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1
DEGRADABLE NEUTRAL LAYERS FOR
BLOCK COPOLYMER LITHOGRAPHY
APPLICATIONS

REFERENCE TO GOVERNMENT RIGHTS

This invention was made with government support under
0832760 awarded by the National Science Foundation. The
government has certain rights in the invention.

BACKGROUND

Self-assembly of block copolymers (BCPs) in thin films
provides a large area, high throughput route to creating dense
nano-structures with length scales not easily achievable by
traditional lithography processes. BCP lithography is widely
accepted by the industry as one of the solutions to achieve sub
20 nm nodes. While there are many approaches to controlling
domain morphology in BCP lithography, the use of surface
modifying random copolymers as neutral layers is commonly
employed.

Unfortunately, while the neutral copolymer chemistry is
essential to control domain orientation in BCPs, the neutral
layers constitute an additional layer to bore through during
BCP template formation and leave organic residues on the
substrate after nanopatterning. Moreover, the strong reactive
ion etchants needed to remove the organic BCP template
structures and the underlying neutral layers can damage the
underlying substrate.

SUMMARY

Polymer films comprising crosslinked random copolymers
are provided. Also provided are polymer films comprising
random copolymers that are covalently linked to an underly-
ing substrate. Methods of making the copolymer films and
methods of using the copolymer films as surface-moditying
layers in block copolymer (BCP) lithography applications are
also provided.

One embodiment of a method of forming a self-assembled
block copolymer film comprises the steps of: forming a
crosslinked copolymer film on a substrate surface, the
crosslinked copolymer film comprising crosslinked random
copolymer chains, wherein the crosslinks comprise photo-
cleavable junctions or mild acid-cleavable junctions; depos-
iting a domain-forming block copolymer over the crosslinked
copolymer film; and subjecting the domain-forming block
copolymer to conditions that induce the block copolymer to
self-assemble into a pattern of block copolymer domains.

Another embodiment of a method of forming a self-as-
sembled block copolymer film comprises the steps of: form-
ing a copolymer film on a substrate surface, the copolymer
film comprising random copolymer chains, wherein the ran-
dom copolymer chains are bonded to the surface at multiple
points by surface links and further wherein the surface links
comprise photocleavable junctions or mild acid-cleavable
junctions; depositing a domain-forming block copolymer
over the surface-linked copolymer film; and subjecting the
domain-forming block copolymer to conditions that induce
the block copolymer to self-assemble into a pattern of block
copolymer domains.

Some embodiments of the copolymer films provide neutral
layers for vertical domain formation in the domain-forming
block copolymer in BCP lithography applications in which
one or more domains are selectively removed from the block
copolymer, along with the portions of the copolymer films
underlying said domains, to form a pattern over the substrate
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and the pattern is subsequently transferred to the substrate.
The step of selectively removing the portions of the copoly-
mer film underlying said domains may comprise exposing
said portions to radiation having wavelengths that cleave
photocleavable junctions in the crosslinks, such that the ran-
dom copolymer chains are uncrosslinked, and removing the
uncrosslinked random copolymer chains from the substrate
surface. Alternatively, the step of selectively removing the
portions of the copolymer film underlying said domains may
comprise exposing said portions to a mild acid that cleaves
mild acid-cleavable junctions in the crosslinks, such that the
random copolymer chains are uncrosslinked, and removing
the uncrosslinked random copolymer chains from the sub-
strate surface.

The step of forming a crosslinked copolymer film on the
substrate surface may be carried out by: depositing a coating
comprising the random copolymer chains onto a substrate
surface, wherein the random copolymer chains comprise
comonomers comprising crosslinkable functional groups;
and subjecting the coating to conditions that induce crosslink-
ing reactions between the crosslinkable functional groups to
form the crosslinks. The crosslinking reactions may be car-
ried out with or without the aid of a crosslinking agent.

The step of forming a surface-linked copolymer film on the
substrate surface may be carried out by: depositing a coating
comprising the random copolymer chains onto a substrate
surface, wherein the random copolymer chains comprise
comonomers comprising surface-linkable functional groups;
and subjecting the coating to conditions that induce surface-
linking reactions between the surface-linkable functional
groups to form the crosslinks. The surface-linking reactions
may be carried out with or without the aid of a linking agent.

Also provided are crosslinkable monomers and random
copolymer incorporating said monomers. The monomers and
copolymers are characterized in that they form crosslinks that
are cleavable under mild conditions. As such, the monomers
and random copolymers are useful in a broad range of appli-
cations. Examples of the monomers include: monomers hav-
ing a 7-hydroxycoumarin group derivitized with a (meth)
acrylate functionality, monomers having a 2-nitrobenzyl
group, wherein the aromatic ring is functionalized with an
epoxy-group and also with a (meth)acrylate group, and
monomers having a triphenylmethyl(trityl) ether group that is
functionalized with a hydroxyl group and a (meth)acrylate
group. Illustrative structures for each of these types of mol-
ecules include:

NO,
/©i/ o
>0 Ca
O
O

e}

o>

and
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-continued
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O
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Random copolymers incorporating these monomers
include those comprising vinyl and (meth)acrylate monomer.

Other principal features and advantages of the invention
will become apparent to those skilled in the art upon review of
the following drawings, the detailed description, and the
appended claims.

OH.

o~

O

BRIEF DESCRIPTION OF THE DRAWINGS

Illustrative embodiments of the invention will hereafter be
described with reference to the accompanying drawings,
wherein like numerals denote like elements.

FIG. 1 is a schematic illustration of: (A) a process for
crosslinking and uncrosslinking a random copolymer film
using a cleavable molecular crosslinking agent; (B) a process
for crosslinking and uncrosslinking a random copolymer film
comprising random copolymers having cleavable side chains;
and (C) a process for linking and unlinking a random copoly-
mer film to a substrate using random copolymers having
cleavable side chains.

FIGS. 2(A) and (B) illustrate the use of difunctional
molecular crosslinking agents to form crosslinks comprising
acid-cleavable groups. The molecular crosslinking agent in
FIG. 2(A) is 2,2-di(acryloyloxy-1-ethoxy)propane (ADA).
The molecular crosslinking agent in FIG. 2(B) is 2,2-bis(4-
[2'-(vinyloxy)ethoxy|phenyl)propane (BPA-DEVE).

