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DIRECTED ASSEMBLY OF TRIBLOCK
COPOLYMERS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority under 35 USC §119(e)
from U.S. Provisional Application No. 60/726,766, filed Oct.
14, 2005, which is hereby incorporated by reference in its
entirety and for all purposes.

FIELD OF THE INVENTION

The invention relates to methods of nanofabrication tech-
niques. More specifically, the invention relates to patterning
materials at the nanoscale level utilizing block copolymers.

BACKGROUND OF THE INVENTION

As the development of nanoscale mechanical, electrical,
chemical and biological devices and systems increases, new
processes and materials are needed to fabricate nanoscale
devices and components. This is especially true as the scale of
these structures decreases into the tens of nanometers. There
is a particular need for materials and methods that are able to
duplicate nanoscale patterns over large areas with perfect or
near-perfect registration of the pattern features. Block
copolymer materials are useful in nanofabrication because
they self-assemble into distinct domains with dimensions in
the tens of nanometers or lower.

However, existing methods of using block copolymer
material suffer from several limitations. Approaches that rely
solely on copolymer self-assembly suffer from defects in the
patterns. One approach to nanopatterning with block copoly-
mers combines chemical patterning of a substrate by
advanced lithographic techniques with the self-assembly of
diblock copolymers. The chemical pattern directs the self-
assembly of the diblock copolymer, producing perfect or
near-perfect duplication of the pattern and registration of the
pattern features over a large area.

However, thus far the use of directed self-assembly has
been limited to replicating the two-dimensional pattern of the
substrate in the diblock copolymer film.

What are needed therefore are methods and compositions
for creating block copolymer films with more complex mor-
phologies.

SUMMARY OF THE INVENTION

The present invention provides methods of directed self-
assembly of multi-block (i.e., triblock and higher-order)
copolymers on patterned substrates. According to various
embodiments, the methods involve depositing copolymer
materials on substrates configured to drive the assembly of
micro-phase separated films that exhibit the same morphol-
ogy as that copolymer materials in the bulk. In certain
embodiments, binary patterns are used to drive the triblock
copolymer films. The binary two-dimensional surface pat-
terns are transformed into three-component and three-dimen-
sional structures throughout the thickness of the overlying
copolymer films. The films formed may be characterized by
one or more of the following: 1) each phase is registered with
the underlying substrate, 2) each phase is addressable at the
substrate and the surface of the film and 3) the morphology is
perfectly organized or ordered over arbitrarily large areas.
The morphology of the registered and addressable film may
be any that triblock (or higher order) copolymers self-as-
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2

semble into in the bulk, including morphologies of discrete
and multiple continuous domains. Applications of the meth-
ods and compositions of the invention include forming masks
for further processing steps, for example, in semiconductor
processing and forming nanoscale functional features, for
example, conductive lines or contacts.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows ideal phase behavior of diblock copolymers.

FIG. 2 shows spherical, cylindrical and lamellar ordered
copolymer domains formed on substrates.

FIG. 3 A shows examples of triblock copolymer structures
that may be formed using activated two-dimensional tem-
plates patterned with alternating stripes.

FIG. 3B shows examples of triblock copolymer structures
that may be formed using activated two-dimensional tem-
plates patterned with hexagonal arrays of spots according to
methods of the present invention.

FIG. 4A shows examples of triblock copolymer structures
that may be formed using activated two-dimensional tem-
plates patterned with square arrays of spots according to
methods of the present invention.

FIG. 4B shows an example of a multiply continuous tri-
block copolymer structure that may be formed using the
methods of the present invention.

FIG. 5 shows a schematic of a method according to an
embodiment of the invention. In the schematic, assembly of a
copolymer structure having coaxial cylinders is shown.

FIG. 6 shows an example of a unit cell of the Q*'* phase of
a triblock copolymer and a rough schematic of the 2-D pro-
jection of one of the faces of the unit cell.

FIGS. 7A-C show examples of selected applications of
registered thin film block copolymer structures.

FIG. 8A shows a schematic representation of a procedure
used to create nanopatterned substrates and direct the assem-
bly of a triblock PISO copolymer according to a method of the
present invention.

FIG. 8B is an SEM micrograph of a nanopatterned surface
that was patterned using the procedure depicted in FIG. 8A.

FIG. 8C is an SEM micrograph of lamellar domains
directed to assemble perpendicular to the substrate depicted
in FIG. 8B.

FIG. 8D is an SEM image of lamellar domains of an
assembled PISO triblock copolymer structure. A schematic
of the assembled structure showing domain and pattern
dimensions is also shown.

FIG. 9A is a schematic of the top view of an example of a
desired metal contact structure having cylindrical metal con-
tacts and lines of a semiconductor material that may be
formed by embodiments of the present invention.

FIG. 9B is a schematic of the top view of an assembled
triblock copolymer that may be used to fabricate the structure
shown in FIG. 9A.

FIG. 9C shows a schematic representation of a procedure
used to create nanopatterned substrates and direct the assem-
bly of the triblock copolymer shown in FIG. 9B on a substrate
according to a method of the present invention.

FIG. 9D shows a schematic representation of a procedure
used to fabricate a metal contact structure as depicted in FIG.
9A from the assembled triblock copolymer depicted in FIG.
9C.

FIG. 10A shows a schematic representation of a procedure
used to direct assembly of a triblock copolymer that may be
used to fabricate sub-lithographic features.
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FIGS. 10B and 10C show schematic representations of
sub-lithographic features that may be fabricated from the
assembled triblock copolymer shown in FIG. 10A.

DESCRIPTION OF THE INVENTION

Reference will now be made in detail to specific embodi-
ments of the invention. Examples of the specific embodi-
ments 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, modifi-
cations, 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 spe-
cific details. In other instances, well known process opera-
tions have not been described in detail in order not to unnec-
essarily obscure the present invention.

