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USE OF GRAPHO-EPITAXIAL DIRECTED SELF-ASSEMBLY TO PRECISELY CUT
LINES

[0001]  The present application claims the benefit of and priority to co-pending U.S.
Provisional Patent Application Nos. 61/893,277 and 61/893,275, each filed on October 20, 2013,

the disclosures of which are hereby incorporated by reference herein in their entirety.

FIELD OF THE INVENTION
[0002]  This invention relates to Directed Self-Assembly (DSA) of block copolymers (BCPs)

and using them to make arrays of cut patterns in line structures.

BACKGROUND OF THE INVENTION

[0003]  One of the limitations on the density scaling of integrated circuit (IC) patterns is the
distance between two line ends. Fundamentally, this structure does not follow the same optical
scaling as other features in critical circuit patterns (e.g., the critical dimension of a line).
Therefore, the industry is always looking for better ways to bring line ends closer together.
Starting around the 45 nm node, many IC manufacturers began a double patterning scheme
where the lines were created using a first lithographic pattern, and then cut with structures
resembling trenches or holes created during a second lithographic step.

[0004] In lithography, the creation of regular structures has a variety of applications. From a
cost standpoint, the more densely that the structures are packed into a given area, the cheaper it
is to fabricate the device. One of the key steps in creating a dense array of a patterned material
is to cut an array of densely packed lines.

[0005] FIG. 1A depicts an array of densely packed lines 10, which constitute an existing
topography 20 on a substrate 18. FIG. 1B then depicts a standard means for cutting the lines 10,
namely a trench 12 is patterned in a photoresist 14 applied over the topography 20. FIG. 1C
depicts the resulting array 60 of cut lines 10'. As we continue the path of scaling, however, the
lithography of the printing of a trench pattern is reaching the limits of what can be achieved
optically. This leads to a limit for the end-to-end spacing for abutting lines, and an overall
decrease in the packing density of the circuits comprising these lines.

[0006] There is thus a need for means to allow smaller cut spaces to be created, and ideally,

the means for making the cuts should be less expensive and require less critical lithography.
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SUMMARY OF THE INVENTION

[0007] A method for forming a patterned topography on a substrate is provided. The
substrate is initially provided with a plurality of lines formed atop. An embodiment of the
method includes applying a first planarization layer on the plurality of lines, applying a first
antireflective layer over the first planarization layer, applying a first layer of radiation-sensitive
material over the first antireflective layer, and patterning the first layer of radiation-sensitive
material to form a first radiation-sensitive material pattern. That pattern is then transferred into
the first planarization layer by etching the first antireflective layer and first planarization layer to
partially expose the plurality of lines, the exposed portions of the lines forming first exposed line
portions, and any remaining portions of the first radiation-sensitive material pattern and the first
antireflective layer are stripped to leave the first exposed line portions surrounded by a first
template for directed self-assembly (DSA). Optionally, the first exposed line portions or the
first template, or both are treated to alter at least one surface property of the first exposed line
portions or the first template. The first template is then filled with a first block copolymer
(BCP) to cover the first exposed line portions, and the first BCP is annealed within the first
template to drive self-assembly in alignment with the first exposed line portions. The
embodiment of the method further includes developing the annealed first BCP to expose a first
DSA pattern immediately overlying the first exposed line portions, etching the first exposed line
portions using the first DSA pattern as a mask, to form a first set of line cuts in the first exposed
line portions, and stripping the first DSA pattern from the substrate.

[0008] In a further embodiment, the steps may be repeated on the plurality of lines having the
first set of line cuts formed therein to form a second set of line cuts. In another further
embodiment, the treating of the first and/or second templates render the respective sidewall
surfaces thereof favorable to wetting by one of the minority phase or the majority phase of the
first block copolymer (BCP) or the second block copolymer (BCP), respectively. Where the
treating renders the sidewall surfaces favorable to wetting by the minority phase of the BCP, the
width of the template is between 1.5 and 2.0 times a characteristic dimension L, of the BCP plus
two thicknesses of a wetting layer formed by the minority phase of the BCP on the sidewall of
the template. Where the treating renders the sidewall surfaces favorable to wetting by the
majority phase of the BCP, the width of the template is between 0.7 and 1.0 times a

characteristic dimension L, of the BCP.
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[0009]  Another embodiment of the method includes aligning and preparing a first DSA
pattern immediately overlying the plurality of lines, transferring the first DSA pattern to form a
first set of cuts in the plurality of lines, aligning and preparing a second DSA pattern
immediately overlying the plurality of lines having the first set of cuts formed therein, and
transferring the second DSA pattern to form a second set of cuts in the plurality of lines. The
first and second DSA patterns each comprise a block copolymer having a hexagonal close-
packed (HCP) morphology and a characteristic dimension L, that is between 0.9 and 1.1 times

the spacing between individual lines of the plurality of lines.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] 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.

[0011] FIGS. 1A-1C schematically depict an array of lines, a patterned resist for cutting the
lines, and the resulting array of cut lines, according to the prior art.

[0012]  FIGS. 2A-2G schematically depict in cross-sectional view a grapho-epitaxy approach
to forming holes to allow access to the lines for cutting, using a single hardmask.

[0013]  FIGS. 3A-3F schematically depict in cross-sectional view an alternate grapho-epitaxy
approach to forming holes to allow access to the lines for cutting, using two hardmasks.

[0014]  FIG. 4 depicts in top schematic view the termination of the grapho-epitaxial template.
[0015]  FIGS. 5A-5L depict in schematic cross-sectional view an embodiment of a method for
patterning lines using directed self-assembly in accordance with the invention.