FIG. 3 shows the reaction scheme for the synthesis of a
monomer comprising a crosslinkable epoxy functional group
and a photocleavable 2-nitrobenzyl functional group.

FIG. 4 shows the reaction scheme for the polymerization of
the monomer of FIG. 3 with styrene monomers (A) or with
styrene monomers and acrylate monomers (B)

FIG. 5 shows an example of a monomer having functional
group that dimerizes to form a photocleavable cyclobutane
group. A reaction scheme for the synthesis of the monomer is
shown in the FIG. 5(A) and a reaction scheme for the copo-
lymerization of the monomer with styrene and methyl meth-
acrylate is shown in FIG. 5(B). A crosslink formed by the
reactions between the coumarin groups of two of the mono-
mers is shown in FIG. 5(C).

FIG. 6 shows a dihydropyran (DHP) group-containing
monomer having a crosslinkable functional group that forms
a crosslink having a readily cleavable junction.

FIG. 7 shows a reaction scheme for a monomer comprising
a terminal surface-linkable hydroxyl group and triphenylm-
ethyl(trityl) ether group.

FIG. 8 shows another example of a monomer that forms
readily-cleavable surface links. A reaction scheme for the
synthesis of the monomer is shown in FIG. 8(A) and a random
copolymer comprising the monomer copolymerized with sty-
rene and methyl methacrylate is shown in FIG. 8(B).

FIG. 9 is a schematic diagram of a method for transferring
a pattern defined in a domain-forming block copolymer film
to an underlying substrate.
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FIG. 10 is a schematic diagram showing the process of
degrading the crosslinked copolymer film of a neutral layer in
a block copolymer lithography application.

FIG. 11 is a schematic diagram of a method of transferring
a pattern defined in a domain-forming block copolymer film
onto the surface of an underlying substrate.

FIG. 12 shows scanning electron microscopy (SEM)
images of vertical cylinder domain-forming PS-b-PMMA
block copolymers on neutral layers comprising random
copolymers of styrene and methyl methacrylate with difter-
ent styrene monomer contents.

FIG. 13 shows scanning electron microscopy (SEM)
images of vertical lamellae domain-forming PS-b-PMMA
block copolymers on neutral layers comprising random
copolymers of styrene and methyl methacrylate with difter-
ent styrene monomer contents.

DETAILED DESCRIPTION

Polymer films comprising crosslinked random copolymers
and methods for making the films are provided. Also provided
are polymer films comprising random copolymers that are
covalently linked to an underlying substrate. The polymer
films can be incorporated into template structures for block
copolymer (BCP) lithography in which the films are
employed as surface-modifying layers for domain-forming
block copolymers. The crosslinks between the random
copolymer chains in the polymer films or the molecular links
between the random copolymer chains and the substrate sur-
face are characterized in that they can be cleaved under rela-
tively mild conditions. For example the crosslinks or molecu-
lar links may be photocleavable or cleavable using only a mild
acid or base. As a result, the polymer films can be readily
converted from stable films that are insoluble in a wide array
of'organic solvents into destabilized polymeric layers that are
more readily removed from an underlying substrate. As such,
the polymer films are well-suited for applications, such as
block copolymer lithography, in which it is desirable to avoid
harsh polymer film lift-off techniques, such as reactive ion
etching, that can negatively affect the electrical or magnetic
properties of the underlying substrate. Although a variety of
cleavable junctions can be used, the junctions are desirably
stable at temperatures used to anneal block copolymer films
in BCP lithography applications. Thus, for such applications,
cleavable junctions that are stable at temperatures of at least
150° C., and preferable up to at least 250° C. are preferred.

As used herein, the phrase “mild conditions™ refers to
conditions that do not significantly negatively affect the elec-
tronic or magnetic properties of the underlying substrates or
significantly disrupt the pattern in an overlying self-as-
sembled block copolymer template. Photocleavable junc-
tions that are cleavable under mild conditions include, but are
not strictly limited to, those that are cleaved by radiation of
wavelengths shorter than 254 nm. Similarly, acid-cleavable
junctions that are cleavable under mild conditions include,
but are not strictly limited to, those that are cleaved by acids
having a pKa higher than that of trifluoroacetic acid. More-
over, despite the mild cleavage conditions, cleavage of the
cleavable junctions many occur within a matter of minutes,
typically 10 or fewer minutes.

Two approaches can be used to fabricate the crosslinked
copolymer films. The first approach starts with random
copolymer chains that have side chains comprising a
crosslinkable functional group and a functional group that
provides a readily-cleavable junction. (This junction may be
present in the side chain prior to crosslinking or may form as
a result of the crosslinking reaction.) Random copolymers of
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this type are shown schematically in the top panel of FIG.
1(B), in which the solid wavy lines represent the backbones of
the random copolymer chains and the rectangles extending
from the lines represent pendant groups having crosslinkable
functionalities. As shown in the middle panel of FIG. 1(B),
random copolymers of this type can be crosslinked to form a
stable film via direct crosslinking reactions between the pen-
dant crosslinkable functional groups on the random copoly-
mer chains.

The second approach, illustrated schematically in FIG.
1(A), employs multifunctional (e.g., difunctional) molecular
crosslinking agents (represented by squares). As shown in the
middle panel of FIG. 1(A), random copolymers of this type
can be crosslinked to form a stable film via crosslinking
reactions between pendant crosslinkable groups on the ran-
dom copolymer chains and crosslinkable groups on the
molecular crosslinking agent. (For the purposes of this dis-
closure a functional group is considered to be a crosslinkable
functional groups if it is able to undergo crosslinking reac-
tions via direct reactions with pendant groups on other poly-
mer chains, or if it is able to form crosslinks through a
molecular crosslinking agent.)

In some embodiments, the random copolymer chains are
side-chain grafted to the surface of a substrate at multiple
points along their chains instead of (or in addition to) being
crosslinked, in order to provide a stable random copolymer
film. In these embodiments the molecular groups that link the
random copolymer chains to the substrate surface (referred to
herein as surface links, surface linkers or surface linkages)
can be synthesized using two approaches analogous to those
used to form crosslinks in the crosslinked films. Thus, the first
approach starts with random copolymer chains that have side
chains comprising a surface linkable functional group (that s,
a functional group capable of forming a covalent linkage with
a surface functional group) and a functional group that pro-
vides a readily-cleavable junction. As shown in the top panel
of FIG. 1(C), random copolymers of this type can be surface-
linked to form a stable film via direct covalent bond-forming
reactions between pendant surface linkable functional groups
on the random copolymer chains and functional groups on the
surface of the substrate.