The present invention relates to complex block copolymer
structures and methods of fabricating them. Whereas directed
self-assembly of block copolymers has previously focused on
diblock copolymers, the methods of the invention use triblock
and higher order copolymers to create more complex struc-
tures. The applications and uses of these structures are sub-
stantially greater than possible with diblock copolymers.
More information may be encoded than possible with diblock
copolymers (e.g., as a photoresist for pattern transfer) and
patterning and manufacturing in three-dimensions using
copolymer materials is possible.

According to various embodiments, the present invention
provides methods of directing the assembly of triblock (and
higher order) copolymers of different compositions into a
number of fabrication templates with complex architectures
and perfect ordering over areas as large as chips, throughout
films that are thick enough to be considered (from a device
manufacturing standpoint) three-dimensional, and precisely
registered with the underlying substrate. In certain embodi-
ments, assembly is directed by simple binary two-dimen-
sional patterns in chemical functionality. The patterns may be
lithographically defined.

Block copolymers are a class of polymers synthesized
from two or more polymeric blocks. Diblock copolymer AB
(or A-b-B) may be represented as, for example, AAAAAAA-
BBBBBBBB, etc., with each “A” or “B” representing a
monomer. The size of each block may be varied. As indicated
above, block copolymers self-segregate into individual
domains under appropriate conditions. FIG. 1 illustrates the
ideal phase behavior ofa diblock copolymer AB. The graph in
FIG. 1 shows, i (where 7 is the Flory-Huggins interaction
parameter and N is the degree of polymerization) as a func-
tion of the volume fraction, f, of a block (A) in a diblock
(A-b-B) copolymer. i is related to the energy of mixing the
blocks in a diblock copolymer and is inversely proportional to
temperature. FIG. 1 shows that at a particular temperature and
volume fractions of A and B, the diblock copolymers
microphase separate into domains of different morphological
features. As indicated in FIG. 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
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approximately equal, lamellar domains (L) or alternating
stripes of the blocks are formed. Representations of the cylin-
drical and lamellar domains at a molecular level are also
shown to the right of the graph. Domain size typically ranges
from 5-50 nm. FIG. 2 shows spherical, cylindrical and lamel-
lar 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 FIG. 2,
cylinders may form parallel or perpendicular to the substrate.

Although the FIGS. 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 sepa-
ration into different domains. FIGS. 3A-4B show examples of
ABC triblock copolymers separated into different domains.
The size and shape of the domains depend on the molecular
weight and composition of the copolymer. These triblock
copolymers are discussed further below.

Block copolymers self-assemble into these microphase
domains at certain conditions, as described above with refer-
ence to FIG. 1. However, undirected self-assembly is not
appropriate for applications requiring registration of domains
with the underlying substrate and the creation of addressable
arrays. Directed self-assembly of block copolymers may be
used to fabricate features in the tens of nanometers—dimen-
sions at which lithographic techniques are impractical or
impossible.

As indicated above, thus far, methods of directing self-
assembled copolymer films involve growing diblock copoly-
mers vertically up from the two-dimensional patterned sub-
strate to replicate the pattern in the film. The present invention
provides methods of directed self-assembly of multi-block
(i.e., triblock and higher-order) copolymers on patterned sub-
strates.

According to various embodiments, the films formed may
be characterized by one or more of the following: 1) each
phase is registered with underlying substrate, 2) each phase is
addressable at the substrate and the surface of the film, and 3)
the morphology is perfectly organized or ordered over arbi-
trarily large areas and throughout films as thick as about 0.5 to
1 micron.

According to various embodiments, the methods involve
depositing a triblock or higher order copolymer material on a
substrate having a pattern, the geometry of which corre-
sponds to a 2-D projection of the bulk morphology of the
copolymer material. The geometry matches the 2-D projec-
tion in symmetry and/or length scale. In particular embodi-
ments, the geometry matches the components in symmetry
and length scale.

In certain embodiments, the methods involve depositing a
triblock or higher order copolymer material on a substrate
having a pattern the geometry of which corresponds to a 2-D
projection of the bulk morphology of one or more compo-
nents of the copolymer material. The geometry matches the
2-D projection in symmetry and/or length scale, in particular
embodiments in both symmetry and length scale.

In certain embodiments, the methods involve depositing a
triblock copolymer material on substrate having a binary
pattern the geometry of which corresponds to a 2-D projec-
tion of the bulk morphology of one of the components of the
copolymer material. The geometry matches the 2-D projec-
tion in symmetry and/or length scale, in particular embodi-
ments, in both symmetry and length scale. The binary patterns
drive the assembly of the triblock copolymer films. Unlike in
previous methods in which binary surface patterns are used
only to replicate the pattern in the two diblock copolymer
domains, the binary two-dimensional surface pattern is trans-
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formed into a three-component and three-dimensional struc-
ture throughout the thickness of the overlying copolymer
film. The result is significantly more complex structures as
the morphology of the film may be any that triblock copoly-
mers self-assemble into in the bulk including morphologies
of discrete and multiple continuous domains.

FIGS. 3A-4B show examples of various morphologies that
self-assemble from A-b-B-b-C triblock copolymers. Using
the methods of the invention, structures that display these
morphologies and are registered with the underlying sub-
strate may be formed. The morphologies shown in FIGS. 3 A,
3B and 4A are examples of the decorated phases—so called
because, for example, a lamellar morphology may be “deco-
rated” with spheres as in structures ¢ and e in FIG. 3A, or with
cylinders as in structures b and d. Structures having multiple
continuous domains are also within the scope of the inven-
tion. A domain is considered continuous if there is a path that
connects any two points in that phase that does not enter any
other phase. Bicontinuous morphologies have two such
phases; the phases of a diblock copolymer exhibiting bicon-
tinuous morphology are interpenetrating meshes, both of
which are completely continuous.

An example of structure having multiple continuous
domains is shown in FIG. 4B—although not seen in the
figure, which shows only a unit cell, each of the two branched
domains connects with all other branches of that domain.
Other examples of structures having multiple continuous
domains are shown in FIG. 6B, discussed below.