[0016] FIG. 6 is a schematic representation of the hexagonal close-packed morphology of the
BCP.

[0017]  FIG. 7 schematically depicts the dimensional considerations for the morphology of
FIG. 6 in the case of preferential wetting by the minority phase of the BCP.

[0018]  FIG. 8 schematically depicts the dimensional considerations for the morphology of
FIG. 6 in the case of preferential wetting by the majority phase of the BCP.

[0019]  FIG. 9 schematically depicts the layout of the pattern where the L, of the BCP
matches the pitch of the lines in the majority phase wetted case.

[0020]  FIG. 10 schematically depicts how the holes would form in the layout of FIG. 9 after
a first DSA pass.
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[0021] FIG. 11 schematically depicts a second trench lithography with the trenches perfectly
placed between the holes created by the first DSA pass.

[0022]  FIG. 12 schematically depicts the result of a second DSA pass.

[0023] FIG. 13 schematically depicts the result of a two DSA pass process for the minority
phase wetted case.

[0024] FIGS. 14A-14M depict in schematic cross-sectional view an embodiment of a method
for patterning lines using directed self-assembly in accordance with the invention.

[0025]  FIGS. 15A-15F depict in top schematic view a litho/etch/DSA/litho/etch/DSA flow

for creating a design of line features.

DETAILED DESCRIPTION

[0026] Methods of designing and using grapho-epitaxy and optionally chemo-epitaxy to
drive assembly of a block copolymer for patterning line features are 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.

[0027]  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 specific details. Furthermore, it
is understood that the illustrative representations are not necessarily drawn to scale.

[0028] 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.

[0029]  Additionally, it is to be understood that "a" or "an" may mean "one or more"” unless

explicitly stated otherwise.
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[0030] Various operations will be described as multiple discrete operations in turn, in a
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.

[0031] Various additional operations may be performed and/or described operations may be
omitted in additional embodiments.

[0032] This invention is directed to the use of block copolymers (BCPs) to perform cuts in
lines, and details how to systematically create the tightest packing of features for a given BCP.
BCPs can be used in such an application because they fundamentally want to achieve a
thermodynamic microstructure of very fine dimensions. Overall, this invention will allow
smaller cut spaces to be created, with less expense because less critical lithography will be
required.

[0033] More specifically, this invention is directed to cutting lines using a grapho-epitaxial
and optionally chemo-epitaxial application of directed self-assembly (DSA). The fundamentals
of BCPs dictate the required geometries and so determine the tightest packing that can be
achieved using a two print, two etch, two DSA process integration. When this system is applied
to achieve a tight packing density, it leads to an array of island structures that are at pitches (x
and y) dependent on the characteristic length (L,) of the BCP. Looser pitch structures can also
be achieved through appropriate choice of the spacing of trenches. Furthermore, the scheme
bypasses overlay issues in other approaches by using the topography that will eventually be cut
to align and anchor the cylinders formed by the BCPs. In the end, the present invention
leverages the fundamentals of BCPs and the topography in the system to place openings in
specific locations so that lines may be cut as desired.

[0034]  As described in FIGS. 2A-2G, scaling of the cuts can be made with the use of DSA of
BCPs. A simple approach is to use a grapho-epitaxy structure to form holes that will then allow
access to the lines for cutting.

[0035] InFIG. 2A, a pre-existing topography 20 is depicted as an array of densely packed
lines 10 on a substrate 18. In FIGS. 2B-2C, the topography 20 is then coated with a dual-layer
BARC (bottom anti-reflective coating) 26, including a planarization layer 22 (e.g., a spin-on
carbon (SOC) layer) in FIG. 2B and an anti-reflective coating (ARC) layer 24 (e.g., a silicon
ARC) in FIG. 2C. In an alternative embodiment, a CVD (chemical vapor deposition) stack is
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used in place of the dual layer BARC 26, such as an alpha carbon coating and a SiON coating in
place of the SOC and SiARC coatings. A layer of radiation-sensitive material, e.g., photoresist
layer 28, is then applied over the BARC 26 and then patterned to open up a trench, which serves
as a grapho-epitaxy template 30, as shown in FIG. 2D. A BCP 50 is then applied to the
patterned photoresist layer 28 to fill the template 30 (partially or completely), and then annealed
during which the grapho-epitaxy template 30 guides the formation of a cylindrical morphology,
as shown in FIG. 2E. More specifically, the anneal causes a first block 52 of the BCP to form a
plurality of cylinders 32 aligned over the lines 10 within a matrix of a second block 54 of the
BCP. Subsequent development of the BCP 50 to remove the cylindrical morphology forms
contact holes 56 within the template 30 overlying the topography 20. These contacts holes 56
are transferred by etching down through the BARC 26 to expose the lines 10 of the underlying
topography 20, as shown in FIG. 2F, and the exposed topography 20 is then used to form an
array 60 of cut lines 10', as shown in FIG. 2G.