In the second approach, the random copolymer chains are
side-chain grafted to the substrate surface using a multifunc-
tional (e.g., difunctional) molecular surface linking agent.
Random copolymers of this type can be surface linked to form
a stable film via covalent bond forming reactions (also
referred to as linking reactions) between pendant surface-
linkable groups on the random copolymer chains, functional
groups on the substrate surface, and crosslinkable groups on
the molecular surface linking agent. (For the purposes of this
disclosure a functional group is considered to be a surface
linkable functional group if it is able to undergo linking
reactions via direct reactions with surface functional groups,
or if it is able to form molecular linkages to the surface
through a molecular surface linking agent.)

Terms such as “(cross)linking”. “(cross)linker”, “(cross)
linkable” and the like, used throughout the remainder of this
disclosure, mean crosslinking, crosslinker, crosslinkable, and
the like, with respect to the embodiments of the random
copolymer films in which the random copolymer chains are
crosslinked. These same terms mean surface-linking, sur-
face-linker (i.e., a molecular linkage between a random
copolymer chain and a surface), and surface-linkable (i.e.,
able to form a molecular linkage between a random copoly-
mer chain and a surface), and the like, with respect to the
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embodiments of the random copolymer films in which the
random copolymer chains are multi-point side-chain grafted
to a substrate surface.

The (cross)linking can be carried out on a substrate surface
by spreading the random copolymers on the surface using, for
example, spin-coating techniques and then inducing the
(cross)linking reactions. In those embodiments that employ a
multifunctional (cross)linking agent, a solution comprising
the random copolymers and the molecular (cross)linking
agent can be spread on surface. The (cross)linkable functional
groups may be thermally (cross)linkable or photo(cross)link-
able groups. If the random copolymers comprise thermally
(cross)linkable groups, (cross)linking may be induced by
subjecting the copolymers to a thermal anneal. While, if
photo(cross)linkable groups are used, (cross)linking may be
induced by exposing the copolymers to radiation of an appro-
priate wavelength.

Enough of the random copolymer can be deposited onto
the substrate surface to achieve a desired thickness for the
(cross)linked film. If the random copolymer film is intended
for use in block copolymer lithography applications, the
(cross)linked random copolymer film is desirably selected
such that its chemical composition, rather than film thickness,
controls the orientation of the domains in the overlying block
copolymer. For example, in some embodiments, the random
copolymer films have a thickness in the range from about 2
nm to about 20 nm. This includes embodiments of the films
having a thickness in the range from about 2 nm to about 10
nm and further includes embodiments of the films having a
thickness in the range from about 2 nm to about 8 nm. How-
ever, thicknesses outside of these ranges may also be used.
Generally, very thin crosslinked films (e.g., those having a
thickness of about 6 nm or less) will benefit from a higher
crosslinking density in order to improve their stability against
delamination from the surface of the underlying substrate.

The crosslinked random copolymer films can be
crosslinked on a variety of substrates and do not need to form
covalent bonds with the substrates to achieve stability against
delamination. Thus, although covalent bonds may be formed
between the random copolymers and the underlying substrate
in some instances (as in the case where the substrate com-
prises an oxide), in some embodiments there is no covalent
bonding between the crosslinked films and the underlying
substrate.

Examples of substrate materials on which the (cross)linked
films may be formed include graphene, metals, metal alloys,
metal oxides, semiconductors, semiconductor oxides and
ceramics. Specific examples include silicon, silicon dioxide,
GaAs, noble metals, such as gold and platinum, copper, alu-
minum, titanium, glass, indium-tin-oxide (ITO) coated glass
and magnesium oxide. The substrate surfaces upon which the
films are formed may be planar or non-planar surfaces. The
random copolymer films are particularly useful for low-k
dielectric materials, the dielectric constants of which can be
altered via surface oxidation under harsh etching conditions.

Once the random copolymer films have been formed, they
can be uncrosslinked (or unlinked from the substrate) by
cleaving crosslinks between random copolymer chains or by
cleaving the molecular links between the random copolymer
chains and the substrate. The readily cleavable junctions in
the crosslinks or molecular links can be photocleavable, mild
acid-cleavable, or both. For example, in some embodiments
the photocleavable junctions are UV-cleavable, such that the
bond cleavage can be achieved by exposing the random
copolymer films to UV radiation (i.e., radiation having wave-
lengths in the range from 10 nm to 400 nm). 2-nitrobenzyl
groups are an example of a suitable UV-cleavable junction-
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containing group that can be incorporated into the (cross)
links. Coumarin is another example.

In other embodiments, the cleavable junctions incorpo-
rated into the crosslinks or the molecular links between the
copolymers and the substrate surface are cleavable using a
mild acid or a mild base. Examples of acid-cleavable groups
include acetal groups and triphenylmethyl(trityl) ether
groups. Examples of mild acids that could be used to cleave
the crosslinks include, but are not limited to, acetic acid,
diluted solutions of trifluoroacetic acid, oxalic acid, p-tolu-
enesulfonic acid, methanesulfonic acid, hydrochloric acid,
hydrobromic acid, hydroiodic acid, sulfuric acid, nitric acid
and trifluoromethanesulfonic acid. The stronger the acid is,
the more dilute the solution can be. Dilution is desirably
accomplished in either aqueous or alcoholic solutions to
avoid damage to the overlying block copolymer layer.