As indicated above, in certain embodiments, binary surface
patterns are used to drive the assembly of triblock copoly-
mers. Three-component films having three-dimensional char-
acter are thus formed from simple patterns. For example,
triblock A-b-B-b-C structure a in FIG. 3A shows a ternary
lamellar morphology, alternating A-B-C lamellae. The inven-
tors have found that a binary pattern may be used to drive the
assembly of triblock copolymers if preferential surface inter-
actions of blocks of the copolymer with the activated regions
of the patterned surface result in an overall minimization of
energy so that the desired morphology is formed.

The pattern required to form an n-block copolymer (where
n is at least 3) is thus at least a degree less complex than the
bulk morphology of the copolymer material. This is espe-
cially important for morphologies that are more complex and
would otherwise require complex patterning techniques.

For example, an alternating striped binary pattern (a-b-a-b)
may be used to direct assembly of block copolymers having
two components that form lamellar morphology as the sym-
metry of the substrate pattern matches is matched to the bulk
morphology of these components. Thus, structures a-d
depicted in FIG. 3A may all be formed by using an alternating
stripes binary pattern using the methods of the invention. In
these cases, the pattern matches two components of the tri-
block bulk morphology, with the other component ignored,
i.e., having no corresponding region on the pattern surface.
The alternating stripes pattern may also be thought of as
corresponding to only one of the two lamellar phases. Struc-
tures b, ¢, d and e may also be formed using a binary pattern
with a geometry corresponding to the cylinders or spheres of
these structures. In this case, the pattern matches one compo-
nent of the triblock bulk morphology. Similarly, structures f-h
may be formed using a binary pattern of hexagonally-arrayed
spots and structures i and j may be formed using square arrays
of spots.

FIG. 5A shows a process flowsheet illustrating basic opera-
tions of a method 500 according to an embodiment of the
invention. Firstin an operation 501, a substrate patterned with
n-1 types of activated regions is provided. An activated
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region is a region that is highly preferential to one or more of
the components of the block copolymer material to be depos-
ited on the substrate (i.e., so that it will be wet by those
components and not by the remaining components). Various
methods of patterning a substrate are discussed below. Then
in an operation 503 an n-block copolymer material is depos-
ited on the substrate. An n-block copolymer material is a
material that includes an n-block copolymer (e.g., a n-block
copolymer/homopolymer blend). In the method depicted in
FIG. 5A, n is at least 3. Thus, for a triblock copolymer mate-
rial, the substrate would have a binary pattern. In a method
505, the material is ordered to form a microphase separated
block copolymer structure that is registered with the under-
lying substrate. This may involve, for example, annealing the
block copolymer material above the glass transition tempera-
ture of the blocks of the copolymer material.

As indicated above, the preferential surface interactions of
blocks of the copolymer material with activated regions result
overcome unfavorable blocks/substrate surface interactions,
resulting in an overall minimization of the energy so that the
bulk morphology is obtained. In certain embodiments, there
may be local unfavorable interactions with a block and an
activated region, but the overall energy is minimized.

In certain embodiments, one component of the bulk mor-
phology of a triblock copolymer material may wet a first type
of activated region, and the other two components wet the
second type of activated region of the substrate pattern. This
permits directed assembly of a thin film having a morphology
that matches the bulk morphology of the copolymer material.

In other embodiments, one component corresponds to a
first type of activated regions, a second component corre-
sponds to a second type of activated region and a third com-
ponent may wet both the first and second types of activated
regions (for example, if deposited on an alternating stripe
pattern, the cylinders of structure b in FIG. 3A may span the
two types of regions).

FIG. 5B illustrates a method according to an embodiment
of the invention. In this embodiment, the assembly of the
coaxial cylinder phase (structure fin FIG. 3A) is illustrated.
Prior to the procedure depicted in the figure, a molecularly
thin imaging layer is deposited on the substrate. This layer can
be patterned with regions of different functionality using
advanced lithographic tools, as shown in the schematic. (As
discussed below, this is only an example of a variety of meth-
ods that may be used to pattern a substrate). In this embodi-
ment, the substrate is patterned with a hexagonal array of
spots. The chemistry of the hexagonal arrays of spots in FIG.
5B are tailored to be preferentially wet by phase A or the A
and B components of the triblock copolymer, and the chem-
istry of the regions in between the spots is tailored to be
preferentially wet by the B and C components or the B com-
ponent of the triblock copolymer (i.e., so that the one type of
activated region is preferentially wet by two components and
the other by one components). Thus there are two types of
activated regions on the substrate: the hexagonal array of
spots is one type, and the area between the spots the other
type. After the pattern is created, the triblock A-b-B-b-C
copolymer material is deposited on the patterned substrate. In
the bulk (at the appropriate temperature) the copolymer mate-
rial self-assembles into the coaxial cylinders, as show in
structure fin FIG. 3A. In the method depicted, the copolymer
film is ordered, in this example by annealing, and the film
self-assembles into the coaxial cylinder morphology. The
surface pattern directs the coaxial cylinders to be oriented
perpendicular to the substrate, to be registered with the under-
lying lithographically defined surface pattern, and to form
perfectly ordered addressable arrays. Thus the simple binary
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two-dimensional surface pattern is transformed into a three-
component and three-dimensional structure throughout the
thickness of the overlying copolymer film.

Other structures that may be formed on surfaces patterned
with hexagonal arrays of spots include those depicted in FIG.
3B. Structures that may be formed on surfaces patterned with
on patterns of alternating (a-b-a-b) stripes include those
depicted in FIG. 3A.

In the directed assembly of all the decorated ABC phases,
the chemically patterned substrate allows: 1) the desired ori-
entation of the structures with respect to the substrate, 2)
perfect patterning over arbitrarily large areas, and 3 ) registra-
tion of the structures with the substrate.

Structures that may be grown are not limited to the deco-
rated phases depicted in FIGS. 3A, 3B and 4A but may be any
morphology obtainable in the bulk. The methods of the
present invention are not limited to directed self-assembly of
triblock copolymers but also include directed assembly of
block copolymers having higher numbers of components. For
example, multiblock copolymers described as in Masuda et al
Physical Review Letters 97, 09830 (September 2006), may be
directed to assemble on substrates in accordance with the
methods described herein.

