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(57) Abstract: A method is provided for preparing a prepatterned substrate for use in DSA integration. In one example, the method
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ure to a solvent vapor, b) exposure to a liquid solvent, and c) repeating steps a)-b) until the radiation-sensitive material pattern is
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TRACK PROCESSING TO REMOVE ORGANIC FILMS IN DIRECTED SELF-
ASSEMBLY CHEMO-EPITAXY APPLICATIONS

FIELD OF THE INVENTION
[0001] The present invention relates generally to methods of fabricating
semiconductor devices and, more specifically, to methods of fabricating

semiconductor devices using chemo-epitaxy directed self-assembly processes.

BACKGROUND OF THE INVENTION

[0002] Directed self-assembly (“DSA”) processes use block copolymers (BCPs) to
form lithographic structures, which are formed by the rearrangement of the BCP from
a random, unordered state to a structured, ordered state. The morphology of the
ordered state is variable and depends on a number of factors, including the relative
molecular weight ratios of the block polymers, as well as the surrounding chemical
and physical environment. Common morphologies include line-space and cylindrical,
although other structures may also be used. For example, other ordered
morphologies include spherical, lamellar, bicontinuous gyroid, or miktoarm star
microdomains.

[0003] Two common methods used to guide self-assembly in BCP thin films are
graphical epitaxy (also called "grapho-epitaxy") and chemical epitaxy (also called
"chemo-epitaxy"). In the grapho-epitaxy method, self-organization of block copolymers
is guided by pre-patterned substrates. Self-aligned lamellar BCPs can form parallel
line-space patterns of different domains in topographical trenches and enhance
pattern resolution by subdividing the space of topographical patterns. However,
defects and line-edge roughness are easily induced in this grapho-epitaxy directed
self-assembly scheme. For example, if the sidewalls are neutral, the lamellae tend to
orient perpendicular to the sidewalls and will not subdivide the pitch along the desired
direction.

[0004] In the chemo-epitaxy method, the self-assembly of BCP domains is guided
by chemical patterns having pitch dimensions commensurate with the domain size or
pitch period (L) of the self-assembled BCP morphology. The affinity between the
chemical patterns and at least one of the types of BCP domains results in the precise
placement of the different BCP domains on respective corresponding regions of the
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chemical patterns, i.e., a pinning region. The affinity for the one type of domain (for
example the A domains of an A-B diblock copolymer assembly) dominates the
interaction of the other domain(s) (for example the B domains) with the non-patterned
regions of the surface, which can be selective or non-selective (i.e., neutral) towards
the other type(s) of domains. As a result, the pattern formation in the resulting BCP
assembly can directly mirror the underlying chemical pattern (i.e., can be a one-for-
one reproduction of the features of the chemical pre-pattern). Moreover, depending
on the domain size or pitch period (Ly) of the self-assembled BCP morphology and the
critical dimension (CD) of the pinning regions and the non-patterned regions,
frequency multiplication can be achieved. However, dimension control and line-edge
roughness can be negatively affected in chemo-epitaxy DSA methods by
topographical variations in the chemical pre-pattern.

[0005] Two commonly used methods for forming chemical pre-patterns involve the
removal of a photoresist feature during the formation of the chemical guide. If the
removal of the photoresist feature is improperly performed, it may introduce
topographical variations in the chemical prepattern, which in turn can negatively
impact the DSA process. Furthermore, the removal of the photoresist can also change
the surface properties of the chemical guide which may also adversely impact the
DSA process.

[0006] The first commonly used method is known to those skilled in the art as the
"Wisconsin Flow" or "LiNe flow". Referring to FIGS. 1A-1G, a layered substrate 100a
of the prior art is provided having a substrate 101 sequentially layered with a cross-
linked polystyrene layer 102 and a patterned layer of photoresist 103 overlying the
cross-linked polystyrene layer 102. The imaged layer of photoresist has photoresist
lines 104 and openings 106. An oxygen plasma etch step breaks through the cross-
linked polystyrene layer 102 and trims the remaining features to provide fine line
features 108 and enlarged openings 110, which are shown in FIG. 1B. The fine line
features 108 comprise a photoresist portion 108a atop a cross-linked polystyrene
portion 108b. Referring to FIGS. 1C-1E, following a selective removal of the
photoresist portion 108a, a layer of hydroxyl terminated poly(styrene-random-methyl
methacrylate) (referred to below as the “brush”) 112 is coated over the cross-linked
polystyrene portion 108b in planarizing fashion (FIG. 1D), and subsequent baking
allows the brush to chemically graft to portions of the substrate 101 that were exposed
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in the enlarged openings 110. The excess brush material that has planarized the
cross-linked polystyrene portions 108b is rinsed off using an appropriate solvent
leaving only the portion of the brush that was previously grafted to the substrate. The
resulting structure is a nearly planar chemo-epitaxy prepattern. A layer of a block
copolymer 116 is applied next (FIG. 1F) and annealed to induce self-assembly to form
a lamellar film 118 comprising a first domain 118a and a second 118b (FIG. 1G). One
challenging step in the Wisconsin Flow is the removal of the photoresist layer 108a
without damaging the underlying polystyrene layer 108b. One method for selectively
removing the photoresist portions utilizes a warm, ultrasonic solution of N-
methypyrrolidinone (NMP) to strip the resist, but this solution has a number of issues
for mainstream manufacturing.

[0007] The second commonly used method is known to those skilled in the art as
the "IBM Liftoff Flow." Referring to FIGS. 2A-2E, a layered substrate 200 of the prior
art is provided having a substrate 201 coated with an under-layer 202 and a patterned
layer of photoresist 203 having imaged regions 204 and un-imaged regions 205.
Where the layer of photoresist 203 is a positive tone photoresist comprising a
photoacid generator, imaged regions 204 are rendered soluble to positive tone
developing chemistry, such as aqueous tetramethylammonium hydroxide (TMAH),
upon performing a post-exposure bake. As shown in FIG. 2B, after a post-exposure
bake, followed by a positive tone development process, the openings are shown,
along with the un-imaged regions 205. A flood exposure step followed by a bake step
provides resist lines 208 that consist of deprotected photoresist polymer, shown in FIG.
2C. The resist lines 208 are subsequently coated with a cross-linked neutral layer 212,
as shown in FIG. 2D. The underlying resist lines 208 are then lifted off by exposure to
a developer solution, which penetrates the thin cross-linked neutral layer 212, and
then dissolves the underlying resist lines 208. As the resist lines 208 dissolves, the
cross-linked neutral layer 212 attached to the lines 208 is essentially lifted off the
layered substrate 200 because it has lost its underlying support, i.e., the resist lines
208, to provide openings 217 in the IBM Flow chemo-epitaxy pre-pattern shown in FIG.
2E. Similar to FIGS. 1F-1G, a layer of a block copolymer may be applied and
annealed to induce self-assembly to form a lamellar film (not shown). One challenging
step in the IBM Flow is the lift-off step. The lift off processing fluid has traditionally
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been a TMAH developer, in which the cross-linked neutral layer is not soluble, which
raises a defectivity concern.

[0008] Therefore, due to the aforementioned limitations, new methods for removing
photoresist features in chemo-epitaxy prepatterns are highly desirable.

SUMMARY

[0009] The present invention overcomes the foregoing problems and other
shortcomings, drawbacks, and challenges of conventional chemo-epitaxy prepattern
formation in directed self-assembly applications. While the invention will be described
in connection with certain embodiments, it will be understood that the invention is not
limited to these embodiments. To the contrary, this invention includes all alternatives,
modifications, and equivalents as may be included within the scope of the present
invention.