The random copolymers can be polymerized from vinyl
monomers, such as styrene monomers, and (cross)linkable
monomers and, optionally, one or more additional mono-
mers, such as acrylates and methacrylates. The vinyl mono-
mers and (meth)acrylate monomers may be functionalized or
unfunctionalized. For example, if the random copolymer
films are intended for BCP lithography applications, the
comonomers should be selected to provide the appropriate
surface energy and wetting behavior for the overlying block
copolymer. Typically, this is accomplished by selecting
comonomers that match the composition of the overlying
block copolymer. For example, if the random copolymer film
is to be used as a surface-modifying layer for a block copoly-
mer of styrene and methyl methacrylate (P(S-b-MMA)), the
random copolymer may be a terpolymer of styrene, methyl
methacrylate and a (cross)linkable monomer. Alternatively, if
the random copolymer film is to be used as a surface-modi-
fying layer for a block copolymer of styrene and 2-vinyl
pyridine (P(S-b-2VP)), the random copolymer may be a ter-
polymer of styrene, 2-vinyl pyridine and a (cross)linkable
monomer.

The (cross)linkable monomers employed as comonomers
in the random copolymer synthesis comprise a (cross)link-
able functional group and a monomer fragment. The mono-
mer fragment is a portion of the monomer having a functional
group that is polymerized into the copolymer backbone chain.
Suitable monomer fragments include acrylates and methacry-
lates (collectively “(meth)acrylates”) and styrenes. As noted
above, the (cross)linkable functional groups may be ther-
mally (cross)linkable groups (i.e., wherein (cross)linking is
induced by heating) or photo(cross)linkable groups (i.e.,
wherein (cross)linking is induced by radiation), such as UV-
(cross)linkable groups. However, if the cleavable junction in
the crosslink or the link to the surface is a photocleavable
junction, it may be desirable to use a thermally (cross)link-
able functionality. Alternatively, a reversibly photo(cross)
linkable-photocleavable junction can be used, wherein photo
(cross)linking and photocleavage are induced at different
wavelengths.

Epoxy groups are an example of a suitable crosslinkable
group. The monomer fragment of the crosslinkable epoxy-
functional monomer may comprise, for example, a styrene
group or a (meth)acrylate group. One example of a suitable
self-crosslinkable epoxy-functional monomer is glycidyl
methacrylate (GMA). However, other crosslinkable epoxy
group-containing ethylenically unsaturated monomers can
also be used as comonomers in the polymerization. Acryloyl
groups are another example of a suitable crosslinkable group.
Like the epoxy-functional monomers, the monomer fragment
of'the crosslinkable acryloyl-functional monomers may com-
prise, for example, a styrene group or a (meth)acrylate group.
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Methods of forming random copolymers from styrene mono-
mers, methacrylate monomers and epoxy- or acryloyl-func-
tional monomers are described in U.S. Pat. No. 8,362,179.

Hydroxy groups are an example of a suitable surface-
crosslinkable group for surface materials such as inorganic
oxides (e.g., Si0O,) or other materials having surface —OH
groups. The monomer fragment of the crosslinkable hydroxy-
functional monomer may comprise, for example, a styrene
group or a (meth)acrylate group. One example of a suitable
self-crosslinkable hydroxy-functional monomer is 2-hy-
droxyethyl methacrylate (HEMA). Methods of forming ran-
dom copolymers from styrene monomers, methacrylate
monomers and hydroxy-functional monomers are described
in In et al., Langmuir 2006, 22, 7855-7860.

By way of illustration, the following paragraphs describe
some specific examples of: (a) crosslinking agents that com-
prise (or crosslink to form) cleavable junctions; (b) crosslink-
able monomers that comprise (or crosslink to form) cleavable
junctions; and (c) surface-linkable monomers that comprise
(orundergo surface-linking reactions to form) cleavable junc-
tions, for use in the (cross)linking reaction schemes shown in
FIGS. 1(A), 1(B) and 1(C), respectively.

Multifunctional Crosslinking Agents:

FIGS. 2(A) and (B) illustrate the use of difunctional
molecular crosslinking agents to form crosslinks comprising
acid-cleavable groups. The molecular crosslinking agent in
FIG. 2(A) is 2,2-di(acryloyloxy-1-ethoxy)propane (ADA).
Methods for synthesizing ADA crosslinkers are described in
Palmieri et al., ACS Nano, 1, 307-312 (2007) and in Heath et
al., Macromolecules, 41, 719-726 (2008). As indicated in
FIG. 2(A), the terminal acrylate groups on ADA can undergo
UV-induced crosslinking reactions via free-radical polymer-
ization with pendant acryloyl groups on a random copolymer
(illustrate here by a random copolymer of styrene, methyl
methacrylate, and an acryloyl-functionalized monomer) to
provide crosslinks comprising acid-cleavable acetal groups.

The molecular crosslinking agent in FIG. 2(B) is 2,2-bis
(4-[2'-(vinyloxy )ethoxy |phenyl)propane (BPA-DEVE).
Methods for synthesizing BPA-DEVE crosslinkers are
described in Moon et al., Polymer, 41, 4013-4019 (2000). As
indicated in FIG. 2(B), the terminal vinyloxy groups on BPA-
DEVE can undergo thermally-induced crosslinking reactions
with pendant hydroxyl groups on a random copolymer (illus-
trate here by a random copolymer of styrene, methyl meth-
acrylate, and hydroxystyrene monomers) to provide
crosslinks comprising acid-cleavable acetal groups. Acids
that can be used to cleave acetal groups include acetic acid
and trifluoroacetic acid.

Crosslinkable Monomers Having Cleavable-Crosslink-
Forming Groups:

For random copolymers that utilize monomers having pen-
dant groups that form readily-cleavable crosslinks, the func-
tional group that forms the readily cleavable junctions in the
crosslink and the crosslinkable functional group may be sepa-
rate and distinct groups. However, in other embodiments the
crosslinkable functional group is also the group that forms the
readily cleavable junctions. In the former embodiments, a
functional group comprising a readily cleavable junction is
positioned between a crosslinkable functional group (e.g., an
epoxy group) and the functional group that is polymerized
into the copolymer backbone chain (e.g., a (meth)acrylate
group). By way of illustration, FIG. 3 shows a synthesis
scheme for a monomer that includes a terminal crosslinkable
epoxy functionality and a photocleavable 2-nitrobenzyl
group. FIG. 4 shows the reaction scheme for the polymeriza-
tion of the monomer of FIG. 3 with styrene monomers (A) or
with styrene monomers and acrylate monomers (B). A more
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detailed description of the synthesis of the monomer and the
copolymerization is provided in the Example below.