In certain embodiments, an n-block copolymer material is
deposited on a substrate having from 2 to n—1 different chem-
istries or types of activated regions. For example, in one
embodiment, a four-component block copolymer A-B-C-D
may be deposited on a substrate having a ternary (three types
of activated regions) pattern. In certain embodiments,
directed assembly of the A-B-C-D block copolymer may be
accomplished using a binary pattern.

According to certain embodiments, multiply continuous
phases are formed. An example of a multiply continuous
phase structure is shown in FIG. 4B. Other examples of triply
continuous phases are shown in Bailey, T. S., et al., 4 roncu-
bic triplperiodic network morphology in poly(isoprene-b-sty-
rene-b-ethylene oxide) triblock copolymers. Macromol-
ecules, 2002. 35(18): p. 7007-7017. Bates, F. S., Network
phases in block copolymer melts. Mrs Bulletin, 2005. 30(7):
p. 525-532. Epps, T. H., et al., Ordered network phases in
linear poly(isoprene-b-styrene-b-ethylene oxide) triblock
copolymers. Macromolecules, 2004. 37(22): p. 8325-8341.
Epps, T. H., et al., Network phases in ABC triblock copoly-
mers. Macromolecules, 2004. 37(19): p. 7085-7088; which
are hereby incorporated by reference for all purposes. As with
the directed assembly of the decorated phases, the chemically
patterned substrate allows: 1) the desired orientation of the
structures with respect to the substrate, 2) perfect patterning
over arbitrarily large areas, and 3) registration of the struc-
tures with the substrate.

Continuous morphologies can be represented by unit cells;
each face of the unit cells exposing a specific geometric
pattern of the phases of multi-phase block copolymer. An
example of a unit cell of a triblock A-B-C copolymer, spe-
cifically the Q*'* network phase is given in FIG. 6A, along
with along with a rough schematic of the 2-D projection of
one of the faces of the unit cell. (As shown in FIG. 6B, the
actual 2-D projection and TEM image of the copolymer show
that the spots are a generally triangular shape).

Using chemically nanopatterned surfaces with geometries,
dimensions and chemical functionality that are commensu-
rate with a face of a unit cell of a triply continuous phase, the
assembly of films of network-forming copolymers dictated
by the face of the unit cell that is directed to be in contact with
the substrate may be formed. For example, examination of the
Q?'* lattice structure and the two-dimensional projection of
one face of the unit cells in FIG. 6A, shows that it could be
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directed to assemble on a chemically nanopatterned surface
having a pattern of spots in hexagonal arrays. Examples of
other triply continuous networks that could be directed to
assemble by these methods include the O and Q**° phases.
FIG. 6B shows lattice structures (with unit cells) of the Q*'4,
07° and Q**° network phases; 2-D projections of one face of
the unit cells; and TEM images. A hexagonal array of spots
may also be used to direct assembly of the Q**° network
phase, while the O7° network phase requires a more special-
ized surface pattern. For example, to drive assembly of the
O7° phase, a binary pattern having one type of activated
region in the locations of the bright spots of the 2-D projection
and the other type of activated region in the locations of the
black and grey areas of the 2-D projection, could be used. The
binary pattern would thus be spots in a field. Similarly, a
binary pattern having one type of activated region in the
locations of the black spots of the 2-D projection and the other
type of activated region in the locations of the bright and grey
areas of the 2-D projection, etc. could be used.

In certain embodiments, to drive assembly of a triblock
copolymer using a binary pattern, a binary pattern having a
first activated region (e.g., wetting chemistry) that follows
one component of the 2-D projection of bulk morphology and
a second activated region that follows the other two compo-
nents of the 2-D projection is used. It should be noted that any
‘slice’ of the unit cell may be used to obtain the desired
orientation of the assembled copolymer structure on the sub-
strate.

As discussed above with reference to the decorated phases,
in certain embodiments, the first and second types of activated
regions of a binary pattern may respectively correspond to or
be preferentially wet by first and second components of the
block copolymer (e.g., lamellar phases of structure b of FIG.
3 A deposited on an alternating stripes pattern), while the third
component wets both types of activated regions. In that case,
the first component preferentially wets the first type of acti-
vated region, the second component preferentially wets the
second type of activated region and the third component wets
both types of activated regions.

In certain embodiments, the substrate patterns used to form
continuous morphologies have from 2 to n-1 different types
ofactivated regions, corresponding to 2 to n—1 components as
of'the block copolymer material, as discussed above. Also, in
other embodiments, the substrate may be patterned with n
activated regions.

According to various embodiments the multiply continu-
ous films may be characterized by one or more of the follow-
ing 1) each phase is addressable at the substrate and the
surface of the film, 2) the morphology is perfectly organized
or ordered over arbitrarily large areas and throughout films as
thick as about 0.5 to 1 micron, and 3) the network morphology
is oriented is space with precision, dictated by the face of the
unit cell that is directed to be in contact with the substrate.
Applications

Applications of the films described above include enhanc-
ing the lithographic process through the introduction of infor-
mation rich materials such that multiple device layers or
multiple device materials can be patterned in one lithographic
exposure step. In certain embodiments, simple patterns in the
aerial image of an exposure tool (lines or spots) can be facilely
transformed via directed assembly into complex architectures
and reducing the cost of manufacturing at the nanoscale.

For example, in one embodiment, the morphology
depicted in structure d in FIG. 3A is used to pattern contact
holes together with interconnects. Likewise, simple-to-create
patterns of lines or spots are transformed into rich three-
dimensional structures due to the self-assembling nature of
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the triblock copolymer films. For all types of morphologies,
the essential properties of device fabrication may be retained:
the lithographic or other patterning step assures that the
assemblies are defect free (in fact the self-assembly nature of
the copolymer materials would heal some of the lithography
errors or noise) and precisely registered for interconnects or
other input/output strategies.