[0010] According to an embodiment of the present invention, a method for forming
a prepattern is provided. The method comprises providing a substrate with a
radiation-sensitive material pattern overlying a patterned cross-linked polystyrene
copolymer layer; removing the radiation-sensitive material pattern overlying the
patterned cross-linked polystyrene copolymer layer, wherein the step of removing the
radiation-sensitive material pattern overlying the patterned cross-linked polystyrene
copolymer layer comprises: a) exposing the radiation-sensitive material pattern to a
solvent vapor; b) exposing the radiation-sensitive material pattern to a liquid solvent;
C) repeating steps a)-b) until the radiation-sensitive material pattern is completely
removed.

[0011] According to another embodiment of the present invention, a method for
forming a prepattern is provided. The method comprises providing a substrate with a
neutral layer deposited atop a patterned radiation-sensitive material layer; swelling the
neutral layer to form a swollen neutral layer; removing the radiation-sensitive material
pattern and the swollen neutral layer in portions where the swollen neutral layer
overlies the radiation-sensitive material pattern, by exposing the swollen neutral layer
and radiation-sensitive material pattern to a developer solution. According to this
embodiment, the step of swelling the neutral layer comprises: a) exposing the neutral
layer to a solvent vapor; b) exposing the neutral layer to a liquid solvent; c) repeating
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steps a)-b) until the neutral layer is sufficiently swollen to allow penetration of the
developing solution through the swollen neutral layer.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The accompanying drawings, which are incorporated in and constitute a
part of this specification, illustrate embodiments of the present invention and, together
with a general description of the invention given above, and the detailed description of
the embodiments given below, serve to explain the principles of the present invention.
[0013] FIGS. 1A-1G illustrate a lithographic process for forming a chemo-epitaxy
directed self-assembly (DSA) prepattern, in accordance with an embodiment of the
prior art;

[0014] FIGS. 2A-2E illustrate a lithographic process for forming a chemo-epitaxy
DSA prepattern, in accordance with an embodiment of the prior art;

[0015] FIG. 3 is a flow chart illustrating a method of forming a DSA prepattern, in
accordance with an embodiment of the present invention;

[0016] FIG. 4 is a flow chart illustrating a method of forming a DSA prepattern, in
accordance with another embodiment of the present invention; and

[0017] FIG. 5is a flow chart illustrating the method of forming the DSA prepattern
shown in FIG. 4, with additional details for Step 420, in accordance with another

embodiment of the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

[0018] A method for preparing a chemo-epitaxy prepatterned substrate for use in
direct self-assembly ("DSA") integration is disclosed in various embodiments.
However, one skilled in the relevant art will recognize that the various embodiments
may be practiced without one or more of the specific details or with other replacement
and/or additional methods, materials, or components. In other instances, well-known
structures, materials, or operations are not shown or described in detail to avoid
obscuring aspects of various embodiments of the present invention.

[0019] Similarly, for purposes of explanation, specific numbers, materials, and
configurations are set forth in order to provide a thorough understanding.
Nevertheless, the embodiments of the present invention may be practiced without
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specific details. Furthermore, it is understood that the illustrative representations are
not necessarily drawn to scale.

[0020] Reference throughout this specification to “one embodiment” or “an
embodiment” or variation thereof means that a particular feature, structure, material,
or characteristic described in connection with the embodiment is included in at least
one embodiment of the invention, but does not denote that they are present in every
embodiment. Thus, the appearances of the phrases such as “in one embodiment” or
“in an embodiment” in various places throughout this specification are not necessarily
referring to the same embodiment of the invention. Furthermore, the particular
features, structures, materials, or characteristics may be combined in any suitable
manner in one or more embodiments. Various additional layers and/or structures may
be included and/or described features may be omitted in other embodiments.

[0021] Additionally, it is to be understood that "a" or "an" may mean "one or more"
unless explicitly stated otherwise.

[0022] Various operations will be described as multiple discrete operations in turn,
in @ manner that is most helpful in understanding the invention. However, the order of
description should not be construed as to imply that these operations are necessarily
order dependent. In particular, these operations need not be performed in the order of
presentation. Operations described may be performed in a different order than the
described embodiment.

[0023] Various additional operations may be performed and/or described
operations may be omitted in additional embodiments.

[0024] Inreference to FIGS. 1 and 2, both of these chemo-epitaxy prepattern
formation methods involve the removal of an organic film (i.e., a photoresist portion
108a, 208, respectively) that is adjacent and contacting a non-photoresist layer (108b,
212, respectively). However, in order to overcome the problems of the prior art and to
minimize topography of the chemo-epitaxy prepattern, the methods described herein
utilize new combinations of processing steps employing track-based processing to
remove the organic film to prepare a prepatterned substrate for use in DSA
applications. These methods can improve the reliability of the annealing step (i.e., the
self-assembly of the block copolymer) in the DSA integration, thereby minimizing
processing defects. Thus, in accordance with embodiments of the present invention,
the removal of the photoresist portion (108a, 208) may be affected without the
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introduction of substantial defects and topographical variations, as described in further
detail below.

[0025] As used herein, the term "polymer block" means and includes a grouping of
multiple monomer units of a single type (i.e., a homopolymer block) or multiple types
(i.e., a copolymer block) of constitutional units into a continuous polymer chain of
some length that forms part of a larger polymer of an even greater length and exhibits
a xN value, with other polymer blocks of unlike monomer types, that is sufficient for
phase separation to occur. ¥ is the Flory-Huggins interaction parameter, which is
temperature dependent, and N is the total degree of polymerization for the block
copolymer. According to embodiments of the present invention, the xN value of one
polymer block with at least one other polymer block in the larger polymer may be
equal to or greater than about 10.5, at the annealing temperature.

[0026] As used herein, the term "block copolymer" means and includes a polymer
composed of chains where each chain contains two or more polymer blocks as
defined above and at least two of the blocks are of sufficient segregation strength (e.g.,
¥xN>10.5) for those blocks to phase separate. A wide variety of block polymers are
contemplated herein including diblock copolymers (i.e., polymers including two
polymer blocks (AB)), triblock copolymers (i.e., polymers including three polymer
blocks (ABA or ABC)), multiblock copolymers (i.e., polymers including more than three
polymer blocks (ABCD, star copolymers, miktoarm polymers, etc.)), and combinations
thereof.

[0027] As used herein, the term "substrate" means and includes a base material or
construction upon which materials are formed. It will be appreciated that the substrate
may include a single material, a plurality of layers of different materials, a layer or
layers having regions of different materials or different structures in them, etc. These
materials may include semiconductors, insulators, conductors, or combinations thereof.
For example, the substrate may be a semiconductor substrate, a base semiconductor
layer on a supporting structure, a metal electrode or a semiconductor substrate having
one or more layers, structures or regions formed thereon. The substrate may be a
conventional silicon substrate or other bulk substrate comprising a layer of
semiconductive material. As used herein, the term "bulk substrate” means and
includes not only silicon wafers, but also silicon-on-insulator ("SOI") substrates, such
as silicon-on-sapphire ("SOS") substrates and silicon-on-glass ("SOG") substrates,
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epitaxial layers of silicon on a base semiconductor foundation, and other
semiconductor or optoelectronic materials, such as silicon-germanium, germanium,
gallium arsenide, gallium nitride, and indium phosphide. The substrate may be doped
or undoped.