Examples of crosslinkable groups that crosslink to form a
readily cleavable junction are functional groups that undergo
reversible photodimerization. Examples of functional groups
that undergo reversible photodimerization are those that
dimerize to form photocleavable cyclobutane groups. One
such monomer is shown in FIG. 5. This monomer includes a
coumarin group that is capable of undergoing a photo-in-
duced crosslinking reaction with the coumarin group on
another random copolymer chain to form a crosslink com-
prising a photocleavable cyclobutane group. (A description of
the photodimerization of the coumarin group can be found in
Macromol. Chem. Phys., 2004, 205, 715-723.) A reaction
scheme for the synthesis of the monomer is shown in the FIG.
5(A) and a reaction scheme for the copolymerization of the
monomer with styrene and methyl methacrylate is shown in
FIG. 5(B). A crosslink formed by the reactions between the
coumarin groups of two of the monomers is shown in FIG.
5(C). In this system, photocrosslinking can be induced by
radiation of a first wavelength range (i.e., >300 nm), while
cleavage (uncrosslinking) can be induced by radiation of a
second wavelength range (i.e., <300 nm).

Surface-Linkable Monomers Having Cleavable-Surface
Link-Forming Groups:

For random copolymers that utilize monomers having pen-
dant groups that form readily-cleavable surface links, the
functional group that forms the readily cleavable junctions in
the surface link and the surface linkable functional group may
be separate and distinct groups. However, in other embodi-
ments the surface linkable functional group is also the group
that forms the readily cleavable junction. FIG. 7 shows a
reaction scheme for a monomer comprising a terminal sur-
face-linkable hydroxyl group and triphenylmethyl(trityl)
ether group. The monomer can be copolymerized into a ran-
dom copolymer via its methacrylate group. The surface link-
ages that graft the copolymer chains to the substrate surface
can be cleaved at the trityl junction using mild acid. Another
example of a monomer that forms readily-cleavable surface
links is shown in FIG. 8. A reaction scheme for the synthesis
of'the monomer is shown in FIG. 8(A) and a random copoly-
mer comprising the monomer copolymerized with styrene
and methyl methacrylate is shown in FIG. 8(B). The mono-
mer comprises a terminal surface-linkable hydroxyl group
connected to a mild acid-cleavable acetal group.

Another example of a monomer having a surface-linkable
functional group that forms a surface-link having a readily
cleavable junction is shown in FIG. 6. This monomer includes
adihydropyran (DHP) group. DHP is a vinyl ether that under-
goes dimerization to form a crosslink comprising an acid-
cleavable acetal. Dihydropyran is sufficiently reactive to graft
with a surface without other catalysts. Surface-hydroxyl
groups (such as those provided by silanols) either react with
either end of the double bond to form an acetal linkage.

The optimal ratios of the various monomers in the random
copolymers will depend on the intended application for the
random copolymer films. For films intended for use as sur-
face-modifying layers in BCP lithography, enough of the
(cross)linkable comonomer should be included to render the
(cross)linked film stable against delamination from the
underlying substrate. Typically, this can be accomplished
with a low (cross)linkable monomer content. For example,
the (cross)linkable monomer content can be less than about
10%. This includes embodiments of the random copolymers
having a (cross)linkable monomer content of no greater than
about 6% (e.g., from about 1% to about 5%).
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The monomer content of the random copolymer can be
selected to provide the desired wetting behavior in an over-
lying block copolymer film and, as such, the optimal ratios of
the monomers will depend on the monomer content of the
block copolymer and on the desired domain morphology. For
example, the ratio of monomers in the random copolymers
can be selected such that the random copolymer film provides
a preferential surface—that is, a surface that is preferentially
wet by one of the polymer blocks in an overlying block
copolymer. As a result, the block copolymer self-assembles,
via phase-segregation, into domains that are oriented parallel
(horizontal) with respect to the surface of the random copoly-
mer film. Examples of domains having a parallel orientation
include parallel lamellar domains and parallel cylindrical
domains. Spherical domains may also be formed in a block
copolymer overlying a preferential surface modifying layer.
Alternatively, the ratio of monomers in the random copoly-
mers can be selected such that the random copolymer film
provides a neutral surface. As used herein, the term neutral
surface (or neutral layer) refers to a surface (or layer) that does
not exhibit preferential wetting behavior—or that exhibits
only a very weak preferential wetting behavior—toward a
polymer block in the block copolymer, such that it provides
for the induction of perpendicular (vertical) domain forma-
tion in the block copolymer. Examples of domains having a
perpendicular orientation include perpendicular lamellar
domains and perpendicular cylindrical domains.

For applications in BCP lithography, the vinyl monomer
(e.g., styrenic monomers) content in a vinyl monomer-con-
taining surface modifying random copolymer film will gen-
erally be in the range from about 5% to about 90%. This
includes embodiments in which the vinyl monomer content is
in the range from about 40% to about 80% and further
includes embodiments in which the vinyl monomer content is
in the range from about 50% to about 70%.

Once the random copolymer films have been formed, a
layer of domain-forming block copolymer can be deposited
over the film using a coating technique such as spin-coating.
The block copolymer can then be subjected to conditions that
induce the formation of a pattern of domains in the block
copolymer film via phase separation. The step of subjecting
the block copolymer to conditions that induce it to undergo
domain formation include subjecting the block copolymer to
a thermal anneal for a time sufficient to allow the block
copolymer to self-assemble into domains or subjecting the
block copolymer to a solvent anneal. During a solvent anneal,
the block copolymer film undergoes swelling as it is exposed
to a saturated solvent vapor atmosphere, typically at room
temperature (23° C.), for a time sufficient to allow the block
copolymer to self-assemble into domains.