Further applications include additive and subtractive tem-
plating processes to transfer the domain structure of the poly-
mer films into patterns of' metals, semiconductors, and dielec-

10

ticle and nanocluster arrays of materials including Au, Ag,
Co. Ob, Pt and Fe,O, may be formed by similar methods.
FIG. 7C shows an example of using block copolymer struc-
tures as a soft mask for reactive ion etching. The desired

5 pattern is transferred to the underlying substrate by succes-

sive reactive ion etching processes. An example of an etch Si
structure that may be formed by such a method is shown.
Other applications include forming functional features in the
block copolymer material, for example, nanoscale conductive

10 4.

trics. For example, poly(isoprene) and can be selectively lines.
removed from the three dimensional structures by exposure to Examples of post-processing of copolymer structures and
ozone to create soft masks for etching, or the voids can be their applications are given below. (Although many of the
backfilled by electrodeposition of metals. Polyethylene oxide below examples refer to diblock copolymers, one of skill in
domains can be selectively infused with metal alkoxides in the art will understand how to selectively remove, function-
supercritical carbon dioxide, and condensation reactions alize, etc. domains of triblock and higher order copolymers.)

Block

copolymers

(m)® Methods Patterned materials

1. Block copolymer films as etch masks: Remove one block and etch

PS-b-PI (s) selective ozonization of P1 or PB, and  silicon nitride nano holes and nano

PS-b-PB (s) pattern transfer by RIE dots

PS-b-PMMA  selective removal of PMMA by nanoporous dielectric films, nano-

(c) UV/acid, and pattern transfer by RIE textured silicon, MOS capacitor

PS-b-PFP (s) selective etching of PS and pattern high-density magnetic storage

transfer to underlying metal layers meadia: Co nanodot arrays

2. Templates for selective metal deposition: Remove one block and deposit metals

PS-b-PMMA
(©

PS-b-PI (s)
PS-b-PMMA

selective removal of PMMA, and d¢
electrodeposition of metals

removal of PT or PMMA, and dense GaAs (quantum dot) arrays
subsequent metal deposition/lift-off Cr, layered An/Cr, Co dot arrays
3. Nanoreactors for producing nanoparticle nanocluster arrays

vertical arrays of high-density Co
nanowires

MTD-b-
NORCOOH
(s,c,0)
PS-b-PAA (s)
PS-b-PAVP (1)

selective incorporation of metal salts
into COOH-functionalized domain or
PAVP domain, and subsequent
reduction

Au, Ag, Co, Pb, Pt, Fe,0,
nanocluster and nanoparticle arrays

4. Templates for metal alkoxide infusion and condensation

PE-b-PEO (s)
PEO-b-PPO-b-
PEO (s,¢)

infusion of M(OR)x and selective
condensation within the PEO block,
followed by calcination

mesoporous silicates or metal
oxide films: ultralow-dielectric
constant films

“morphologies of block copolymer thin films; (s: spheres, ¢: cylinders, 1: lamellae)

result in patterned metal oxide or silicate domains. Poly(eth-
ylene oxide)/poly(acrylic acid) blend domains may be used as
nanoreactors for synthesizing nanoclusters and nanoparticles
synthesized in-situ. Poly(styrene) is often used as the struc-
tural support material for the nanostructures.

FIGS. 7A-C shows examples of selected pattern transfer
applications (although these figures depict the use of diblock
copolymers, triblock copolymers may be used to introduce
additional complexity). In FIG. 7A, an example of using a
block copolymer structure as a template for selective metal
deposition is depicted. Directed assembly is used to form PS
cylinders in a PMMA matrix (A) and PMMA is then removed
(B). After removal of the PMMA, metal is selectively depos-
ited at the cylinder locations (C). The template is then
removed (D). An example of an ordered Co dot array that may
formed by such a method is shown. FIG. 7B shows an
example of a nanoreactor for in-situ nanoparticle synthesis.
Spherical PS-b-PAA is formed by directed assembly, fol-
lowed by selective incorporation of metal salt into the PAA
domain, and subsequent reduction. An example of ordered Au
nanoparticles formed by such a method is shown. Nanopar-

50

45

Itshould be noted that using triblock copolymers allows for
encoding substantially more information in the photoresist
than is possible with diblock copolymers, and allows pattern-
ing and manufacturing in three dimensions. Whereas diblock
copolymers have been limited (in practice) to morphologies
of'spheres, cylinders, and lamellae, ABC triblock copolymers
provide access to a plethora of three-phase morphologies
with discrete and multiple continuous domains. Furthermore,

55 thepersistence length of the ordered ABC triblock morpholo-

gies may allow templating of three-dimensional nanostruc-
tures throughout polymer films that are much thicker (500-
1000 nm) than the thin films (<50 nm) of diblock copolymers
typically used for applications in lithography.

60  Applications of triblock copolymers include the fabrica-

tion of sub-lithographic features, three-component assembly
from a binary pattern, patterning of hard-to-pattern structure
(e.g., interconnect) designs from simple patterns such as lines
and the fabrication of two device layers from one lithographic

65 step. As discussed further below in the Examples, sub-litho-

graphic features may be fabricated in certain embodiments of
the present invention by a patterning at the dimension
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required for two blocks (e.g., for coaxial cylinders having
diameters of 50 nm and 80 nm, patterning at 80 nm), and then
selectively removing/functionalizing block so that the
smaller (e.g., 50 nm cylinder) block is used to create the
desired feature.

Applications of the films and methods of the present inven-
tion are not limited to semiconductor processing, but include
biological applications, preparation of membranes for sepa-
rations or as catalyst supports, nanoscale filtering, etc. The
substrate may be dictated by the particular application, for
example appropriate substrates for biological applications
may be biologically compatible. The ability to deposit the
films and achieve good ordering at films of thickness in the
hundreds of nanometers to angstroms makes these films par-
ticularly suitable for certain applications (e.g., using a multi-
ply continuous structure for filtering, etc.)