[0028] The terms "microphase segregation” and "microphase separation," as used
herein mean and include the properties by which homogeneous blocks of a block
copolymer aggregate mutually, and heterogeneous blocks separate into distinct
domains. In the bulk, block copolymers can self assemble into ordered morphologies,
having spherical, cylindrical, lamellar, or bicontinuous gyroid microdomains, where the
molecular weight of the block copolymer dictates the sizes of the microdomains
formed. The domain size or pitch period (Lo) of the self-assembled block copolymer
morphology may be used as a basis for designing critical dimensions of the patterned
structure. Similarly, the structure period (Ls), which is the dimension of the feature
remaining after selectively etching away one of the polymer blocks of the block
copolymer, may be used as a basis for designing critical dimensions of the patterned
structure.

[0029] The lengths of each of the polymer blocks making up the block copolymer
may be an intrinsic limit to the sizes of domains formed by the polymer blocks of those
block copolymers. For example, each of the polymer blocks may be chosen with a
length that facilitates self-assembly into a desired pattern of domains, and shorter
and/or longer copolymers may not self-assemble as desired.

[0030] The term "annealing" or "anneal" as used herein means and includes
treatment of the block copolymer so as to enable sufficient microphase segregation
between the two or more different polymeric block components of the block copolymer
to form an ordered pattern defined by repeating structural units formed from the
polymer blocks. Annealing of the block copolymer in the present invention may be
achieved by various methods known in the art, including, but not limited to: thermal
annealing (either in a vacuum or in an inert atmosphere, such as nitrogen or argon),
solvent vapor-assisted annealing (either at or above room temperature), or
supercritical fluid-assisted annealing. As a specific example, thermal annealing of the
block copolymer may be conducted by exposing the block copolymer to an elevated
temperature that is above the glass transition temperature (Tg), but below the thermal
degradation temperature (Td) of the block copolymer, and also below the order-

8
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disorder temperature (ODT) above which the block copolymer will no longer phase
separate. Other conventional annealing methods not described herein may also be
utilized.

[0031] The ability of block copolymers to self-organize may be used to form mask
patterns. Block copolymers are formed of two or more chemically distinct blocks. For
example, each block may be formed of a different monomer. The blocks are
immiscible or thermodynamically incompatible, e.g., one block may be polar and the
other may be non-polar. Due to thermodynamic effects, the copolymers will self-
organize in solution to minimize the energy of the system as a whole; typically, this
causes the copolymers to move relative to one another, e.g., so that like blocks
aggregate together, thereby forming alternating regions containing each block type or
species. For example, if the copolymers are formed of polar (e.g., organometallic-
containing polymers) and non-polar blocks (e.g., hydrocarbon polymers), the blocks
will segregate so that non-polar blocks aggregate with other non-polar blocks and
polar blocks aggregate with other polar blocks. It will be appreciated that the block
copolymers may be described as a self-assembling material since the blocks can
move to form a pattern without active application of an external force to direct the
movement of particular individual molecules, although heat may be applied to
increase the rate of movement of the population of molecules as a whole.

[0032] In addition to interactions between the polymer block species, the self-
assembly of block copolymers can be influenced by topographical features, such as
steps or guides extending perpendicularly from the horizontal surface on which the
block copolymers are deposited. For example, a diblock copolymer, a copolymer
formed of two different polymer block species, may form alternating domains, or
regions, which are each formed of a substantially different polymer block species.
When self-assembly of polymer block species occurs in the area between the
perpendicular walls of a step or guides, the steps or guides may interact with the
polymer blocks such that, e.g., each of the alternating regions formed by the blocks is
made to form a regularly spaced apart pattern with features oriented generally parallel
to the walls and the horizontal surface.

[0033] Such self-assembly can be useful in forming masks for patterning features
during semiconductor fabrication processes. For example, one of the alternating
domains may be removed, thereby leaving the material forming the other region to

9
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function as a mask. The mask may be used to pattern features such as electrical
devices in an underlying semiconductor substrate. Methods for forming a copolymer
mask are disclosed in U.S. Patent No. 7,579,278; and U.S. Patent No. 7,723,009, the
entire disclosure of each of which is incorporated by reference herein.

[0034] According to an embodiment of the present invention, the directed self-
assembly block copolymer is a block copolymer comprising a first polymer block and a
second polymer block, where the first polymer block inherently has an etch selectivity
greater than 2 over the second block polymer under a first set of etch conditions.
According to one embodiment, the first polymer block comprises a first organic
polymer, and the second polymer block comprises a second organic polymer. In
another embodiment, the first polymer block is an organic polymer and the second
polymer block is an organometallic-containing polymer. As used herein, the
organometallic-containing polymer includes polymers comprising inorganic materials.
For example, inorganic materials include, but are not limited to, metalloids such as
silicon, and/or transition metals such as iron.

[0035] It will be appreciated that the total size of each block copolymer and the
ratio of the constituent blocks and monomers may be chosen to facilitate self-
organization and to form organized block domains having desired dimensions and
periodicity. For example, it will be appreciated that a block copolymer has an intrinsic
polymer length scale, the average end-to-end length of the copolymer in film, including
any coiling or kinking, which governs the size of the block domains. A copolymer
solution having longer copolymers may be used to form larger domains and a
copolymer solution having shorter copolymers may be used to form smaller domains.
[0036] Moreover, the types of self-assembled microdomains formed by the block
copolymer are readily determined by the volume fraction of the first block component
to the second block components.

[0037] For example, when the volume ratio of the first block component to the
second block component is greater than about 80:20, or less than about 20:80, the
block copolymer will form an ordered array of spheres composed of the second
polymeric block component in a matrix composed of the first polymeric block
component. Conversely, when the volume ratio of the first block component to the
second block component is less than about 20:80, the block copolymer will form an

10
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ordered array of spheres composed of the first polymeric block component in a matrix
composed of the second polymeric block component.

[0038] When the volume ratio of the first block component to the second block
component is less than about 80:20 but greater than about 65:35, the block copolymer
will form an ordered array of cylinders composed of the second polymeric block
component in a matrix composed of the first polymeric block component. Conversely,
when the volume ratio of the first block component to the second block component is
less than about 35:65 but greater than about 20:80, the block copolymer will form an
ordered array of cylinders composed of the first polymeric block component in a matrix
composed of the second polymeric block component.

[0039] When the volume ratio of the first block component to the second block
component is less than about 65:35 but is greater than about 35:65, the block
copolymer will form alternating lamellae composed of the first and second polymeric
block components.

[0040] Therefore, the volume ratio of the first block component to the second block
component can be readily adjusted in the block copolymer in order to form desired
self-assembled periodic patterns. According to embodiments of the present invention,
the volume ratio of the first block component to the second block component is less
than about 65:35 but greater than about 35:65 to yield an ordered array of lamellar
domains composed of alternating layers of the first polymer block component and the
second polymeric block component.

[0041] Block copolymers may be comprised of exemplary organic polymerblocks
that include, but are not limited to, poly(9,9-bis(6'-N,N,N-trimethylammonium)-hexyl)-
fluorenephenylene) (PFP), poly(4-vinylpyridine) (4PVP), hydroxypropy!
methylcellulose (HPMC), polyethylene glycol (PEG), poly(ethylene oxide)-co-
poly(propylene oxide) di- or multiblock copolymers, poly(vinyl alcohol) (PVA),
poly(ethylene-co-vinyl alcohol) (PEVA), poly(acrylic acid) (PAA), polylactic acid (PLA),
poly(ethyloxazoline), a poly(alkylacrylate), polyacrylamide, a poly(N-alkylacrylamide),
a poly(N,N-dialkylacrylamide), poly(propylene glycol) (PPG), poly(propylene oxide)
(PPO), partially or fully hydrolyzed poly(vinyl alcohol), dextran, polystyrene (PS),
polyethylene (PE), polypropylene (PP), polyisoprene (Pl), polychloroprene (CR), a
polyvinyl ether (PVE), poly(vinyl acetate) (PVAc), poly(vinyl chloride) (PVC), a
polyurethane (PU), a polyacrylate, an oligosaccharide, or a polysaccharide.