[0036]  Another approach for cutting lines is depicted in FIGS. 3A-3F, where the photoresist
layer 28 is used to pattern another material that would function as a template. For example, a
photoresist layer 28 could be used to transfer the pattern into a hardmask and then the hardmask
template could be used for the creation of the DSA holes. As shown in FIG. 3A, the stack
includes a first planarization layer 22a (e.g., SOC coating) over the array of lines 10, a first ARC
layer 24a (e.g., SIARC coating) over the first planarization layer 22a, a second planarization
layer 22b (e.g., SOC coating) over the first ARC layer 24a, and a second ARC layer 24b (e.g.,
SiARC coating) over the second planarization layer 22b, with the photoresist layer 28 applied
over the second ARC layer 24b. Thus, there are two hardmask layers 26a and 26b. FIG. 3B
depicts patterning the photoresist layer 28 to open up a trench, which is then transferred through
the second ARC layer 24b and into the second planarization layer 22b. FIG. 3C depicts the
DSA template 30 in the second planarization layer 22b. The BCP 50 is then applied to the
patterned second planarization layer 22b to fill the template 30 (partially or completely), and
then annealed during which the grapho-epitaxy template 30 guides the formation of a cylindrical
morphology, as shown in FIG. 3D. The DSA pattern would thus have to be transferred through
both hardmasks 26a, 26b to enable access to the lines 10, as shown in FIG. 3E, so that the array
60 of cut lines 10' can be formed, as shown in FIG. 3F.

[0037] Both of these process flows (FIGS. 2A-2G and 3A-3F) are alike in that they separate
the DSA from the etch transfer and cutting of the lines. One of the primary reasons for this
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approach is to avoid the complexity of having the self-assembly process happen on top of the
topography itself. Fundamentally, however, there is a significant complication from this kind of
approach. Since the BCP is separated from the topography, the only means for aligning the BCP
to the underlying topography that will be cut is through the template. The present invention is
directed to using the topography to align the BCP directly thereon.

[0038]  The illustration of FIG. 4 shows the termination of the grapho-epitaxial trench
template. The overlay between the trench template 30 and the underlying topography 20 is
depicted as x and this overlay dictates where the end of the trench template 30 will be positioned.
This placement, in turn, dictates the placement of the first hole (labeled 1). Ideally, the end of
the trench template 30 will be placed so that the first hole 1 will be perfectly placed on top of the
first line 10. The placement of the subsequent holes, 2, 3, 4, etc., will be dictated by the
characteristic length, L, of the BCP. In the case where the L, of the BCP perfectly matches the
pitch of the lines 10, the subsequent holes will be placed perfectly on top of the lines, as shown.
However, even if the pitch is perfectly matched between one BCP and the pitch of the lines, the
inherent batch to batch variation in L, of the BCP will result in catastrophic error in placement
of the holes. Suppose that the desired pitch is 32.00 nm, and batch A of the BCP in question has
an L, of 32.00 nm. In this case the system will result in prefect placement of the holes over the
lines. Batch B of the BCP is then installed, and it has an L, of 32.01 nm. After 100 holes are
placed, the 100" hole will have a placement error of Inm. If the spec for the overlay is 5% of
the pitch (or 1.6nm), then after placement of 160 holes, the placement will be out of spec. After
1600 holes, the error would be 16 nm, and the hole would be perfectly misaligned. In memory
applications where lines would be cut in arrays that could have thousands of lines, if the self-
assembly is agnostic to the underlying pattern, the batch to batch variation of the BCP's L, will
definitely result in failure.

[0039] To mitigate this effect, the present invention uses the topography to anchor the
placement of the holes. BCPs in general have the ability to stretch a little bit in order to
accommodate their surroundings. As long as this stretching is not too dramatic, the BCPs can
easily adopt a configuration that is slightly incommensurate with the BCP’s L,. Therefore, a
method is disclosed where the topography is made in such a way that it will want to attach itself
to the topography.

[0040] Depicted in schematic cross-sectional view in FIGS. 5A-5L, an array of features,

specifically lines 10, has been patterned on a substrate 18, such as a semiconductor wafer, to
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provide a starting topography 20, as shown in FIG. 5A, and the desire is to cut these lines 10 in
specific locations. To that end, in FIG. 5B, a planarization layer 22 is applied to planarize the
topography 20. Planarization layer 22 may be, for example, a spin-on carbon layer. The
planarization layer 22 will ultimately form the template for the grapho-epitaxy aspect of the
invention. Next, as shown in FIG. 5C, an anti-reflective coating (ARC) layer 24, such as a
silicon ARC, is coated on top of the planarization layer 22. It may be understood that the ARC
layer 24 may not by itself act as an antireflective coating, but rather, is more generically a
second layer that acts in combination with the planarization layer to provide a dual-layer bottom
ARC (BARC) 26. Nonetheless, the second layer (layer 24) may be referred to as an ARC layer
for the reason that it provides the antireflective properties when combined with the first layer
(planarization layer 22). The thicknesses and optical properties of these layers, which form the
dual-layer BARC 26,are tailored so that the substrate reflectivity is minimized.

[0041] A layer of radiation-sensitive material, e.g., photoresist 28, is coated, as shown in FIG.
5D, and patterned (imaged) on top of this dual-layer BARC 26, as shown in FIG. 5E, and the
photoresist image is subsequently transferred into the planarization layer 22 through traditional
reactive ion etching (RIE) processing, as shown in FIG. 5F (the photoresist 28 and ARC layer 24
are also removed) thereby forming the template 30 in the planarization layer 22. The depth of
etching into the planarization layer 22 may be complete, so as to expose an upper surface of the
underlying substrate 18, or partial, so as to leave a portion of the planarization layer 22 at the
bottom of the template 30. In either case, surface portions 36 of the lines 10 are exposed, so as
to reveal an exposed topography 20 surrounded by the template 30.

[0042]  The next step, depicted in FIG. 5G, is an optional surface treatment 34 of the pattern
transferred into the planarization layer 22 that will impact the self-assembly of the BCP. As
described below in more detail, this treatment is needed in some cases and is not needed in other
cases. Further, the surface treatment can effect a change in surface properties of certain surfaces
while leaving other surfaces unchanged. For example, as depicted in FIG. 5G, the surface
treatment 34 can alter the exposed surface portions 36 of the lines 10, while leaving the
sidewalls 40 and bottom surfaces 42 of the template 30 unchanged.