Substrate

Any type of substrate may be used. In semiconductor appli-
cations, 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. According to various
embodiments, the substrate may be provided with an imaging
layer thereon. The imaging layer may comprise any type of
material that can be patterned or selectively activated. In a
preferred embodiment, the imaging layer comprises a poly-
mer brush or a self-assembled monolayer. Examples of self-
assembled monolayers include self-assembled monolayers of
silane or siloxane compounds, such as self-assembled mono-
layer of octadecyltrichlorosilane. (See also Peters, R. D.,
Yang, X. M., Kim, T. K., Sohn, B. H., Nealey, P. F., Using
Self-Assembled Monolayers Exposed to X-rays to Control
the Wetting Behavior of Thin Films of Block Copolymers,
Langmuir, 2000, 16, 4625-4631; Kim, T. K., Sohn, B. H.,
Yang, X. M., Peters, R. D., Nealey, P. F., Chemical Modifi-
cation of Self-Assembled Monolayers by Exposure to Soft
X-rays in Air, Journal of Physical Chemistry B, 2000, 104,
7403-7410. Peters, R. D., Yang, X. M., Nealey, P. F, Wetting
behavior of block copolymers self-assembled films of alkyl-
chlorosilanes: Effect of grafting density, Langmuir, 2000, 16,
p. 9620-9626., each of which is hereby incorporated by ref-
erence in its entirety and for all purposes.)

In certain embodiments, the imaging layer comprises a
polymer brush. The polymer brush may comprise homopoly-
mers or copolymers of the monomers that comprise the block
copolymer material. For example, a polymer brush com-
prised of at least one of styrene and methyl methylacrylate
may be used where the block copolymer material is PS-b-
PMMA. An example of a polymer brush is PSOH.
Patterning the Substrate

Substrate patterning generally involves configuring certain
regions of the substrate to interact in a highly preferential
manner with at least one of the components in the copolymer
material. The preferential interaction may be based on any
property of the substrate pattern material and/or the copoly-
mer material. In some embodiments, a region of the substrate
pattern interacts with a component of the copolymer film due
to the interfacial energy between them. For example, if the
block copolymer material is a PISO block copolymer, the
substrate pattern may be configured so that a region of the
pattern is highly preferential to one or two of PI, PEO or PS.
This may be done by tailoring the composition of the sub-
strate pattern.

The substrate may be patterned by any method including
chemical, topographical, optical, electrical, mechanical pat-
terning and all other methods of selectively activating the
substrate. In embodiments where the substrate is provided
with an imaging layer, patterning the substrate may comprise
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patterning the imaging layer. A substrate may be also pat-
terned 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 an example of one procedure that may be used to pattern
a substrate, a PS brush is grafted to a substrate. A thin film of
photoresist is then deposited on the PS brush. The photoresist
is patterned by extreme ultraviolet (EUV) interference lithog-
raphy to achieve the desired pattern. The substrate is then
treated with an oxygen plasma to modify the PS regions not
covered with photoresist to be oxygen-rich and highly polar.
Removal of the remaining photoresist then results in the
desired chemically patterned substrate. PMMA preferentially
wets the spots and PS the region surrounding the spots. Block
copolymer material may then be deposited on the patterned
substrate to form the films of the invention. In particular
embodiments, the substrate is patterned with x-ray lithogra-
phy, extreme ultraviolet (EUV) lithography or electron beam
lithography.

As indicated, 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 another example, a pro-
cess for directed self-assembly may be used in conjunction
with lithography to create sub-lithographic resolution pat-
terns. In one technique, lithography may be used to activate
desired regions on the substrate thereby defining gross fea-
tures. A block copolymer material is then deposited on the
activated regions and phase segregation is induced to direct
self-assembly of the copolymer into domains. One block of
the copolymer may then be selectively removed. The exposed
regions of the substrate would then be selectively activated,
thereby creating the pattern on the substrate.

As discussed above with respect to FIG. 5B, in certain
embodiments, the binary patterns have two types of activated
regions—one which is wetted by (or otherwise preferential
to) two of the blocks of the triblock copolymer, and the other
which is wetted only by the remaining block of the triblock
copolymer. An example, as indicated above, is using a PS
brush and oxygenated PS brush to drive the assembly of PISO
triblock copolymers with the P and PS wetting the PS brush
and the PEO wetting the oxygenated PS brush.

In other embodiments, binary patterns have two types of
activated regions—one that is wetted by first and third blocks
of'a triblock (and not the second) and the other that is wetted
by second and third blocks of the triblock copolymer (and not
the first). Energetically, the interaction between the third
block and the different types of activated regions may be
equal (i.e., the third block may not be preferential to either
type of activated region), or if there is a non-favorable inter-
action, it is overcome by the overall preferential surface inter-
actions between the block copolymer and the activated
regions.

Preferential interactions between the activated region and
the block copolymer depend on the specific composition of
the imaging layer (or other substrate chemistry). In certain
embodiments, patterning the substrate may involve using a
polymer brush made out of one or more components of the
triblock. The wetting behavior of block copolymer thin films
depends upon the interfacial energy between each block of
the copolymer and the substrate, with the block having the
lower interfacial energy preferentially wetting the substrate.
In certain embodiments, the composition of the polymer
brush is tailored to be preferentially wet by one or two com-
ponents of the triblock. Also, in certain embodiments, pat-
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terning the substrate may involve treating areas of the poly-
mer brush to be preferentially wet by one or more components
(e.g., oxygenating a PS brush). In certain embodiments, ran-
dom polymer brushes that are neutral to one or more compo-
nents of the triblock may be used (See, e.g., Side-chain-
grafted random copolymer brushes as neutral surfaces for
controlling the orientation of block copolymer microdomains
in thin films, Langmuir 22 (18): 7855-7860 2006), hereby
incorporated by reference in its entirety and for all purposes).

Chemically patterned surfaces may have a transition chem-
istry between adjacent types of activated regions over certain
length scales. Thus, in certain embodiments, binary patterns
have two types of activated regions and a transition region
between adjacent differently-typed regions. Similarly ternary
and more complex patterns may have transition regions
between adjacent differently typed activated regions. These
transition regions may or may not be beneficial to driving the
assembly of the block copolymer films.