11
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[0042] Block copolymers may be comprised of exemplary organometallic-
containing polymer blocks that include, but are not limited to, silicon-containing
polymers such as polydimethylsiloxane (PDMS), polyhedral oligomericsilsesquioxane
(POSS), or poly(trimethylsilylstyrene (PTMSS), or silicon- and iron-containing
polymers such as poly(ferrocenyldimethylsilane) (PFS).

[0043] Exemplary block copolymers include, but are not limited to, diblock
copolymers such as polystyrene-b-polydimethylsiloxane (PS-PDMS), poly(2-
vinylpyridine)-b-polydimethylsiloxane (P2VP-PDMS), polystyrene-b-
poly(ferrocenyldimethylsilane) (PS-PFS), or polystyrene-b-poly-DL-lactic acid (PS-
PLA), or triblock copolymers such as polystyrene-b-poly(ferrocenyldimethylsilane)-b-
poly(2-vinylpyridine) (PS-PFS-P2VP), polyisoprene-b-polystyrene-b-
poly(ferrocenyldimethylsilane) (PI-PS-PFS), or polystyrene-b-
poly(trimethylsilylstyrene)-b-polystyrene (PS-PTMSS-PS). In one embodiment, a PS-
PTMSS-PS block copolymer comprises a poly(trimethylsilylstyrene) polymer block that
is formed of two chains of PTMSS connected by a linker comprising four styrene units.
Modifications of the block copolymers is also envisaged, such as that disclosed in U.S.
Patent Application Publication No. 2012/0046415, the entire disclosure of which is
incorporated by reference herein.

[0044] In one particular embodiment, the block copolymer used for forming the self-
assembled periodic patterns is a PS-PMMA block copolymer. The polystyrene (PS)
and the polymethylmethacrylate (PMMA) blocks in such a PS-PMMA block copolymer
can each have a number average molecular weight ranging from about 10 kg/mol to
about 100 kg/mol, with a number average molecular weight from about 20 kg/mol to
about 50 kg/mole being more typical. Additionally, the volume fraction of the PMMA
(fPMMA) can range from about 35% to about 65%. In one embodiment, a PS-PMMA
block copolymer having a 44 kg/mol molecular weight, with 50 vol% PMMA, provides
lamellar features having an 12.5 nm structure period (Ls) and a 25 nm pitch (Lo).
[0045] Embodiments of the invention may also allow for the formation of features
smaller than those that may be formed by block polymers alone or photolithography
alone. In embodiments of the invention, a self-assembly material formed of different
chemical species is allowed to organize to form domains composed of like chemical
species. Portions of those domains are selectively removed to form temporary

placeholders and/or mask features. A pitch multiplication process may then be
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performed using the temporary placeholders and/or mask features formed from the
self-assembly material. Features with a pitch smaller than a pitch of the temporary
placeholders may be derived from the temporary placeholders.

[0046] However, in order to overcome the problems of the prior art and to minimize
topography of the chemi-epitaxy prepattern, the method described herein utilizes new
combinations of processing steps to prepare a chemo-epitaxy prepatterned substrate
for use in DSA applications. This method can improve the reliability of the DSA step,
thereby minimizing processing defects.

[0047] Thus, in accordance with embodiments of the present, invention, a method
for removing an organic film (i.e., a photoresist portion) that is adjacent and contacting
a non-photoresist layer as a step in the process of preparing a prepattern for DSA
integration is provided.

[0048] In accordance with an embodiment of the present invention and in reference
to FIG. 3, a method (300) for forming a prepattern is provided that comprises providing
a substrate with a radiation-sensitive material pattern overlying a patterned cross-
linked polystyrene copolymer layer (310); removing the radiation-sensitive material
pattern overlying the patterned cross-linked polystyrene copolymer layer, wherein the
step of removing the radiation-sensitive material pattern overlying the patterned cross-
linked polystyrene copolymer layer comprises: a) exposing the radiation-sensitive
material pattern to a solvent vapor (320); b) exposing the radiation-sensitive material
pattern to a liquid solvent (330); ¢) repeating steps a)-b) until the radiation-sensitive
material pattern is completely removed (330). It should be appreciated that while
method 300 is described herein using a cross-linked polystyrene copolymer, other
materials may also be suitable for use as an underlayer to the patterned radiation-
sensitive layer. Because the underlayer is ultimately used as a pinning region in the
chemo-epitaxy prepattern, the polymer or copolymer may be selected based on its
chemical affinity toward one of the polymer blocks of the block copolymer or its
chemical neutrality. For example, a cross-linkable PMMA may be used as the
underlayer material to pin the PMMA polymer block, as a complementary approach to
the described embodiment. In another embodiment, a chemically neutral material
may be used as the underlayer, and then a material having a chemical affinity for one
of the polymer blocks may be used as the backfill material (e.g., a PS or PMMA brush
may be use for a PS-b-PMMA BCP).
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[0049] In accordance with embodiments of the present invention, a "radiation-
sensitive material" comprises a material that switches solubility due to a change in
polarity upon performing an exposure to radiation of the appropriate wavelength and
thereafter performing a first post-exposure bake following the exposure or its
equivalent. The radiation-sensitive material may comprise, for example, a 248 nm
radiation-sensitive material, a 193 nm radiation-sensitive material, a 157 nm radiation-
sensitive material, or an extreme ultraviolet radiation-sensitive material, or a
combination of two or more thereof. According to another embodiment, the layer of
radiation-sensitive material may comprise a poly(hydroxystyrene)-based resist or a
(meth)acrylate-based resist. According to another embodiment, the layer of radiation
sensitive material comprises a pinacol-based resist. In any of the foregoing, the
removal of the radiation-sensitive material pattern provided after imaging and
developing is facilitated by a) exposing the radiation-sensitive pattern to a solvent
vapor, and b) exposing the radiation-sensitive material pattern to a liquid solvent
treatment, as described in more detail below.

[0050] A layered substrate comprising a radiation-sensitive material pattern
overlying a patterned cross-linked polystyrene copolymer layer, such as that depicted
in FIG. 1B, may be prepared by application of standard methods amenable to
conventional track processing systems. For example, the layered substrate may be
provided by coating a substrate with a first copolymer layer comprising a polystyrene
copolymer; cross-linking the first copolymer layer to form a cross-linked polystyrene
copolymer layer; coating the cross-linked polystyrene copolymer layer with a layer of
radiation-sensitive material; exposing the layer of radiation-sensitive material to
patterned electromagnetic radiation; developing the exposed layer of radiation-
sensitive material to form a radiation-sensitive material pattern; etching the cross-
linked polystyrene copolymer layer using the radiation-sensitive material pattern as a
mask, to form a patterned cross-linked polystyrene copolymer layer; and optionally,
laterally trimming the patterned cross-linked polystyrene copolymer layer. One
exemplary procedure is described by Liu, C.C. et al. in "Integration of block copolymer
directed assembly with 193 immersion lithography" J. Vac. Sci. Technol. B 28(6), 2010,
pp. C6B30-C6B34.