[0043]  After this optional surface treatment, a BCP 50 is applied to the pattern, as shown in
FIG. 5H to fill the template 30 (partially or completely), and then annealed allowing the BCP to
form a cylindrical morphology, as shown in FIG. 5I. More specifically, the anneal causes a first

block 52 of the BCP to form a plurality of cylinders 32 aligned over the lines 10 within a matrix
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of a second block 54 of the BCP. Subsequent development of the BCP 50 to remove the
cylindrical morphology, i.e., the first block 52 of the BCP 50, as shown in FIG. 5J, gives access
to the topography 20 by exposing the DSA pattern immediately overlying the topography 20.
There is then access to make the appropriate cuts of the underlying array of lines 10, as shown in
FIG. 5K, so etching can be done and selected lines 10 cut, as the circuit design requires, to form
a patterned topography. The substrate 18 is then stripped to reveal the patterned topography, i.c.,
an array 60 of cut lines 10", as shown in FIG. 5L.

[0044] Here the DSA template that is created allows access to the topography and so enables
the self-assembled holes to graft to the topography without placement error. In co-pending
application 13/xxx,xxx (CT-117US1), entitled “Use of Topography to Direct Assembly of Block
Copolymers in Grapho-Epitaxial Applications”, incorporated by reference herein in its entirety,
this concept is explained in further detail. The present invention builds upon that concept to
describe a method for creating the tightest density possible with this grapho-epitaxial and
optionally chemo-epitaxial, guided hole approach.

[0045]  Described above is a process for making guided contact holes within a trench.
Multiple passes of this technique will now be combined to create the highest density of cuts
possible. Ultimately, the packing of line cuts is defined by the BCP, and by combining these
fundamental polymer physics with the topography anchoring concept discussed above, we
discover a novel integration for creating these structures.

[0046] To start, we first introduce some of the fundamentals of BCPs that form vertical
cylinders. If a cylinder-forming BCP is assembled on top of a neutral surface, it forms a
hexagonal close-packed (HCP) structure, i.e. morphology, as shown in FIG. 6. The dots 70
represent the centers of the cylinders 32a, 32b (32a,b) that form within the matrix, and like all
HCP structures, there are two kinds of hexagonal unit cells that can be displayed. First, one can
construct a hexagon 72 around each of the cylinders 32a,b and these cylinders 32a,b then
perfectly fit into a 2-D array. There is a second larger hexagon 74 that can be created around a
central cylinder 32a by connecting the centers 70 of the surrounding cylinders 32b. This second
hexagonal structure 74 is of particular importance in describing BCPs because the characteristic
length L, of these systems is defined by this center to center distance, and so L, is both the
length of the edge of the larger hexagon 74, and is also the distance from the center cylinder to
any of the external vertices. For discussion purposes, the length of the edge of the second

smaller unit cell (hexagon 72) will be defined as . The dimensions a and L, are related by the
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properties of a 30-60-90 triangle. Though not derived directly here, the lengths two unit cells are
geometrically related are given by the equation:

L, = av3
[0047]  The geometric configuration dictates the state that the BCP would like to assume in its
natural state. This equates to the lowest free-energy configuration of the polymer, such that if
the BCP is allowed to retain this configuration as its assembly is guided, the lowest possible
pattern defectivity will be attained. It bears noting that L, as defined for lithographic processing,
and for the present invention, differs from L, as defined for purposes of crystallography. For
example, in crystallography, L, may be defined as the distance between the planes of cylinders
that cause scattering of x-rays (i.e., 1.5 x @ in FIG. 7). In lithography, the characteristic
dimension L, of the BCP is defined as the center to center distance between holes. Thus, the
different definitions are related as: L(lithography) = 23 x Lo(crystallography) = 1.1547 x
Lo(crystallography).
[0048]  In the context of using a trench template to guide the assembly of the structure, two
cases are considered. In each case, a common BCP is used as an example, namely
poly(styrene)-b-poly(methyl methacrylate) (PS/PMMA) where PMMA is the minority
cylindrical-forming phase. In the first case, the walls of the template will be preferential to the
minority phase that will form the BCP cylinder, i.e., preferentially wetting to the PMMA phase.
In the second case, the walls of the template will be preferential to the majority phase that will
form the matrix, i.e., preferentially wetting to the PS phase. FIG. 7 provides the dimensional
considerations for the first case, and FIG. 8 provides the dimensional considerations for the
second case.
[0049]  The critical dimension (CD) of the trench template will dictate how tightly the via
arrays are packed. In the first case, the ideal way to have the trench mimic the HCP structure is
for the PMMA —wetted walls to be placed to correspond to the center of the adjacent holes in the
HCP array. The trench CD in this case is 3a + the distance of 2 PMMA wetting layers.
Converting this dimension in terms of L, would give you the CD of the trench equal to the
square root of 3 times L+ the distance of the 2 PMMA wetting layers.
[0050] In the second case, the ideal way to have the trench mimic the HCP structure is a zig-
zag shaped trench. Since creation of such a structure is highly improbable, the simplest
approximation is to draw a trench of uniform width that has the same average width as the zig-

zag trench. Again, by geometry, this trench is 3/2 of a, or the square root of 3 divided by two
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times L,. Note also that there is no additional space required by the wetting layer since the
majority phase is wetting the wall of the trench. The trench required by this implementation is
significantly narrower than the trench in the first case.