The self-assembled block copolymers can be used to trans-
fer patterns comprising dense arrays of dots or dense arrays of
lines and spaces into or onto (collectively “to”) an underlying
substrate. The former can be generated from sphere-forming
block copolymers or from cylinder-forming block copoly-
mers with domains oriented perpendicular (vertical) with
respect to the substrate surface, and the latter from cylinder-
forming block copolymers with domains oriented parallel
with respect to the substrate surface or lamella-forming block
copolymers with domains oriented vertically with respect to
the substrate surface. However, lamellae and cylinders that
are oriented perpendicular (vertical) with respect to the
underlying substrate surface may have advantages in pattern
transfer applications over spheres or parallel cylinders
because of the higher aspect ratio of the resulting template
and the vertical side-walls.
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The basic steps of transferring a pattern defined by a self-
assembled block copolymer layer into on underlying sub-
strate are shown in FIG. 9. In the embodiment shown here, the
initial structure (panel (a)) comprises a block copolymer that
forms and array of vertically oriented, hexagonally-packed
cylindrical domains 302 embedded in a matrix domain 304.
This domain morphology can be achieved using, for example,
a neutral layer 306 comprising a random copolymer of sty-
rene and methyl methacrylate monomers and a block copoly-
mer of styrene and methyl methacrylate, P(S-b-MMA),
wherein the number average molecular weight of the poly-
styrene in the P(S-h-MMA) is in the range from about 20,000
to 55,000 and the number average molecular weight of the
polymethyl methacrylate ranges from about 8,000 to 25,000.
Neutral layer 306 overlies a thin substrate 308, such as mono-
layer graphene. The structure further includes an underlying
support substrate 310.

In order to convert the layer of self-assembled block
copolymer into a mask for pattern transfer applications, one
or more domains are selectively removed from the block
copolymer (panel (b)). Selective removal of the polymeric
domains can be carried out using an etchant that is selective
for the polymer block to be removed. Suitable etchants
include wet chemical etchants and plasma etchants. For some
materials, photo-etching can be used. However, if a harsh wet
chemical or plasma etchant, such as an oxygen plasma, is
employed, the etching should be stopped before the underly-
ing random copolymer film is removed in order to protect the
underlying substrate from etchant-induced damage. For this
reason, it is advantageous to use a block copolymer compris-
ing domains that can be selectively removed by photo-etch-
ing. PMMA domains are an example of a polymeric domain
that can be removed by exposure to UV light.

Next the newly exposed portions 312 of the random
copolymer film are selectively removed to expose portions
314 of substrate 308 (panel (c)). The initial step in removing
neutral layer 306 is the cleavage of the crosslinks between the
random copolymer chains (or the cleavage of the molecular
links between the random copolymer chains and the surface
of substrate 308) in order to destabilize the film. This process
is illustrated schematically for a crosslinked random copoly-
mer film in FIG. 10. Panel (a) of FIG. 10 shows an enlarged
view of an exposed portion 312 of neutral layer 306. Neutral
layer 306 comprises a crosslinked random copolymer film
comprising random copolymer chains 316 crosslinked via
crosslinks 318 comprising junctions that are cleavable under
mild conditions. Upon exposure of the exposed portion 312 to
radiation or amild acid solution, the crosslinks are broken and
the random copolymer film destabilized (panel (b)). Once
destabilized, the random copolymer film can be removed by
washing in a suitable washing solution or dissolved in a
suitable solvent (panel (c)).

Finally, the pattern defined by exposed portions 314 can be
transferred to (i.e., into or onto) the substrate. For example, in
the embodiment depicted in panels (¢) and (d) of FIG. 9,
exposed portions 314 can be selectively chemically modified
by chemical functionalization. This can be accomplished, for
example, by the chemisorption or phyisorption of atoms or
molecules onto the exposed areas of the substrate. This may
be done to selectively modify the bonding pattern of the
substrate in the exposed regions and/or to selectively modity
the electronic or magnetic properties of the substrate in the
exposed regions. For example, if the substrate is monolayered
or multilayered graphene, the exposed portions can be selec-
tively hydrogenated to alter the bandgap of the graphene
substrate in those portions. Alternatively, the exposed regions
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can be selectively halogenated (e.g., fluorinated) in order to
tune the electronic transport properties of the graphene sub-
strate in those portions.

Another means by which the pattern defined by exposed
portions 314 can be transferred to the substrate is by selec-
tively forming a coating of another material (e.g., by depos-
iting or growing said material) on the exposed portions. This
pattern transfer process is illustrated schematically in FIG.
11. Again, the process begins with a layer of self-assembled
block copolymer 502 having vertically oriented polymeric
domains 504 overlying a random copolymer film 506 that acts
as a neutral layer. The substrate to be patterned 508 is dis-
posed beneath copolymer film 506 (panel (a)). A set of the
polymeric domains as well as the underlying portion of ran-
dom copolymer film 506 are selectively removed to form a
pattern-defining mask structure over substrate 508 (panel
(b)). Next, a coating of another material 510 is deposited over
the mask structure and onto the exposed portions of substrate
508 (panel (¢)). Upon removal (lift-off) of the mask structure
(panel (d)), a pattern of deposited material 510 corresponding
to the mask structure pattern, remains on the substrate surface
(panel (c)).

The nature of the coating material can vary, depending on
the intended application. The coating material may be chemi-
cally inert or chemically reactive; may be an inorganic mate-
rial (comprising, for example, a metal, metal oxide, ceramic
or glass) or organic (e.g., a polymer); or may be magnetic,
electrically conducting, electrically insulating or semicon-
ducting.

Yet another means by which the pattern defined by exposed
portions 314 can be transferred to the substrate is by selec-
tively removing the exposed portions from the substrate to
form holes or indentations in the shape of the openings
defined by the mask structure. For example, if the substrate is
monolayered or multilayered graphene, an array of holes can
be transferred into the graphene to provide nanoperforated
graphene. Alternatively, an array of stripes could be patterned
in the graphene to form a graphene nanoribbon array. Nota-
bly, because the domains in the block copolymer can be
formed with nanoscale dimensions (e.g., with dimensions,
such as cylinder diameters or lamellae thicknesses, of <1000
nm, =100 nm or <10 nm) the features in the patterned sub-
strate can have correspondingly small dimensions (e.g., hole
diameters, stripe widths, pillar diameters).

Once the pattern defined by exposed portions 314 has been
transferred to the underlying substrate, the remainder of the
random copolymer film and the block copolymer layer can be
removed (FIG. 9, panel (d)). Here, again, in order to avoid
damage to the underlying substrate caused by harsh etchants,
the random copolymer film is removed by cleaving the
crosslinks between the random copolymer chains (or cleav-
ing the links between the random copolymer chains and the
surface of substrate) in order to destabilize the film and then
washing away or dissolving the destabilized film.