[0051] In accordance with an embodiment of the present invention and in reference
to step 320 of FIG. 3, the photoresist section 108a is removed by first injecting a
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solvent in vapor phase or mist into a processing space surrounding the layered
substrate 100bto swell the photoresist section 108a of the radiation-sensitive material
pattern, which renders the material more amenable to removal. The next phase
introduces a liquid solvent to more thoroughly dissolve the photoresist section 108a.
An exemplary photoresist-film processing apparatus is described in U.S. Patent No.
8,420,304, which is incorporated herein by reference in its entirety.

[0052] In one embodiment, the layered substrate 100b, after having been
subjected to the developing process, may be transported to a photoresist-film
processing apparatus. The layered substrate 100b, which has been transported to the
photoresist-film processing apparatus, may be held by a wafer holding part of a chuck
that has been already maintained at a predetermined set temperature. At this time, the
inside of the resist-film processing apparatus may be purged, for example, with air or
nitrogen gas.

[0053] After a predetermined time has passed, a temperature of the layered
substrate 100b reaches the predetermined set temperature. Then a solvent supply
nozzle may be moved to a position to supply the solvent vapor at a constant flow rate
to the layered substrate 100c. Optionally, the solvent supply nozzle may be moved at
a constant or variable speed across the layered substrate 100b, while the solvent
vapor is being continuously jetted from the solvent supply nozzle. Alternatively, the
solvent vapor may be pulsed at a constant or variable frequency. Thus, in this
manner, the radiation-sensitive material pattern overlying the patterned cross-linked
polystyrene copolymer layer may be exposed to the solvent vapor.

[0054] Upon exposure of the radiation-sensitive material pattern to the solvent
vapor, the solvent vapor is taken into the surface (side surface and upper surface) of
the photoresist sections 108a, so that the surface of the photoresist sections 108a
begin to dissolve and swell. After exposing the radiation-sensitive material pattern to
the solvent vapor for a sufficient time or predetermined time, the supply of the solvent
vapor may be discontinued.

[0055] In accordance with embodiments of the present invention, the solvent(s)
may be selected based on numerous factors, including but not limited to the solubility
of the photoresist material in the solvent, the vapor pressure of the solvent, the
environmental hazard(s) associated with the solvent, and the like. Exemplary solvents
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include, but are not limited to, N-methylpyrrolidinone (NMP), dimethyl sulfoxide
(DMSO), and dipropylene glycol dimethyl ether (DPGDME), or combinations thereof.
[0056] Solvent softening/swelling of the photoresist sections 108a may be
performed over a wide temperature range from about room temperature to about
100°C. For example, step 320 may be conducted at about 20°C, about 25°C, about
35°C, about 50°C, about 75°C, or about 100°C, or within a range between any
combination of the foregoing.

[0057] The partial pressure of the solvent vapor in the treatment space may range
from about 1 Torr up to a saturation pressure of the solvent, which is temperature
dependent. The remaining gas make-up of the solvent vapor may include a carrier
gas, such as nitrogen, or a noble gas such as argon.

[0058] The radiation-sensitive material pattern may be exposed to the solvent
vapor for a time period sufficient to affect the desired degree of swelling, which may
be monitored by optical techniques, or for a predetermined period of time. In one
embodiment, the layered substrate 100b may be treated with a solvent vapor for a
sufficient period of time to affect a 25% increase in a thickness in the photoresist
portion 108a. In another embodiment, the exposure time may range from about 15
seconds to about 10 minutes. For example, the layered substrate 100b may be
treated with a solvent vapor for about 30 seconds, about 1 minute, about 2 minutes,
about 5 minutes, or about 8 minutes.

[0059] The next phase (Step 330 in FIG. 3) is to introduce a liquid solvent to more
thoroughly dissolve the photoresist material. Depending on the configuration of the
photoresist-film processing apparatus, the solvent vapor-treated substrate may be
exposed to a liquid solvent without the need for transferring the layered substrate to a
different station. For example, the photoresist-film processing apparatus may be
configured with a liquid solvent dispenser in the same operating space. Accordingly, a
liquid solvent dispenser may be rotated from a standby position to a supply position,
and then supply a predetermined amount of liquid solvent to the layered substrate
100b. The liquid solvent may be applied in a manner such that it spreads all over the
layered substrate 100b, so that the whole surface of the layered substrate 100b is
covered with a layer of the liquid solvent.

[0060] Exemplary solvents for use in this liquid solvent exposure step (330) can be
propylene glycol monomethyl ether acetate (PGMEA), cycloexanone, gamma
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butyrolactone, methyl amyl ketone, ethyl lactate, or blends thereof. Other solvents
also suitable for use include those solvents used as negative tone developers, such
as n-butyl acetate and methyl isobutyl ketone (MIBK), anisole, and 2-heptanone, or
blends thereof. Aqueous tetramethyl ammonium hydroxide (TMAH) solutions ranging
from about 0.1 N to about 0.5 N may also be used.

[0061] The layer of the liquid solvent may be removed from the layered substrate
by displacing with an inert solvent or by spin-drying. The sequence of exposing the
radiation-sensitive material pattern to the solvent vapor (320), followed by exposing
the radiation-sensitive material pattern to the liquid solvent (33), may be repeated until
the photoresist portions 108a are completely removed.

[0062] After a predetermined time (time required for the swelling parts of the
surface of the photoresist portion 108a to be dissolved) or a predetermined number of
repeat sequences of steps 320-330, the layered substrate may be washed with a rinse
solvent (such as those commonly used in negative tone development processing) or
water (deionized or distilled) to wash away the dissolve portions of the photoresist
material and/or displace the bulk of the liquid solvent.

[0063] Optionally, when removal of the radiation-sensitive material pattern has
been completed, the layered substrate 100c is provided, which may be spin-dried or
dried with a nitrogen air knife prior to further processing. If desired, the layered
substrate 100c may be transported to a post-baking apparatus to evaporate any
residual solvents and/or water remaining on the substrate.

[0064] Thus, based on the foregoing process, the photoresist portions 108a were
removed from the layered substrate 100b without damaging the underlying cross-
linked polystyrene portions 108b to provide layered substrate 103c, which is ready for
further processing to prepare a chemo-epitaxy prepattern for DSA integration. To that
end, the enlarged openings 110 may be filled in by forming a layer of a hydroxyl
terminated PS-r-PMMA copolymer brush over and between the cross-linked
polystyrene portions 108b, which will serve as pinning regions in a subsequent DSA
process, in planarizing fashion. A subsequent baking allows the brush to chemically
graft to portions of the substrate 101 that were previously exposed in the enlarged
openings 110. The excess brush material that has planarized the cross-linked

polystyrene portions 108b is rinsed off using an appropriate solvent leaving only the
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portion of the brush that was previously grafted to the substrate 101. The resulting
structure is a nearly planar chemo-epitaxy prepattern.

[0065] According to another embodiment of the present invention and in reference
to FIG. 4, a method (400) for forming a prepattern is provided. The method comprises
providing a substrate with a neutral layer deposited atop a patterned radiation-
sensitive material layer (410); swelling the neutral layer to form a swollen neutral layer
(420); removing the radiation-sensitive material pattern and the swollen neutral layer
in portions where the swollen neutral layer overlies the radiation-sensitive material
pattern, by exposing the swollen neutral layer and radiation-sensitive material pattern
to a developer solution (430). According to this embodiment and as shown in FIG. 5,
the step of swelling the neutral layer (420) comprises: a) exposing the neutral layer to
a solvent vapor; b) exposing the neutral layer to a liquid solvent; ¢) repeating steps a)-
b) until the neutral layer is sufficiently swollen to allow penetration of the developing
solution through the swollen neutral layer.