[0051] To get a dense packing of the holes (and thus the densest density of cuts), an
integration is completed that follows a litho/etch/DSA/litho/etch/DSA flow. In terms of the
layout of the pattern, as shown schematically in FIG. 9, the L, of the BCP must match the pitch
of the lines 10 that are to be cut, and this factor defines the tightest pitch that can be achieved in
the y-direction. The CD of the trench is one half the square root of 3 times the polymer L,, or
0.866L,. Since the process flow includes two passes, enough space must be left for the second
pass (which will also require a trench of dimension equal to 0.866L,), and so this tight packing
will require that much space between the trenches.

[0052]  FIG. 10 shows how the holes would form. For purposes of example, and not
limitation, the CD of the hole is shown to be L/2. This is not necessarily the case as the CD
will depend on the fraction of the BCP that is the minority phase, and there is a volume fraction
range over which a BCP will adopt a cylindrical configuration, but for a BCP that is 30% of the
minority phase, this is generally found to hold experimentally. If the lines to be cut are equal to
the line space, then the holes will have the same dimension as the lines. If this is the case, in
order to cut the lines, it may be required to blow out the DSA hole dimensions (for example
through an etch process) to make them large enough for line cutting.

[0053]  Following this step, a second pass of the process would be required beginning with a
second trench lithography, as shown in FIG. 11. The trenches are perfectly placed between the
holes created in the first pass, which holes are protected by photoresist. The second DSA steps
then result with the holes located as shown in FIG. 12.

[0054]  The grid that results from this procedure is L, x 0.866 L, and is an extremely dense
packing of cuts. It may further be noted that an array of L, x L, is easily created by increasing
the space between the trenches in pass 1 to be 1.134 x L. In this way, the center to center
spacing of the holes in the first pass would be 2L,, which after the second pass would result in
holes on a pitch of L,

[0055] In the case where a minority-phase wetted trench is used instead of majority phase
wetted trench, as derived previously, the CD of the trench required to drive optimal assembly is
the square root of 3 times L, + the width of two minority phase wetting layers. For

representative dimensions, this leads to an approximate value of 2L, for the CD of the guiding
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trench. Completing an analysis similar to that completed above, it is found that the tightest grid
that can be created in this case is roughly 1.25Lx L,. This is illustrated in FIG. 13. The trench
from the second pass is required to be 2L, and it must not uncover either of the holes created in
the first pass, and so that defines the spacing between the holes of the first pattern. If the holes
are again L,/2 in dimension (in reality, they will be smaller than in the majority-wetting case
because a partial volume of the minority phase will wet the wall of the trench, but the L,/2 rule
of thumb will still be used), then the pitch between the first holes is 2.5L, making the two-pass
pitch 1.25L,.

[0056] To make the layout schematics above into a real structure on a wafer, the process flow
of FIGS. 14A-14M may be followed. In FIG. 14A, a line array or topography 20 is formed with
a pitch L, between lines 10. In FIG. 14B, a first dual-layer BARC 26a is formed, including a
first planarization layer 22a and first ARC layer 24a, and a first radiation-sensitive material layer
28a, e.g., photoresist, is applied thereon and patterned with a first plurality of trench templates
30a orthogonal to the lines 10, with each template CD being V3/2 * L, (= 0.866 L) and the
space between templates also being V3/2 * L, (= 0.866 Lo). As shown in FIG. 14C, the pattern
is then transferred to the first planarization layer 22a.

[0057]  As shown in FIG. 14D, a first DSA pass is then conducted. This includes filling the
trench templates 30a with a BCP 50 and then annealing to cause the minority phase of the BCP
to form a first plurality of cylinders 32a aligned over the lines 10 within a matrix of the majority
phase of the BCP. The cylinders 32a have a CD of L,/2. Optionally, the sidewalls of the trench
templates 30a may be brush coated with the majority phase of the BCP, e.g., with a PS-OH
polymer, to make the sidewalls attractive to the majority phase, though the brush coating may
require a slight adjustment to the dimensions of the initial trench template pattern. Alternatively,
the templates 30a may be subjected to other chemical treatments to alter a surface property
thereof, for example, to render the sidewalls less attractive to the minority phase of the BCP
and/or to render the topography more attractive to the minority phase.

[0058]  As shown in FIG. 14E, the BCP 50 is then developed to remove the cylindrical
morphology thereby exposing a first DSA pattern immediately overlying the topography 20.
Optionally, as shown in FIG. 14F, an etching step may be performed to increase the CD of the
holes of the DSA pattern to greater than L,/2, up to the CD of the lines 10, or even greater. The
first DSA pattern is then transferred into the topography 20 to cut the lines 10. The remaining
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BCP 50 and first planarization layer 22a are stripped after the lines 10 are cut, leaving the
topography 20 as an array 60 of cut lines 10, as shown in FIG. 14G.

[0059]  The steps are then repeated for a second DSA pattern. In FIG. 14H, a second dual-
layer BARC 26D is formed, including second planarization layer 22b and second ARC layer 24b,
and a second radiation-sensitive material layer 28b, e.g., photoresist, is applied thereon and
patterned with a second plurality of trench templates 30b orthogonal to the lines 10', with each
template CD being V3/2 * L, (= 0.866 L) and the space between templates also being V3/2 * L,
(=0.866 L,). The trench templates 30b are offset 0.866 Lo from the location where the trench
templates 30a were positioned, such that the trench templates 30b are positioned between the
cuts in the lines 10'. As shown in FIG. 141, the pattern is then transferred to the second
planarization layer 22b.