Pattern

As discussed above, the pattern should be matched in sym-
metry and/or length scale to at least some components of the
bulk morphology of the copolymer material in order to direct
assembly. In certain embodiments, the pattern matches two
components of the block copolymer morphology (or from 2
to n—-1 components).

In some embodiments, matching the pattern is not limited
to exact duplication of the components of the bulk morphol-
ogy. For example, as discussed above, the structures shown in
FIG. 3A may be formed using an alternating stripe pattern.
Thelength scale of the lamellar components of structure b, for
example, may be considered the width of two stripes. Simi-
larly, the substrate length scale of L, of an alternating stripes
pattern may be considered the distance between alternate
interfaces on the pattern (i.e. the width of two stripes). (For
cylindrical and spherical domain structures, the length scale
of the bulk domain structures can be characterized by the
distance between the cylinders or spheres in the hexagonal
array, for example.) In some embodiments the pattern length
scale L may be considered “matched” to the bulk morphol-
ogy L, even if I =L as long as L, and L5 are close enough
that good ordering is achieved. (See, e.g., US Patent Publica-
tion No. 2006-0134556, hereby incorporated by reference,
for all purposes). Similarly, an alternating stripe pattern that
skips stripes (a-a-b-a-a-b-a-a) is considered to be matched to
the morphology depicted in structure b as long as the substrate
pattern is commensurate enough with the bulk morphology to
direct assembly of the bulk morphology at the surface. In
certain embodiments, the substrate pattern matches the 2-D
projection of one or more components of the n-block copoly-
mer. This is discussed above with reference to FIG. 6B.
Block Copolymer Material

The block copolymer material comprises a block copoly-
mer that may be comprised of any number of distinct block
polymers (i.e. diblock copolymers, triblock copolymers,
etc.).

The block copolymer material may further comprise one or
more additional block copolymers. In some embodiments,
the material may be a block copolymer/block copolymer
blend.

The block copolymer material may also further comprise
one or more homopolymers. In some embodiments, the mate-
rial may be a block copolymer/homopolymer blend.

The block copolymer material may comprise any swellable
material. Examples of swellable materials include volatile
and non-volatile solvents, plasticizers and supercritical flu-
ids.
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In certain embodiments, triblock copolymers comprising
blocks of polyisoprene, polystyrene, and poly(ethyleneox-
ide) are used. These triblock copolymers form decorated and
network phases (see Epps, T. H., et al., Network phases in
ABC triblock copolymers. Macromolecules, 2004. 37(19):
7085-7088, hereby incorporated by reference) and comprise
polar and non-polar blocks that are amenable for directed
assembly using chemically patterned polar and non-polar
surfaces.

ABC triblock and related multiblock copolymers may be
synthesized by any known method, including anionic poly-
merization. This technique affords quantitative control over
the molecular composition and overall molecular weight
while maintaining a relatively narrow polydispersity index
M, /M, <1.15).

EXAMPLES

The following examples provide details illustrating aspects
of the present invention. These examples are provided to
exemplify and more clearly illustrate these aspects of the
invention and are in no way intended to be limiting.

Example 1

A representative example polymerization of poly(iso-
prene-b-styrene-b-ethylene oxide) (PI-PS-PEO) or PISO for
shorthand, is conducted with the following steps. All mono-
mers are purified by destructive distillation while the poly-
merization solvents are passed over activated silica columns
and all reagents are isolated from air and other contaminants.
A specified amount of sec-butyllithium is added to cyclohex-
ane followed by isoprene with subsequent polymerization for
roughly four hours at 40° C. Addition of styrene along with a
small amount of tetrahydrofuran (THF) leads to the rapid
crossover from isoprenyllithium to styryllithium and chain
growth, again at 40° C. After approximately four hours the
reaction is terminated with a ten-fold excess of ethylene oxide
followed by addition of HCI in methanol, which terminates
each chain with an alcohol group. The PI-PS-OH product is
recovered by extraction, precipitation, and washing, then
redissolved in THF and reinitiated with potassium naph-
thenelide. This procedure is facilitated by titration of impu-
rities with the intensely green initiator; complete initiation is
signaled by a persistent faint green color. Addition of a
metered amount of ethylene oxide and chain polymerization
followed by termination with acid completes the triblock
preparation. The product is isolated by precipitation and dry-
ing, and characterized by NMR, size exclusion chromatogra-
phy (SEC), and light scattering.

Example 2

A triblock copolymer (PEO-PI-PS) that forms three-phase
lamellar structures (see structure a in FIG. 3A) was directed to
assemble on chemically nanopatterned surfaces having alter-
nating stripes of polar and non-polar functionality. The PEO
preferentially wets the polar stripes on the surface, and the PI
and PS preferentially wet the non-polar stripes of the surface.

FIG. 8A shows a schematic representation of the procedure
used to create the nanopatterned substrates and FIGS. 8B and
8C show results. First, in FIG. 8A, a representation of the
PEO-PI-PS block copolymer is shown, with the PI repre-
sented by a dotted pattern, PS a lighter grey solid and PEO a
darker grey solid. The binary patterned imaging layer is
shown, with the differently striped areas illustrating the pat-
terning. The PEO-PI-PS block copolymer material is then
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deposited on the binary pattern and direct to self-assemble on
the pattern. The result is three-phase lamellar morphology
formed by the triblock copolymer as shown.

The triblock copolymer material was deposited on pat-
terned and unpatterned regions. FIG. 8B shows an SEM
micrograph of the macroscopic area on which the copolymer
material was deposited, including patterned and unpatterned
regions. As deposited on an unpatterned region, the SEM
micrograph shows large blobs—areas where the block
copolymer has assumed a morphology undirected by the sub-
strate pattern. In contrast, the copolymer material on the
pattern region is ordered. (The squares in the patterned
regions are artifices from the SEC micrograph process). As
can be seen from comparing the patterned and unpatterned
regions in FIG. 8B, the block copolymer film displays good
order on the patterned regions. FIG. 8C is a magnified view of
a patterned region shown in FIG. 8B, also showing good
order. The data indicates that the lamellae are oriented per-
pendicular to the substrate, the assembly is defect free over
the areas that are chemically patterned, and the three-phase
lamellae are perfectly registered with the underlying surface
pattern.