[0066] With reference to FIG. 2D, the layered substrate 200d comprising a neutral
layer deposited atop a patterned radiation-sensitive material layer serves as an
exemplary starting point for implementing method 400 for preparing a chemo-epitaxy
prepattern. To that end and in accordance with an embodiment of the present
invention, layered substrate 200d comprising a substrate 201 coated with an under-
layer 202, such as an silicon-based antireflective coating (Si-ARC). According to this
embodiment, the Si-ARC layer 202, once exposed by the lifting off process, serves as
a pinning region in the chemo-epitaxy prepattern to the DSA integration process. As
described above in reference to FIGS. 2A-2C, a patterned radiation-sensitive material
layer is prepared upon the under-layer 202 and then coated with a neutral layer.
[0067] As noted above, a "radiation-sensitive material" comprises a material that
switches solubility due to a change in polarity upon performing an exposure to
radiation of the appropriate wavelength and thereafter performing a first post-exposure
bake following the exposure or its equivalent. Exemplary radiation-sensitive materials
include a 248 nm radiation-sensitive material, a 193 nm radiation-sensitive material, a
157 nm radiation-sensitive material, or an extreme ultraviolet radiation-sensitive
material, or a combination of two or more thereof. According to another embodiment,

the layer of radiation-sensitive material may comprise a poly(hydroxystyrene)-based
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resist or a (meth)acrylate-based resist. According to another embodiment, the layer of
radiation sensitive material comprises a pinacol-based resist.

[0068] A solution of a radiation-sensitive material(e.g., a photoresist material) can
be spin-coated or spray-coated onto the substrate, and then baked to remove the
casting solvent to form a photoresist material layer on the layered substrate.
Patterning the photoresist material layer with radiation of the appropriately matched
wavelength forms a patterned photoresist layer having imaged regions 204 and un-
imaged regions 205 on the substrate (200a). Depending on the nature of the resist,
the subsequent development step can be negative tone, where the un-imaged regions
205 are removed, or positive tone, where the imaged regions 204 are removed. In the
embodiment shown in FIG. 2B, a positive tone development has been performed to
remove imaged regions 204 and thereby provide openings 207 and un-imaged
regions 205. Depending on the chemical composition of the photoresist material
comprising the un-imaged regions 2095, it is further contemplated that the prepatterned
substrate can undergo further processing prior to deposition of the neutral layer. For
example, the patterned photoresist layer of the prepatterned substrate can be trimmed.
Exemplary methods for trimming, which is also commonly referred to as slimming, are
described in U.S. Patent Nos. 8,338,086 and 8,435,728, the entire contents of these
patent documents are herein incorporated by reference in their entirety.

[0069] In accordance with embodiments of the present invention, the un-imaged
regions 205, which will be subsequently removed in a lift-off step described in more
detail below, may have certain favorable properties. For example, the un-imaged
regions 205 may be compatible with the neutral layer deposition process. However,
the compatibility of a photoresist material in a neutral layer deposition process is
dependent upon the nature of the photoresist material, and the deposition process
and its processing conditions. Accordingly, hardening the photoresist pattern
subsequent to patterning can render the photoresist pattern resistant to degradation
during the subsequent deposition of the neutral layer.

[0070] An additional point to consider is that the patterned radiation-sensitive
material may be dissolvable in a processing liquid used in the subsequent lift-off
process. For example, where the photoresist material is a positive tone photoresist
comprising a protected polymer and a photoacid generator, a flood exposure step,
followed by a bake step would render the resist lines soluble to aqueous basic
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solutions, such as tetramethylammonium hydroxide (TMAH) solutions. Thus, as
exemplified in the embodiment shown in FIGS. 2B-2C, un-imaged regions 205
comprising a protected photoresist polymer, are converted to resist lines 208,
comprising a deprotected photoresist polymer by a flood exposure and a post-
exposure bake to provide a prepatterned substrate that is ready for application of a
neutral layer, and subsequent dissolution in a processing liquid during the liftoff
process. According to another example, where the photoresist material is a negative
tone photoresist developed with organic solvent, the un-imaged regions 205 possess
the proper polarity to not be dissolvable in a casting solvent for the subsequent neutral
layer coating, and solvable in a processing liquid used in the lift-off process. As such,
a flood exposure and a bake step are not necessary.

[0071] Thus, in accordance with an embodiment, where the photoresist is a
positive tone resist, the layered substrate comprising the patterned positive tone
photoresist layer may be exposed to processing conditions prior to deposition of the
neutral layer, where the conditions are sufficient to change the polarity of the
photoresist material to render it soluble or more soluble to the lift-off processing liquid.
Exemplary processes include, but are not limited, exposure and post-exposure bake,
acid wash and post-acid wash bake, or heating the photoresist material to a
temperature sufficient to induce thermal degradation. In a complementary
embodiment, where the photoresist is a negative tone resist, additional processing
steps prior to depositing the neutral layer may be omitted.

[0072] In accordance with embodiments of the present invention, a neutral layer
212 is deposited atop a patterned radiation-sensitive material layer (Step 410). The
method for depositing or applying the neutral layer 212 is not particularly limited, but
the chosen method should be amenable to the chemical nature of the layered
substrate 220c. It would be further advantageous is the method for forming the
neutral layer did not unduly introduce topographical variations to the prepattern.
Exemplary methods for applying neutral layers, include a commonly owned patent
application filed on of the same date as the instant application entitled
"TOPOGRAPHY MINIMIZATION OF NEUTRAL LAYER OVERCOATS IN DIRECTED
SELF-ASSEMBLY APPLICATIONS," the entirety of which is incorporated herein by

reference in its entirety.
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[0073] As discussed above, the chemical nature of the neutral layer should be
appropriately matched to the block copolymer so as to be chemically neutral to the
individual polymer blocks. In one example, where the intended block copolymer for
the self-assembly process is a PS-b-PMMA copolymer, exemplary neutral materials
include, but are not limited to, a hydroxyl-terminated poly(styrene-r-methyl
methacrylate) and various epoxy-functionalized poly(styrene-r-methyl methacrylate)
terpolymers, which may be applied by spin-coating and grafted by heating to provide
an exemplary substrate, such as that shown in FIG. 2D. One exemplary procedure is
described by Cheng, J.Y. et al., "Simple and Versatile Methods To Integrate Directed
Self-Assembly with Optical Lithography Using a Polarity-Switched Photoresist” ACS
Nano, 4(8), 4815-4823 (2010).

[0074] In accordance with embodiments of the present invention and in reference
to FIG. 4, the method 400 further includes swelling the neutral layer to form a swollen
neutral layer (420). In further reference to FIG. 5, swelling of the neutral layer is
affected by a) exposing the neutral layer to a solvent vapor, b) exposing the neutral
layer to a liquid solvent, and c) repeating steps a)-b) until the neutral layer is
sufficiently swollen to allow penetration of a development solution through the swollen
neutral layer. Exposing the swollen neutral layer and radiation-sensitive material
pattern to a developer solution removes the radiation-sensitive material pattern and
the swollen neutral layer in portions (430). As noted above, the exemplary
photoresist-film processing apparatus described in U.S. Patent No. 8,420,304 may be
adapted to perform the lift off process described herein.

[0075] Thus, a first phase involves injecting a solvent in vapor phase or mist into a
processing space surrounding the layered substrate 200d in FIG. 2D or onto said
layered substrate, to swell the neutral layer 212 over the resist lines 208, which
renders the neutral layer relatively more penetrable to the liquid solvent and the
developing solution. In one embodiment, the layered substrate 200d may be
transported to a processing apparatus and held by a wafer holding part of a chuck that
has been already maintained at a predetermined set temperature. At this time, the
inside of the processing apparatus may be purged, for example, with air or nitrogen
gas.