[0060]  As shown in FIG. 14J, a second DSA pass is then conducted. This includes filling the
trench templates 30b with a BCP 50 and then annealing to cause the minority phase of the BCP
to form a second plurality of cylinders 32b aligned over the lines 10" within a matrix of the
majority phase of the BCP. The cylinders 32b have a CD of L,/2. Optionally, the sidewalls of
the trench templates 30 may be brush coated with the majority phase of the BCP, e.g., with a PS-
OH polymer, to make the sidewalls attractive to the majority phase, though the brush coating
may require a slight adjustment to the dimensions of the initial trench template pattern.
Alternatively, the templates 30b may be subjected to other chemical treatments to alter a surface
property thereof, for example, to render the sidewalls less attractive to the minority phase of the
BCP and/or to render the topography more attractive to the minority phase.

[0061]  As shown in FIG. 14K, the BCP 50 is then developed to remove the cylindrical
morphology thereby exposing a second DSA pattern immediately overlying the topography 20.
Optionally, as shown in FIG. 14L, an etching step may be performed to increase the CD of the
holes of the DSA pattern to greater than L,/2, up to the CD of the lines 10', or even greater.. The
second DSA pattern is then transferred into the topography 20 to cut the lines 10' a second time.
The remaining BCP 50 and second planarization layer 22b are stripped after the lines 10' are cut,
leaving the topography 20 as an array 60' of cut lines 10", as shown in FIG. 14M.

[0062]  Further regarding the optional steps of FIGS. 14F and 14L, the etch is designed to
make the holes slightly larger than they are with DSA by itself so that they will be larger in size
than the lines (assuming the lines are at half of the pitch) If the lines are indeed less than half
the pitch, then these steps might not be necessary. Alternatively, if a BCP with a higher volume
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fraction of the minority phase is used (but still remains in the cylinder-forming part of the phase
diagram), then the holes may be larger and may not require these steps.

[0063] In order to achieve ultra-high density of cuts, the majority phase should wet the wall
of the trench template. In a PS-PMMA BCP, one embodiment for achieving a PS-wetting
template sidewall is to coat the trench with a PS-OH brush material. This material will slightly
change the CD of the patterned trench, and so the trench would need to be made larger initially
(slightly larger than V3/2*L, to accommodate the extra mass. The resulting trench after
treatment would then be at the critical trench CD.

[0064] The present invention contemplates the use of various methods of forming the trench
templates, including traditional lithography, sidewall spacer processes, or a combination of
traditional lithography with shrink techniques for making smaller trenches, such as growing
ALD collars or materials such as RELACS or SAFIER that are known to shrink trenches in
photoresist. The shrunken trench could then be transferred into the underlying planarization
layer (SOC layer) that would serve as the grapho-epitaxial template. The initial trenches could
also be shrunken through the use of etch techniques known to reduce trench CDs.

[0065] In the end, the creation of such a tightly packed array of line cuts allows for the
creation of a very dense array of patterned islands which can be useful in a variety of different
applications.

[0066] While specific values have been provided herein, it may be appreciated that the
invention is not so limited. For example, when the trench template is favorable to wetting by a
minority phase of the BCP, and the BCP has a hexagonal close-packed (HCP) morphology, the
width of the template may be between 1.5 and 2.0 times a characteristic dimension L, of the
BCP plus two thicknesses of a wetting layer formed by the minority phase of the BCP on
sidewalls of the template. By way of further example, the width of the template may be 1.73
times the characteristic dimension L,, of the BCP plus two thicknesses of the wetting layer.
Further, the spacing between the first set of line cuts and the second set of line cuts may be
between 1 and 1.5 times the characteristic dimension L, of the BCP, for example between 1.2
and 1.3 times the L,, and by further example, 1.25 times the L.

[0067]  Alternatively, when the trench template is favorable to wetting by a majority phase of
the BCP, and the BCP has a hexagonal close-packed (HCP) morphology, the width of the
template may be between 0.7 and 1.0 times a characteristic dimension L, of the BCP. By way of

further example, the width of the template may be 0.866 times the characteristic dimension L, of
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the BCP. Further, the spacing between the first set of line cuts and the second set of line cuts
may be between 0.7 and 1.3 times the characteristic dimension L, of the BCP, for example
between 0.8 and 1 times the L, and by further example, 0.866 times the L.

[0068] In addition, a BCP may be selected for the present invention having a hexagonal
close-packed (HCP) morphology and a characteristic dimension L, that is between 0.9 and 1.1
times the desired spacing between individual lines of the plurality of lines, and most
advantageously, a characteristic dimension L, that is equal to the desired spacing between
individual lines of the plurality of lines.

[0069] The technique highlighted above can also be modified in a number of ways to make it
compatible with logic, memory or other line designs. For example, to make the pattern of FIG.
15F, a litho/etch/DS A/litho/etch/DSA flow can be used to cut the lines 100, as shown in FIGS.
I5A-15E. In FIG. 15A, a first set of templates 110 is formed, followed by a first DSA in FIG.
15B to form cylinders 120 in the templates 110. The trench lengths may be shorter since the
first DSA pattern will only be used to cut some of the lines. The first DSA pattern is then
developed and transferred into the lines 100 to make a portion of the line cuts as shown in FIG.
15C. A second set of templates 130 is then formed, as shown in FIG. 15D, followed by a second
DSA in FIG. 15E to form cylinders 140 in the templates 130. The second DSA pattern is then
developed and transferred into the lines 100 to make the remaining portion of the line cuts as
shown in FIG. 15F.