Example

This example illustrates a method of forming a crosslinked
random copolymer film comprising crosslinks with
UV-cleavable 2-nitrobenzyl groups and the use of the
crosslinked random copolymer film as a neutral layer for
vertical domain-forming block copolymers.

UP-Cleavable, Crosslinkable Monomer Synthesis:

The crosslinkable monomer in this example was a meth-
acrylate monomer comprising a terminal thermally crosslink-
able epoxy groups and a UV-cleavable 2-nitrobenzyl group
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between the methacrylate functionality and the epoxy func-
tionality. The scheme for synthesizing the monomer is sum-
marized in FIG. 2.

Materials. All chemicals were purchased from Sigma-Al-
drich and used without further purification unless otherwise
noted. 2,2'-azobis(2-methylpropionitrile) (AIBN) was
recrystallized from acetone and dried under vacuum. Styrene,
glycidyl methacrylate (GMA) and methyl methacrylate
(MMA) were distilled from calcium hydride under reduced
pressure.

S-allyloxy-2-nitrobenzaldehyde. 5-hydroxybenzaldehyde
(10.03 g, 60 mmol), allyl bromide (8.71 g, 72 mmol), and
potassium carbonate (12.44 g, 90 mmol) were added to 70 mL
of dimethylformamide and stirred vigorously overnight at
room temperature. The resultant mixture was poured into
water and extracted with dichloromethane twice. The organic
layer was then washed with sat. sodium carbonate twice and
water eight times to remove residual DMF. After drying with
sodium sulfate, rotary evaporation was used to remove
dichloromethane. The resulting viscous oil was used in the
next step without further purification.

S-allyloxy-2-nitrobenzyl alcohol. 5-allyloxy-2-nitrobena-
zldehyde (11.4 g, 55 mmol) was dissolved in 150 mL of
methanol. Sodium borohydride (3.1 g, 82.5 mmol) was added
slowly to the solution with the temperature kept below reflux.
After completing the addition of borohydride, the reaction
was stirred for 15 minutes and then the solvent was removed
by rotary evaporation. Water was added to hydrolyze the
boronic ester and the product was extracted with dichlo-
romethane. The organic layer was washed with water three
times, dried over sodium sulfate and then the solvent was
removed by rotary evaporation. The resulting solid was used
in the next step without further purification.

5-glycidyloxy-2-nitrobenzyl alcohol. 5-allyloxy-2-ni-
trobenzyl alcohol (7.3 g, 35 mmol) and m-chloroperoxyben-
zoic acid (77 wt. %, 9.4 g, 42 mmol) were dissolved in
dichloromethane and refluxed until the allyl peaks disap-
peared from the 1H-NMR spectrum (approximately 48
hours). The reaction was then washed with aqueous sodium
carbonate twice, water three times and then dried over sodium
sulfate. The solvent was partially removed by rotary evapo-
ration and then poured into hexanes to precipitate the product.
The resulting solid was collected by suction filtration and was
used in the next step without further purification.

5-glycidyloxy-2-nitrobenzyl methacrylate (PCM). 5-gly-
cidyloxy-2-nitrobenzyl alcohol (6.0 g, 26.6 mmol) was added
to a solution of triethylamine (4.05 g, 40 mmol) and 4-dim-
ethylaminopyridine (0.16 g, 1.3 mmol) in 100 mL dichlo-
romethane at 0° C. Metbacryloyl chloride (3.65 g, 35 mmol)
was added slowly by syringe. The reaction was stirred at 0° C.
until TL.C showed complete conversion (approximately 30
minutes). The reaction was quenched by the addition of water
and the layers were separated. The organic layer was washed
with aqueous sodium carbonate twice, 0.1 M HCI once and
water twice. The organic layer was then dried over sodium
sulfate and the solvent removed by rotary evaporation. The
resulting solid was purified by column chromatography using
hexanes and ethyl acetate as eluent.

Synthesis of random copolymers. All polymerizations
used 10 mmol of monomer in total with variations in the feed
ratio to achieve different compositions. In general, styrene,
MMA and PCM were dissolved in 2 grams of anisole and 4.1
mg of AIBN was added. The flask was then degassed by three
freeze-pump-thaw cycles and polymerized at 60° C. for 16
hours. After 16 hours, the flask was cooled to room tempera-
ture and the reaction opened to air. The viscous liquid was
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diluted with THF and precipitated into hexanes. The resulting
solid was collected by gravity filtration and dried under
vacuum.

Substrate preparation and thin film formation. A solution of
P(S-r-MMA-r-PCM) or P(S-r-PCM) (0.3% w/w) in toluene
was spin-coated onto silicon wafers that had been cleaned
using piranha acid (7:3 H,SO,:H,0,, caution: reacts vio-
lently with organic compounds). The substrate was then
annealed under vacuum at 220° C. for 5 min. After annealing,
the substrate was soaked in toluene and rinsed copiously with
fresh toluene to remove uncross-linked polymer, resulting in
5~11 nm thick cross-linked thin film. On these cross-linked
mats, a solution of cylinder forming P(S-b-MMA) (Mn(PS)
~46 k. Mn(PMMA)~21 k) in toluene (1.0 wt %) or a solution
of lamellar forming P(S-b-MMA) Mn(PS)~52 k,
Mn(PMMA)~52 k) in toluene (1.5 wt %) was spin-coated at
4000 rpm to produce films with BCP thicknesses of 25 nm or
37 nm. All BCP films were annealed at 220° C. for 10 min
under vacuum to drive self-assembly of block copolymer
domains.

Evaluation of photocleavability. Thin films of the cross-
linked mat (P(S-r-MMA-r-PCM) or P(S-r-PCM)) as prepared
previously were exposed to 305 nm light for various times and
then soaked in THF before being dried in a stream of air. The
thickness was evaluated using ellipsometry.

The results are summarized in Table 1.

TABLE 1

UV Light Time vs. PC5 Neutral Layer Thickness

UV Light Time (min) Thickness (nm)

0 6.93

5 4.71
10 4.99
15 4.45
20 4.47
30 4.47
40 3.86

Block Copolymer Layer Formation:

To investigate the neutral window of the crosslinked neu-
tral layer. PS-b-PMMA block copolymers were deposited
onto the neutral layers having styrene contents ranging from
5% to 90%. Both a vertical cylinder-forming block copoly-
mer (Mn(styrene)=46,000; Mn(PMMA)=21,000) and a ver-
tical lamellae-forming block copolymer (Mn(styrene)=
52.000; Mn(PMMA)=52,000) were studied. The resulting
structures are shown in the SEM images of FIGS. 12 and 13.