[0076] After a predetermined time has passed, a temperature of the layered
substrate 200d reaches the predetermined set temperature. Then a solvent supply
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nozzle may be moved to a position to supply the solvent vapor at a constant flow rate
to the layered substrate 200d. Optionally, the solvent supply nozzle may be moved at
a constant or variable speed across the layered substrate 200d, while the solvent
vapor is being continuously jetted from the solvent supply nozzle. Alternatively, the
solvent vapor may be pulsed at a constant or variable frequency. Thus, in this
manner, the neutral layer 212 overlying the resist lines 208 may be exposed to the
solvent vapor.

[0077] Upon exposure of the neutral layer 212 to the solvent vapor, the solvent
vapor is taken into the surface of the neutral layer 212, so that the surface of the
neutral layer begins to swell as the solvent molecules penetrate into the neutral layer
matrix. After exposing neutral layer 212 to the solvent vapor for a sufficient time or
predetermined time, the supply of the solvent vapor may be discontinued.

[0078] In accordance with embodiments of the present invention, the solvent(s)
may be selected based on numerous factors, including but not limited to the solubility
of the neutral layer (or its monomeric components) in the solvent, the vapor pressure
of the solvent, the environmental hazard(s) associated with the solvent, and the
compatibility (e..g., miscibility) of the solvent and the developer solution. Exemplary
solvents include, but are not limited to, N-methylpyrrolidinone (NMP), dimethyl
sulfoxide (DMSO), and dipropylene glycol dimethyl ether (DPGDME), or combinations
thereof.

[0079] Solvent softening/swelling of the neutral layer 212 may be performed over a
wide temperature range from about room temperature to about 100°C. For example,
step 320 may be conducted at about 20°C, about 25°C, about 35°C, about 50°C,
about 75°C, or about 100°C, or within a range between any combination of the
foregoing.

[0080] The partial pressure of the solvent vapor in the treatment space may range
from about 1 Torr up to a saturation pressure of the solvent, which is temperature
dependent. The remaining gas make-up of the solvent vapor may include a carrier
gas, such as nitrogen, or a noble gas such as argon.

[0081] The layered substrate 200d may be exposed to the solvent vapor for a time
period sufficient to affect the desired degree of swelling, which may be monitored by
optical techniques, or for a predetermined period of time. In one embodiment, the
layered substrate 200d may be treated with a solvent vapor for a sufficient period of
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time to affect a 25% increase in a thickness in the neutral layer 212. In another
embodiment, the exposure time may range from about 15 seconds to about 10
minutes. For example, the layered substrate 200d may be treated with a solvent
vapor for about 30 seconds, about 1 minute, about 2 minutes, about 5 minutes, or
about 8 minutes.

[0082] The next phase is to introduce a liquid solvent to more thoroughly
impregnated and swell the entire thickness of the neutral layer 212. Depending on the
configuration of the processing apparatus, the layered substrate 200d may be
exposed to a liquid solvent without any need for transferring the substrate to a
different station. For example, the processing apparatus may be configured with a
liquid solvent dispenser in the same operating space. Accordingly, a liquid solvent
dispenser may be rotated from a standby position to a supply position, and then
supply a predetermined amount of liquid solvent to the layered substrate 200d. The
liquid solvent may be applied in a manner such that it spreads all over the layered
substrate 200d, so that the whole surface of the layered substrate 200d is covered
with a layer of the liquid solvent.

[0083] Exemplary solvents for use in this liquid solvent exposure step (330) can be
propylene glycol monomethyl ether acetate (PGMEA), cycloexanone, gamma
butyrolactone, methyl amyl ketone, ethyl lactate, or blends thereof. Other solvents
also suitable for use include those solvents used as negative tone developers, such
as n-butyl acetate and methyl isobutyl ketone (MIBK), anisole, and 2-heptanone, or
blends thereof. Additionally, other solvents used in wet cleaning, such as DMSO,
NMP, etc., may also be used.

[0084] The layer of the liquid solvent may be removed from the layered substrate
by displacing with an inert solvent or by spin-drying. The sequence of exposing the
neutral layer to the solvent vapor, followed by exposing the neutral layer to the liquid
solvent may be repeated until the neutral layer has reached a desired or a maximum
degree of swelling. It should be further appreciated that the order of the solvent
vapor/liquid solvent treatments may be reversed and/or performed any number of time
using one or more different solvents. After a predetermined time (e.g., experimentally
determined time required for attaining the desired or the maximum degree of swelling)
or a predetermined number of repeat sequences of solvent vapor/liquid solvent
exposures, the layered substrate 200d may be washed with developer solution.

23



WO 2014/152156 PCT/US2014/027016

[0085] Exemplary developer solutions may be TMAH-based, such as the
developers disclosed in U.S. Patent No. 8,603,867, which is incorporated herein by
reference in its entirety. For example, compositions suitable for removing the
photoresist lines 208 underlying the swollen neutral layer 212, include but are not
limited to a composition comprising about 1 wt% to about 10 wt% of TMAH; about 1
wt% to about 10 wt% of an alkanol amine; about 50 wt% to about 70 wt% of a glycol
ether compound; about 0.01 wt% to about 1 wt% of a triazole compound; about 20
wt% to about 40 wt% of a polar solvent, and water, wherein each wt% is based on the
total weight of the composition.

[0086] After the patterned radiation-sensitive material layer and its overlying
swollen neutral layer have been removed, a rinse solvent or water (deionized or
distilled) may be applied to the substrate to wash away the dissolve portions of the
photoresist material and the pieces of the lifted-off neutral layer, as well as displace
the bulk quantity of any remaining developer solution. The rinsing step may be
facilitated by application of technology associate with an advance development rinse
(ADR) nozzle (Tokyo Electron), which sprays a jet of gas (e.g., air or nitrogen) into a
puddle of rinse liquid to create a three phase contact line that is then used to push
defects off the wafer. Alternatively, the rinse step may be facilitated by application of
technology associated with immersion rinse units (Tokyo Electron). The ADR
technology is described in U. S. Patent Application Publication No. 2006/0123658,
and the immersion rinse technology is described in U. S. Patent Application
Publication No. 2011/0229120, the entire disclosure of these patent documents are
incorporated herein by reference in their entirety.

[0087] Optionally, when the neutral layer and its underlying patterned radiation-
sensitive material layer have been removed, the layered substrate 200e shown in FIG.
2E may be provided, which may be spin-dried or dried with a nitrogen air knife prior to
further processing. If desired, the layered substrate 200e may be transported to a
post-baking apparatus to evaporate any residual solvents and/or water remaining on
the substrate.

[0088] Thus, based on the foregoing process, the resist lines 208and its overlying
section of neutral layer 212 may be effectively removed from the layered substrate
200d without substantially damaging the remaining neutral layer portions 216 or the
under-layer 202 exposed by openings 217. Accordingly, the layered substrate 200e
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shown in FIG. 2E is ready for further processing to prepare a chemo-epitaxy
prepattern for DSA integration.

