the thin film has a preferential affinity for a

component polymer of the block copolymer material.

50. The method of claim 46 wherein the thin film has about equal affinities to

each of the component polymers of the block copolymer material.

5 1. The method of claim 46 wherein forming the first pattern on the substrate

comprises e-beam exposure of a resist coating disposed on top of a thin film to form

an e-beam pattern, developing the e-beam pattern and locally modifying chemical

properties of the thin film by exposing the thin film through open regions of the

developed e-beam pattern to a modification agent.

52. The method of claim 5 1 wherein the modification agent comprises chemically

reactive ions.

53. The method of claim 52 wherein reactive ions comprise oxygen ions.

54. The method of claim 5 1 wherein exposing the thin film to a modification

agent comprises exposing the thin film to physical bombardment by ions or particles.

55. The method of claim 54 wherein the ions or particles are inert gas ions or

particles.



56. The method of any of claims 40-43 further comprising transferring the second

pattern to a media disk for magnetic recording.

57. The method of any of claims 40-43 wherein the substrate pattern comprises

discrete spots.

58. The method of any of claims 40-43 wherein the second pattern features

comprise cylinders oriented perpendicular to the substrate.

59. The method of any of claims 40-43 wherein the substrate pattern comprises

stripes.

60. The method of any of claims 40-43 wherein second pattern features comprise

lamellae oriented perpendicular to the substrate.

6 1. A method of forming a dense periodic pattern on a substrate, the periodic

pattern at least approximating an ideal periodic pattern, the method comprising:

forming a first pattern on the substrate, wherein said first pattern comprises pattern

features defined by activated regions on the substrate; depositing a block copolymer

material on the first pattern; ordering the block copolymer material to form a second

pattern comprising pattern features defined by microphase-separated domains of the

block copolymer material, wherein the features of the second pattern are registered

with the substrate and wherein the feature placement error of the second pattern is less

than that of the first pattern, said feature placement error being the deviation in feature

placement of a pattern from the ideal periodic placement.

62. The method of claim 6 1 wherein the standard deviation σ of feature placement

of the second pattern from the ideal periodic pattern is no more than about 1 nm.

63. The method of claim 6 1 wherein the standard deviation σ of feature placement

of the second pattern from the ideal pattern is no more than about 5% of the pitch of

the ideal pattern.



64. The method of claim 6 1 wherein the standard deviation σ of feature placement

of the second pattern from the ideal pattern is no more than about 2% of the pitch of

the ideal pattern.

65. The method of any of claims 61-64 wherein the first pattern and second

pattern have approximately the same feature density.

66. The method of any of claims 61-64 wherein the features of first pattern

correspond to a subset of features of the ideal pattern.

67. The method of any of claims 61-64 wherein the ideal pattern is a 2-

dimensional array of dots and the standard deviation of the feature placement of the

second pattern from the ideal pattern is no more than about 1 nm.

68. The method of any of claims 61-64 wherein each feature comprises a top

surface having a top surface area, wherein the size distribution of the top surface areas

of the second pattern is narrower than the size distribution of the top surface areas of

the first pattern.

69. The method of any of claims 61-64 wherein each feature comprises a top

surface having a lateral dimension, wherein the standard deviation of the lateral

dimensions of the pattern is no more than about 5% of the mean lateral dimension.

70. The method of any of claims 61-64 wherein forming the first pattern on the

substrate comprises forming the first pattern in a thin film deposited on the substrate.

7 1. The method of claim 70 wherein the film is a self-assembled monolayer.

72. The method of claim 70 wherein the thin film comprises a polymer brush.

73. The method of claim 70 wherein the thin film has a preferential affinity for a

component polymer of the block copolymer material.



74. The method of claim 70 wherein the thin film has about equal affinities to

each of the component polymers of the block copolymer material.

75. The method of claim 6 1 wherein forming the first pattern on the substrate

comprises e-beam exposure of a resist coating disposed on top of a thin film to form

an e-beam pattern, developing the e-beam pattern and locally modifying chemical

properties of the thin film by exposing the thin film through open regions of the

developed e-beam pattern to a modification agent.

76. The method of claim 75 wherein the modification agent comprises chemically

reactive ions.