The word “illustrative” is used herein to mean serving as an
example, instance, or illustration. Any aspect or design
described herein as “illustrative” is not necessarily to be con-
strued as preferred or advantageous over other aspects or
designs. Further, for the purposes of this disclosure and unless
otherwise specified, “a” or “an” means “one or more”. Still
further, the use of*‘and” or “or” is intended to include “and/or”
unless specifically indicated otherwise.

The foregoing description of illustrative embodiments of
the invention has been presented for purposes of illustration
and of description. It is not intended to be exhaustive or to
limit the invention to the precise form disclosed, and modifi-
cations and variations are possible in light of the above teach-
ings or may be acquired from practice of the invention. The
embodiments were chosen and described in order to explain
the principles of the invention and as practical applications of
the invention to enable one skilled in the art to utilize the
invention in various embodiments and with various modifi-
cations as suited to the particular use contemplated. It is
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intended that the scope of the invention be defined by the
claims appended hereto and their equivalents.

What is claimed is:

1. A method of forming a self-assembled block copolymer
film, the method comprising:

forming a crosslinked copolymer film on a substrate sur-

face, the crosslinked copolymer film comprising
crosslinked random copolymer chains, wherein the
crosslinks comprise photocleavable junctions or mild
acid-cleavable junctions;

depositing a domain-forming block copolymer over the

crosslinked copolymer film; and

subjecting the domain-forming block copolymer to condi-

tions that induce the block copolymer to self-assemble
into a pattern of block copolymer domains.

2. The method of claim 1, wherein the crosslinked copoly-
mer film provides a neutral layer, such that the block copoly-
mer domains are vertically oriented.

3. The method of claim 2, further comprising selectively
removing one or more of the block copolymer domains and
the portions of the crosslinked copolymer film underlying
said domains, such that a mask pattern is formed over the
substrate.

4. The method of claim 3, further comprising transferring
the mask pattern to the substrate.

5. The method of claim 3, wherein the crosslinks comprise
the photocleavable junctions and further wherein the step of
selectively removing the portions of the crosslinked copoly-
mer film underlying said domains comprises exposing said
portions to radiation having wavelengths that cleave the pho-
tocleavable junctions in the crosslinks, such that the random
copolymer chains are uncrosslinked, and removing the
uncrosslinked random copolymer chains from the substrate
surface.

6. The method of claim 5, wherein the photocleavable
junctions are UV-cleavable.

7. The method of claim 6, wherein the photocleavable
junctions are provided by 2-nitrobenyl groups.

8. The method of claim 6, wherein the photocleavable
junctions are reversibly photocrosslinkable junctions.

9. The method of claim 8, wherein the reversibly photo-
crosslinkable junctions are provided by reversibly photo-
dimerizable coumarin groups.

10. The method of claim 3, wherein the step of selectively
removing the portions of the crosslinked copolymer film
underlying said domains comprises exposing said portions to
a mild acid that cleaves mild acid-cleavable junctions in the
crosslinks, such that the random copolymer chains are
uncrosslinked, and removing the uncrosslinked random
copolymer chains from the substrate surface.

11. The method of claim 10, wherein the mild acid-cleav-
able junctions are provided by acetal groups.

12. The method of claim 1, wherein forming the
crosslinked copolymer film on the substrate surface com-
prises:

depositing a coating comprising the random copolymer

chains onto a substrate surface, wherein the random
copolymer chains comprise comonomers comprising
crosslinkable functional groups; and
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subjecting the coating to conditions that induce crosslink-
ing reactions between the crosslinkable functional
groups to form the crosslinks.

13. The method of claim 12, wherein the photocleavable or
mild acid-cleavable junctions are formed by the crosslinking
reactions.

14. The method of claim 12, wherein the comonomers
comprising the crosslinkable functional groups further com-
prise the photocleavable or mild acid-cleavable junctions.

15. The method of claim 12, wherein forming the
crosslinked copolymer film on the substrate surface com-
prises:

depositing a coating comprising a crosslinking agent and

the random copolymer chains onto a substrate surface,
wherein the random copolymer chains comprise
comonomers comprising crosslinkable functional
groups; and

subjecting the coating to conditions that induce crosslink-

ing reactions between the crosslinking agent and the
crosslinkable functional groups to form the crosslinks.

16. A method of forming a self-assembled block copoly-
mer film, the method comprising:

forming a copolymer film on a substrate surface, the

copolymer film comprising random copolymer chains,
wherein the random copolymer chains are bonded to the
surface at multiple points by surface links and further
wherein the surface links comprise photocleavable junc-
tions or mild acid-cleavable junctions;

depositing a domain-forming block copolymer over the

surface-linked copolymer film; and

subjecting the domain-forming block copolymer to condi-

tions that induce the block copolymer to self-assemble
into a pattern of block copolymer domains.

17. The method of claim 16, wherein the surface-linked
copolymer film provides a neutral layer, such that the block
copolymer domains are vertically oriented.

18. The method of claim 17, further comprising selectively
removing one or more of the block copolymer domains and
the portions of the surface-linked copolymer film underlying
said domains, such that a mask pattern is formed over the
substrate.

19. The method of claim 16, wherein the crosslinks com-
prise the mild acid-cleavable junctions and further wherein
the step of selectively removing the portions of the surface-
linked copolymer film underlying said domains comprises
exposing said portions to a mild acid that cleaves the mild
acid-cleavable junctions in the surface links, such that the
random copolymer chains are unlinked from the substrate
surface, and removing the unlinked random copolymer
chains from the substrate surface.

20. The method of claim 19, wherein the mild acid-cleav-
able junctions are provided by acetal groups.

21. The method of claim 5, wherein the radiation has wave-
lengths shorter than 254 nm that cleaves the photocleavable
junctions.

22. The method of claim 10, wherein the mild acid has a
pKa higher than that of trifluoroacetic acid.

23. The method of claim 19, wherein the mild acid has a
pKa higher than that of trifluoroacetic acid.

#* #* #* #* #*
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