[0070] In the embodiment of FIGS. 14A-14M where the process was designed to create the
densest possible array of islands, the nearly infinite trenches were patterned as two populations
separated by a minimum distance (\/3 * Lo). That scheme may be viewed in a more simplified
way as: (1) Pattern population A of trenches, (2) Transfer Population A, (3) Offset Pattern by
desired amount, and pattern population B of trenches, and (4)Transfer Population B. In the line
pattern approach of FIG. 15A-15F, instead of having only nearly infinite trenches in Populations
A and B, the infinite trenches are decomposed into shorter trenches (or holes) and placed in the
same tracks that the infinite trenches occupied. One benefit of the shorter trenches relates to
surface interactions. In simulations, it was found that the interaction with the sidewall and the
topography is a much stronger influence than with the bottom substrate. Therefore, for these
shorter trench structures, footing that occurs due to pattern resolution issues can be mitigated by

correctly tailoring the topographic interaction with the photoresist so that the BCP is agnostic to
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this footing. Likewise, if the tethering topography is correctly created, misalignment in the
graphical pattern can also be corrected.

[0071]  While the present invention has been illustrated by a description of one or more
embodiments thereof and while these 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 alternatives, advantages and/or modifications will readily appear to those
skilled in the art. For example, it may be possible to control the template topography and
surfaces so that the cylinders land between the lines instead of on top of them. 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:

L. A method for forming a patterned topography on a substrate, comprising:

providing a substrate with a plurality of lines formed atop;

applying a first planarization layer on the plurality of lines;

applying a first antireflective layer over the first planarization layer;

applying a first layer of radiation-sensitive material over the first antireflective layer;

patterning the first layer of radiation-sensitive material to form a first radiation-sensitive
material pattern;

transferring the first radiation-sensitive material pattern into the first planarization layer
by etching the first antireflective layer and first planarization layer to partially expose the
plurality of lines, the exposed portions of the plurality of lines forming first exposed line
portions;

stripping any remaining portions of the first radiation-sensitive material pattern and the
first antireflective layer to leave the first exposed line portions surrounded by a first template for
directed self-assembly (DSA);

optionally treating the first exposed line portions or the first template, or both to alter at
least one surface property of the first exposed line portions or the first template;

filling the first template with a first block copolymer (BCP) to cover the first exposed
line portions;

annealing the first block copolymer (BCP) within the first template to drive self-
assembly in alignment with the first exposed line portions;

developing the annealed first block copolymer (BCP) to expose a first directed self-
assembly (DSA) pattern immediately overlying the first exposed line portions;

etching the first exposed line portions using the first directed self-assembly (DSA)
pattern as a mask, to form a first set of line cuts in the first exposed line portions; and

stripping the first directed self-assembly (DSA) pattern from the substrate.
2. The method of claim 1, wherein the first template is favorable to wetting by a minority

phase of the first block copolymer (BCP), the first block copolymer (BCP) having a hexagonal
close-packed (HCP) morphology.
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3. The method of claim 2, wherein the width of the first template is between 1.5 and 2.0
times a characteristic dimension L, of the first block copolymer (BCP) plus two thicknesses of a
wetting layer formed by the minority phase of the first block copolymer (BCP) on sidewalls of
the first template.

4. The method of claim 1, wherein the first template is favorable to wetting by a majority
phase of the first block copolymer (BCP), the first block copolymer (BCP) having a hexagonal
close-packed (HCP) morphology.

5. The method of claim 4, wherein the width of the first template is between 0.7 and 1.0

times a characteristic dimension L, of the first block copolymer (BCP).

6. The method of claim 1, further comprising:

applying a second planarization layer on the plurality of lines having the first set of line
cuts formed therein;

applying a second antireflective layer over the second planarization layer;

applying a second layer of radiation-sensitive material over the second antireflective
layer;

patterning the second layer of radiation-sensitive material to form a second radiation-
sensitive material pattern;

transferring the second radiation-sensitive material pattern into the second planarization
layer by etching the second antireflective layer and second planarization layer to partially expose
the plurality of lines, the exposed portions of the plurality of lines forming second exposed line
portions;

stripping any remaining portions of the second radiation-sensitive material pattern and
the second antireflective layer to leave the second exposed line portions surrounded by a second
template for directed self-assembly (DSA);

optionally treating the second exposed line portions or the second template, or both to
alter at least one surface property of the second exposed line portions or the second template;

filling the second template with a second block copolymer (BCP) to cover the second

exposed line portions;
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annealing the second block copolymer (BCP) within the second template to drive self-
assembly in alignment with the second exposed line portions;

developing the annealed second block copolymer (BCP) to expose a second directed
self-assembly (DSA) pattern immediately overlying the second exposed line portions;

etching the second exposed line portions using the second directed self-assembly (DSA)
pattern as a mask, to form a second set of line cuts in the second exposed line portions;

stripping the second directed self-assembly (DSA) pattern from the substrate.

7. The method of claim 6, wherein the second template is favorable to wetting by a
minority phase of the second block copolymer (BCP), the second block copolymer (BCP)
having a hexagonal close-packed (HCP) morphology.

8. The method of claim 7, wherein the width of the second template is between 1.5 and 2.0
times a characteristic dimension L, of the second block copolymer (BCP) plus two thicknesses
of a wetting layer formed by the minority phase of the second block copolymer (BCP) on

sidewalls of the second template.

9. The method of claim 6, wherein the second template is favorable to wetting by a
majority phase of the second block copolymer (BCP), the second block copolymer (BCP)
having a hexagonal close-packed (HCP) morphology.