77. The method of claim 76 wherein reactive ions comprise oxygen ions.

78. The method of claim 75 wherein exposing the thin film to a modification

agent comprises exposing the thin film to physical bombardment by ions or particles.

79. The method of claim 78 wherein the ions or particles are inert gas ions or

particles.

80. The method of any of claims 61-64 further comprising transferring the second

pattern to a media disk for magnetic recording.

81. The method of any of claims 61-64 wherein the substrate pattern comprises

discrete spots.

82. The method of any of claims 61-64 wherein the second pattern features

comprise cylinders oriented perpendicular to the substrate.

83. The method of any of claims 61-64 wherein the substrate pattern comprises

stripes.

84. The method of any of claims 61-64 wherein second pattern features comprise

lamellae oriented perpendicular to the substrate.



85. A magnetic disk drive system, comprising:

a patterned media disk comprising a disk having first or second opposed sides;

a first pattern disposed on said first side, said pattern comprising recessed or raised

periodic features; wherein the density of said features is greater than about 1 tera-

feature per square inch;

a hub holding said patterned media disk rotatablly;

a spindle motor rotating said hub;

a magnetic head recording or reproducing information to or from said

patterned media disk; and

an actuator holding and locating said magnetic head at a predetermined

position on said patterned media disk.

86. The magnetic disk drive system of claim 85 wherein the density of said

features is greater than about 2 tera-features per square inch.

87. The magnetic disk drive system of claim 85 wherein the density of said

features is greater than about 7 tera-features per square inch.

88. The magnetic disk drive system of any of claims 85-87 wherein the standard

deviation σ of feature placement error from an ideal periodic pattern is no more than

about 1 nm.

89. The magnetic disk drive system of any of claims 85-87 wherein the standard

deviation σ of feature placement error from an ideal pattern is no more than about 5%

of the ideal pattern pitch.

90. The magnetic disk drive system of any of claims 85-87 wherein the standard

deviation σ of feature placement error from an ideal pattern is no more than about 2%

of the ideal pattern pitch.

9 1. The magnetic disk drive system of any of claims 85-87 wherein the first

pattern comprises a two-dimensional array of features and the standard deviation of

the feature placement error from an ideal array is no more than about 1 nm.



92. The magnetic disk drive system of any of claims 85-87 wherein each feature

comprises a top surface having a top surface area, wherein the standard deviation of

the size distribution of the top surface areas of the pattern is no more than about 10%

of the mean feature size.

93. The magnetic disk drive system of any of claims 85-87 wherein each feature

comprises a top surface having a lateral dimension, wherein the standard deviation of

the lateral dimensions of the pattern is no more than about 5% of the mean lateral

dimension.

94. The magnetic disk drive system of any of claims 85-87 wherein each feature

comprises a top surface having a top surface area, wherein the standard deviation of

the top surface areas of the pattern is no more than about 2% of the mean feature size.

95. The magnetic disk drive system of any of claims 85-87 further comprising a

second pattern region disposed on said first side.

96. The magnetic disk drive system of any of claims 85-87 wherein the first

pattern has circular symmetry about a center point.

97. The magnetic disk drive system of claim 96 wherein the first pattern has an

inner diameter of at least about 7 mm and an outer diameter of no more than about 98

mm.

98. The magnetic disk drive system of claim 85 wherein first pattern comprises

features arranged in circular tracks around a center point.

99. The magnetic disk drive system of claim 85 further comprising one or more

additional patterns disposed on said first side wherein the first pattern and the one or

more additional patterns each comprise features arranged in circular tracks around a

center point.



100. The magnetic disk drive system of claim 99 wherein the first pattern and one

or more additional patterns are arranged in circumferential bands, wherein each band

comprises features at a constant angular periodicity about the central point.

101 . The magnetic disk drive system of claim 85 wherein the pattern has long range

order over a surface area of at least about at least one square inch or ten square cm.

102. The magnetic disk drive system of claim 85 wherein the features are pillars

raised above the disk surface.

103. The magnetic disk drive system of claim 85 wherein the features are recessed

below the disk surface.

104. The magnetic disk drive system of claim 85 wherein the pattern is transferred

to the substrate from a block copolymer film.

105. The magnetic disk drive system of claim 104 wherein the pattern is transferred

to the substrate from a block copolymer film via at least one nanoimprint template.
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