[0089] The DSA material comprising a BCP may be deposited by various methods,
including, e.g., spin-on coating, spin casting, brush coating or vapor deposition. For
example, the block copolymer may be provided as a solution in a carrier solvent such
as an organic solvent, e.g., toluene, and the carrier solvent subsequently removed.
[0090] While the invention is not bound by theory, it will be appreciated that the
different block species are understood to self-aggregate due to thermodynamic
considerations in a process similar to the phase separation of materials. The self-
organization is guided by the pinning regions 108b or 217 in FIGS. 1E or 2E,
respectively. As generally described above, one of the blocks of the BCP may have a
chemical affinity for the pinning regions, which thereby induces one of the domains of
the self-assembled BCP to be pinned to pinning regions 108b or 217. Although not
shown, the critical dimension of the opening 108b or 217, as well as the critical
dimension of the remaining neutral layer portions 112, 216, respectively are important
for proper alignment of the self-assembled BCP, as well as pitch multiplication.
[0091] The film of the block copolymer is exposed to annealing (baking) conditions
to facilitate the self-assembly of the block copolymer. After completion of the
annealing step of the film of block copolymer, a layer of self-assembled block polymer
having distinct domains is formed. It will be appreciated that one of the domains may
be selectively removed in a single step using a single etch chemistry or may be
removed using multiple etches with different etch chemistries to provide a pattern
defined by the remaining domain. For example, where a self-assembled block
copolymer of polystyrene (PS)-b-polymethylmethacrylate (PMMA), the PMMA
domains may be removed by performing a selective oxygen plasma etch, leaving
behind a patterned substrate with PS lines. The final DSA-derived pattern may be
transferred to the underlying substrate. The pattern transfer may be accomplished
using etch chemistries appropriate for selectively etching the material or materials of
the substrate 301 relative to the remaining unetched domain features.

[0092] It will be appreciated that various modifications of the illustrated
embodiments are possible. For example, while discussed in the context of diblock
copolymers for ease of illustration and discussion, the copolymers may be formed of
two or more block species. In addition, while the block species of the illustrated
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embodiment are each formed of a different monomer, the block species may share
monomer(s). For example, the block species may be formed of different sets of
monomers, some of which are the same, or may be formed of the same monomer, but
in a different distribution in each block. The different sets of monomers form blocks
having different properties which may drive the self-assembly of the copolymers.
[0093] In addition, while the illustrated embodiments may be applied to fabricate
integrated circuits, embodiments of the invention may be applied in various other
applications where the formation of patterns with very small features is desired. For
example, embodiments of the invention may be applied to form gratings, disk drives,
storage media or templates or masks for other lithography techniques, including X-ray
or imprint lithography. For example, phase shift photomasks may be formed by
patterning a substrate that has a film stack having phase shifting material coatings.
[0094] While the present invention has been illustrated by the description of one or
more embodiments thereof, and while the embodiments have been described in
considerable detail, they are not intended to restrict or in any way limit the scope of
the appended claims to such detail. Additional advantages and modifications will
readily appear to those skilled in the art. The invention in its broader aspects is
therefore not limited to the specific details, representative apparatus and method and
illustrative examples shown and described. Accordingly, departures may be made
from such details without departing from the scope of the general inventive concept.
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What is claimed is:

1. A method for forming a prepattern, comprising:

providing a substrate with a radiation-sensitive material pattern overlying a
patterned cross-linked polystyrene copolymer layer; and

removing the radiation-sensitive material pattern overlying the patterned
cross-linked polystyrene copolymer layer,

wherein the step of removing the radiation-sensitive material pattern overlying
the patterned cross-linked polystyrene copolymer layer comprises:

a) exposing the radiation-sensitive material pattern to a solvent vapor;

b) exposing the radiation-sensitive material pattern to a liquid solvent;

C) repeating steps a)-b) until the radiation-sensitive material pattern is

completely removed.

2. The method of claim 1, wherein the solvent vapor comprises a solvent
selected from the group consisting of n-methylpyrrolidone (NMP), dimethyl
sulfoxide(DMSOQ), and dipropylene glycol dimethyl ether (DPGME), or a mixture of

two or more thereof.

3. The method of claim 1, wherein the step of exposing the radiation-sensitive
material pattern to a solvent vapor is performed at a temperature in the range from
20°C to 100°C.

4. The method of claim 1, wherein the step of exposing the radiation-sensitive
material pattern to a solvent vapor is performed at a pressure in the range from 1Torr
to a saturation pressure of the solvent vapor.

5. The method of claim 1, wherein liquid solvent comprises a solvent selected
from the group consisting of propylene glycol monomethyl ether acetate (PGMEA),
cyclohexanone, gamma butyrolactone, methyl amyl ketone, ethyl lactate, n-butyl
acetate, methyl isobutyl ketone (MIBK), anisole, 2-heptanone, and an aqueous
solution of tetra-methyl ammonium hydroxide (TMAH), or a mixture of two or more
thereof.
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6. The method of claim 1, further comprising:

rinsing the substrate with a rinse solvent or deionized water (DIW).

7. The method of claim 6, further comprising:
drying the substrate by spinning the substrate or by exposing the substrate to
a flow of drying gas, or both.

8. The method of claim 1, further comprising:

coatingthe substrate with a first copolymer layer comprising a
polystyrene copolymer;

cross-linking the first copolymer layer to form a cross-linked
polystyrene copolymer layer;

coating the cross-linked polystyrene copolymer layer with a layer of
radiation-sensitive material;

exposing the layer of radiation-sensitive material to patterned
electromagnetic radiation;

developing the exposed layer of radiation-sensitive material to form a
radiation-sensitive material pattern;

etching the cross-linked polystyrene copolymer layer using the
radiation-sensitive material pattern as a mask, to form a patterned cross-linked
polystyrene copolymer layer; and

optionally laterally trimming the patterned cross-linked polystyrene
copolymer layer.

9. A method for forming a prepattern, comprising:

providing a substrate with a neutral layer deposited atop a patterned radiation-
sensitive material layer;

swelling the neutral layer to form a swollen neutral layer;

removing the radiation-sensitive material pattern and the swollen neutral layer
in portions where the swollen neutral layer overlies the radiation-sensitive material
pattern, by exposing the swollen neutral layer and radiation-sensitive material pattern
to a developer solution,
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wherein the step of swelling the neutral layer comprises:
a) exposing the neutral layer to a solvent vapor;
b) exposing the neutral layer to a liquid solvent;
C) repeating steps a)-b) until the neutral layer is sufficiently swollen to
allow penetration of the developing solution through the swollen neutral layer.

10. The method of claim 9, wherein the liquid solvent comprises a solvent
selected from the group consisted of propylene glycol monomethyl ether acetate
(PGMEA), cyclohexanone, gamma butyrolactone, methyl amyl ketone, ethyl lactate,
n-butyl acetate, methyl isobutyl ketone (MIBK), anisole, 2-heptantone, dimethyl

sulfoxide (DMSQ), or a mixture of two or more thereof.

11.  The method of claim 9, wherein the solvent vapor comprises a solvent
selected from the group consisting of n-methylpyrrolidone (NMP), dimethyl
sulfoxide(DMSQ), and dipropylene glycol dimethyl ether, or a mixture of two or more
thereof.

12.  The method of claim 9, wherein the step of swelling the neutral layer is

performed at a temperature in the range from 20°C to 100°C.

13.  The method of claim 9, wherein the step of swelling the neutral layer is
performed at a pressure in the range from 1Torr to a saturation pressure of the

solvent vapor.

14.  The method of claim 9, further comprising:
rinsing the substrate with a rinse solvent or deionized water (DIW), to remove

any remaining portions of the neutral layer and radiation-sensitive material pattern.

15.  The method of claim 14, further comprising:
drying the substrate by spinning the substrate or by exposing the substrate to
a flow of drying gas, or both.

16.  The method of claim 9, further comprising:
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coating the substrate with radiation-sensitive material to form a radiation-
sensitive material layer;

patterning the radiation-sensitive material layer to form a radiation-sensitive
material pattern and exposed portions of the substrate; and

depositing a neutral layer over the radiation-sensitive material pattern and the
exposed portions of the substrate.
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