10. The method of claim 9, wherein the width of the second template is between 0.7 and 1.0

times a characteristic dimension L, of the second block copolymer (BCP).

11. The method of claim 6, wherein the first template is favorable to wetting by a minority
phase of the first block copolymer (BCP), the second template is favorable to wetting by a
minority phase of the second block copolymer (BCP), the first and second block copolymers
(BCPs) having a hexagonal close-packed (HCP) morphology, and

wherein the spacing between the first set of line cuts and the second set of line cuts is
between 1 and 1.5 times the characteristic dimension L, of the first block copolymer (BCP) or

second block copolymer (BCP).
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12. The method of claim 11, wherein the spacing between the first set of line cuts and the
second set of line cuts is between 1.2 and 1.3 times the characteristic dimension L, of the first

block copolymer (BCP) or second block copolymer (BCP).

13. The method of claim 6, wherein the first template is favorable to wetting by a majority
phase of the first block copolymer (BCP), the second template is favorable to wetting by a
majority phase of the second block copolymer (BCP), the first and second block copolymers
(BCPs) having a hexagonal close-packed (HCP) morphology, and

wherein the spacing between the first set of line cuts and the second set of line cuts is
between 0.7 and 1.3 times the characteristic dimension L, of the first block copolymer (BCP) or

second block copolymer (BCP).

14. The method of claim 13, wherein the spacing between the first set of line cuts and the
second set of line cuts is between 0.8 and 1 times the characteristic dimension L, of the first

block copolymer (BCP) or second block copolymer (BCP).

15. A method for forming a patterned topography on a substrate, comprising:

providing a substrate with an exposed plurality of lines formed atop;

aligning and preparing a first directed self-assembly pattern (DSA) pattern immediately
overlying the plurality of lines;

transferring the first directed self-assembly pattern (DSA) pattern to form a first set of
cuts in the plurality of lines;

aligning and preparing a second directed self-assembly pattern (DSA) pattern
immediately overlying the plurality of lines having the first set of cuts formed therein; and

transferring the second directed self-assembly pattern (DSA) pattern to form a second set
of cuts in the plurality of lines,

wherein the first and second directed self-assembly (DSA) patterns each comprise a
block copolymer having a hexagonal close-packed (HCP) morphology and a characteristic
dimension L, that is between 0.9 and 1.1 times the spacing between individual lines of the

plurality of lines.
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16.  The method of claim 15, wherein the first and second directed self-assembly (DSA)
patterns each comprise a block copolymer having a characteristic dimension L, that is

approximately equal the spacing between individual lines of the plurality of lines.

17.  The method of claim 15, wherein the spacing between the first set of cuts and the second

set of cuts is less than the spacing between individual lines of the plurality of lines.

18.  The method of claim 15, wherein the spacing between the first set of cuts and the second
set of cuts is between 0.7 and 1.3 times the spacing between individual lines of the plurality of

lines.

19.  The method of claim 15, wherein the spacing between the first set of cuts and the second
set of cuts is between 0.8 and 0.9 times the spacing between individual lines of the plurality of

lines.

20. A method for forming a patterned topography on a substrate, comprising:

(a) providing a substrate with a plurality of lines formed atop;

(b) applying a planarization layer on the plurality of lines;

(c) applying an antireflective layer over the planarization layer;

(d) applying a layer of radiation-sensitive material over the antireflective layer;

(e) patterning the layer of radiation-sensitive material to form a radiation-sensitive
material pattern;

(f) transferring the radiation-sensitive material pattern into the planarization layer by
etching the antireflective layer and planarization layer to partially expose the plurality of lines,
the exposed portions of the plurality of lines forming exposed line portions;

(g) stripping any remaining portions of the radiation-sensitive material pattern and the
antireflective layer to leave the exposed line portions surrounded by a template for directed self-
assembly (DSA);

(h) surface treating the template;

(1) filling the treated template with a block copolymer (BCP) to cover the exposed line
portions, the block copolymer (BCP) having a hexagonal close-packed (HCP) morphology and a
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characteristic dimension L, that is between 0.9 and 1.1 times the spacing between individual
lines of the plurality of lines;

(j) annealing the block copolymer (BCP) within the template to drive self-assembly in
alignment with the exposed line portions;

(k) developing the annealed block copolymer (BCP) to expose a directed self-assembly
(DSA) pattern immediately overlying the exposed line portions;

(D) etching the exposed line portions using the directed self-assembly (DSA) pattern as a
mask, to form a first set of line cuts in the exposed line portions;

(m) stripping the directed self-assembly (DSA) pattern from the substrate;

(n) repeating steps (b) — (m) a second time to form a second set of line cuts offset from
the first set of line cuts formed by the first performance of steps (b)-(m),

wherein the spacing between the first set of line cuts and the second set of line cuts is
between 0.7 and 1.3 times the spacing between the individual lines of the plurality of lines, and
wherein the surface treating of the template renders the sidewall surface thereof favorable to

wetting by one of the minority phase or the majority phase of the block copolymer (BCP).

21. The method of claim 20, wherein the surface treating renders the sidewall surface
favorable to wetting by the minority phase of the block copolymer (BCP), and wherein the width
of the template is between 1.5 and 2.0 times a characteristic dimension L, of the block
copolymer (BCP) plus two thicknesses of a wetting layer formed by the minority phase of the
block copolymer (BCP) on the sidewall of the template.

22. The method of claim 20, wherein the surface treating renders the sidewall surface
favorable to wetting by the majority phase of the block copolymer (BCP), and wherein the width
of the template is between 0.7 and 1.0 times a characteristic dimension L, of the block

copolymer (BCP).
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