Example 2A

A binary striped binary pattern was created on a substrate
by depositing a PS brush on the substrate and a photoresist
layer on the brush. The photoresist was patterned by EUV
interference lithography to create lines 25 nm apart. The
photoresist pattern was replicated to the PS brush by exposure
to an oxygen plasma. Excess photoresist was then removed
using solvent rinses to result in a layer patterned with alter-
nating stripes of a PS brush and an oxygenated PS brush. The
pattern period (width of two adjacent stripes) was 50 nm.

A triblock PISO copolymer (I=33.4%; S=34.2%;
0=32.4% by volume; Phase: Lam;; [.,=50.9 nm) was depos-
ited on the binary patterned substrate. The PS brush was wet
by PS and PI and the oxygenated PS brush by PEO.

FIG. 8D shows an image of the assembled PISO. FIG. 8D
also shows a schematic of the assembled PISO and its dimen-
sions that is consistent with image and believed to be the
resulting structure. As can been seen from the schematic, the
PEO and PI domains are 16.5 nm each, and the PS domain is
8 nm. Removing the PS domain would result in 8 nm fea-
tures—a sub-lithographic pattern dimension. The period of
the PS domain is also 25 nm (a result of the (PI-PS-PEO)-
(PEO-PS-PD)-(PI-PS-PEO) arrangement). Thus, from 8 nm
features with a period of 25 nm are obtained from lithographi-
cally patterning 25 nm with a 50 nm period.

Example 3

The methods described above may be used to pattern struc-
tures having multiple geometries, e.g., to pattern two device
layers at once. FIG. 9A shows an example of a desired pattern
and FIG. 9B the corresponding triblock copolymer (see also
structure b in FIG. 3A). FIG. 9C shows the process for
directed assembly to build the desired structure: lithography
is used to create a binary pattern on the substrate, and the
copolymer material is deposited and order to form self-as-
sembled domains. FIG. 9D then shows a process by which the
triblock copolymer structure may be processed to create a
complex structure. First, the cylinder block is removed, leav-
ing cylindrical holes. Then metal connects are deposited in
the holes, creating the cylindrical metal connects desired. The
lamellar domains between those with metal connects are
removed. Semiconductor material is then deposited. Finally,
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the domain surrounding the metal cylinders is removed, leav-
ing the desired structure. In this manner, simple binary pat-
terns are used to pattern structures having multiple geom-
etries.

Example 4

FIG. 10A shows an example of patterning sub-lithographic
contacts using directed assembly of triblock copolymers.
First, the substrate is patterned using lithographic techniques.
In this example, the pattern is a binary pattern of 80 nm
diameter hexagonally arrayed cylinders. The corresponding
triblock copolymer film (structure f from FIG. 3B) is depos-
ited on the pattern. The self-assembled domains are then
shown, with coaxial cylinder domains in a matrix of the third
block. Directed self-assembly of the triblock copolymer
material is achievable because the hexagonal spots are wet by
the cylinder-forming phases and the contiguous pattern is wet
by the other block.

FIGS. 10B and 10C illustrate how the copolymer material
may beused to create a pattern with sub-lithographic features.
Metal is deposited into the inner cylinders, and the other
phases are removed (the outer cylinder and the matrix). This
is shown in FIG. 10B with a top view shown in FIG. 10C. As
can be seen in FIG. 10C, the resulting metal contacts are 50
nm in diameter (the dimension of the inner cylinder
domain)—while the lithography required to pattern the sub-
strate is 80 nm.

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 prac-
ticed 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. Accord-
ingly, the present embodiments are to be considered as illus-
trative 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.

The invention claimed is:

1. A thin film composition comprising

(a) a patterned substrate comprising patterned features

defined by no more than n-1 different chemical func-
tionalities, n being at least three; and

(b) a microphase-separated block copolymer layer com-

prising an n-block copolymer, and having n distinct
phases overlying the patterned substrate; wherein each
of the n distinct phases, either alone or in combination
with another phase, is aligned with features of the under-
lying pattern such that a plane substantially perpendicu-
lar to the substrate and passing through a boundary
between contacting features of the underlying pattern
passes through a boundary between contacting phases of
the microphase-separated block copolymer layer.

2. The thin film composition of claim 1 wherein the mor-
phology of the block copolymer material is the morphology it
exhibits in the bulk.

3. The thin film composition of claim 1 wherein the film
morphology comprises discrete ordered elements.

4. The thin film composition of claim 1 wherein the sub-
strate pattern corresponds to a 2-D cross-section of at least
one phase of the bulk morphology of the n-block copolymer.

5. A thin film composition comprising:

a) a lithographically patterned substrate;

b) a microphase-separated block copolymer layer and hav-

ing n distinct phases overlying the lithographically pat-
terned substrate; wherein each of the n distinct phases,
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either alone or in combination with another phase, is
aligned with features of the underlying pattern such that
a plane substantially perpendicular to the substrate and
passing through a boundary between contacting features
of the underlying pattern passes through a boundary
between contacting phases of the microphase-separated
block copolymer layer, and wherein at least one phase of
the microphase-separated block copolymer layer has a
dimension less than the smallest dimension of the litho-
graphic substrate pattern.

6. The thin film composition of claim 5 wherein the mor-
phology of the block copolymer is the morphology it exhibits
in the bulk.

7. The thin film composition of claim 5 wherein the film
morphology comprises discrete ordered elements.

8. The thin film composition of claim 5 wherein film com-
prises cylindrical features.

9. The thin film composition of claim 5 wherein film com-
prises lamellae.

10. The thin film composition of claim 5 wherein film
comprises spheres.

20

18



