
ONE-DIMENSIONAL ARRAYS OF BLOCK COPOLYMER CYLINDERS 8
Embodiments of the invention relate to methods of
fabricating thin films of self-assembling block
copolymers, and devices resulting from those methods.
Ls the development of nanoscale mechanical,
electrical, chemical and biological devices and
systems increases, new processes and materials are
needed io fabricate nanoscale devices and components.
Making electrical contacts to conductive lines has
become a significant challenge as the dimensions of
semiconductor features shrink to sizes that are not
easily accessible by conventional lithography, Optical
lithographic processing methods have difficulty
fabricating structures and features at the sub-30
nanometer level. The use of self assembling diblock
copolymers presents another route to patterning at
nanoscale dimensions. Diblock copolymer films
spontaneously assembly into periodic structures by
mierophas e separation of the constituent polymer
blocks after annealing, for example by thermal
annealing above the glass transition temperature of
the polymer or by solvent annealing, forming ordered
domains at nanometer-scaSe dimensions. The film
morphology, including the size and shape of the
microphase-separated domains, can be controlled by the
molecular weight and volume fraction of the AB blocks
of a diblock copolymer to produce lamellar,
cylindrical, or spherical morphologies, among others.
For example, for volume fractions at ratios greater
than about 80:20 of the two blocks (AB) of a diblock
polymer, a block copolymer film will microphase
separate and self-assemble into a periodic spherical
domains with spheres of polymer B surrounded by a
matrix of polymer A. For ratios of the two blocks
between about 60:40 and 80:20, the diblock copolymer
assembles into a periodic hexagonal close-packed or
honeycomb array of cylinders of polymer B within a
matrix of polymer A. For ratios between about 50:50
and 60:40, lamellar domains or alternating stripes of
the blocks are formed. Domain size typically ranges
from 5-50 run.Researchers have reported producing a
1-D array of spheres of the minority block of a block
copolymer in a matrix of the majority block by
iemplating a spherical-morphology block copolymer
within a narrow groove. However, a 1-D array of
spheres provides a poor 



etch mask structure where, even if the sphere material
can be removed, there is little aspect ratio to the
remaining porous film. I addition, the spheres in
adjacent grooves were offset along the _y-axis and not
aligned. Moreover, applications for forming structures
in an underlying substrate for semiconductor systems
require a complex layout of elements for forming
contacts, conductive lines and/or other elements such
as DRAM capacitors |OQO5] It would be useful to
provide methods of fabricating films of
one-dimensional arrays of ordered nanostructures that
overcome these problems. BRIEF PEvSCMFTK)N OF THE
DRAWINGS [0006 1 Embodiments of the invention are
described below with reference to the following
accompanying drawings, which are for illustrative
purposes only Throughout the following views the
reference numerals will be used in the drawings, and
the same reference numerals will be used throughout
the several views and in the description to indicate
same or like parts. [0007] FIG. 1 illustrates a
diagrammatic top plan view of a portion of a substrate
at a preliminary processing stage according to an
embodiment of the present disclosure, showing the
substrate with a neutral wetting material thereon
FIGS. IA-I B are elevational, cross-sectional views of
the substrate depicted in FIG. 1 taken along lines IA-
IA and IB- IB, respectively. FlG, 2 illustrates a
diagrammatic top plan view of the substrate of FIG. 1
at a subsequent stage showing the formation of
trenches in a material layer formed on the neutral
wetting material. FIGS. 2A-2B illustrate elevational,
cross-sectional views of a portion of the substrate
depicted in FIG. 2 taken, respectively, along lines
2A-2A and 2B-2B FIG, 3 illustrates a side elevational
view of a portion of a substrate at a preliminary
processing stage according to another embodiment of
the disclosure, showing the substrate with trenches in
a material layer formed on the substrate. FlG. 4
illustrates a side elevationalview of the substrate of
FIG. 3 at a subsequent stage showing the formation of
a neutral wetting material within the trenches. FIGS.
5-6 are diagrammatic top plan views of the substrate
of FIG. 2 at subsequent stages in the fabrication of a
self-assembled block copolymer film composed of a
single row of perpendicular oriented cylinders in a
polymer matrix within the trenches according to an 



embodiment of the disclosure. FIGS, 5A-6A illustrate
elevational, cross-sectional views of a portion of the
substrate depicted in FIGS. 5-6 taken along lines
5A-5A and 6A-6A, respectively. FIGS. 5B-6B are
cross-sectional views of the substrate depicted in
FGS. 5-6 taken along lines 5B-5B and 6B-6B,
respectively. [0011 1 F GS. 7-9 are top plan views of
the substrate of FIG. 6 at subsequent stages,
illustrating an embodiment of the use of the
self-assembled block copolymer film after removal of
one of the polymer blocks, as a mask to etch the
substrate and filling of the etched openings. FIGS.
7A-9A illustrate elevational, cross-sectional views of
a portion of the substrate depicted in FIGS. 7-9 taken
along lines 7A-7A to 9A-9A, respectively. FIGS. 7B-9B
are cross-sectional views of the substrate depicted in
FIGS. 7-9 taken along lines 7B-7B to 9B-9B,
respectively. [0012] FIG, 10 is a diagrammatic top
plan view of a portion of a substrate at a preliminary
processing stage according to another embodiment of
the disclosure, showing trenches in a material layer
exposing the substrate FIGS, I0A-10B are elevational,
cross-sectional views of the substrate depicted in
FIG. 10 taken along lines 10A- 1OA and 1OB-I OB,
respectively. [0013] FIGS. 11-12 are diagrammatic lop
plan views of the substrate of FIG. 10 at subsequent
stages in the fabrication of a self-assembled block
copolymer film within the trenches in the material
layer. FIGS. 11A-12A illustrate elevational,
cross-sectional views of a portion of the substrate
depicted in FIGS. 11-12 taken along lines 1IA-I IA and
12A- 12A, respectively. FIGS. 11B-12B are
cross-sectional views of the substrate depicted in
FIGS. 11-12 taken along lines 1IB-I IB and 12B-12B,
respectively FIGS. 13-15 are top plan views of the
substrate of FIG 12 at subsequent stages, illustrating
the use of the self-assembled block copolymer film
after removal of one of thepolymer blocks, as a mask
to etch the substrate and filling of the etched
openings according to an embodiment of the disclosure.
FtGS. OA-I SA illustrate elevational, cross-sectional
views of a portion of the substrate depicted in FIGS.
13-1 5 taken along lines 13A-13A to 15A-15A,
respectively. FIGS, 13B-15B are cross-sectional views
of the substrate depicted in FIGS. 13-15 taken along
lines 13B-13B to 15B-1 5B, respectively. [0015] FIG.
16 is a top plan view of a portion of the substrate of
FIG. 12 according to 



another embodiment of the invention, showing a bilaycr
wetting layer along the trench surfaces. FIGS, 16A-16B
axe clevational, cross-sectional views of the
substrate depicted in FlG. 16 taken along lines
16A-16A and 16B-16B respectively. [0016 1 FIGS. 17-18
are top plan views of the substrate of FIG. 16 at
subsequent stages, showing the removal of one of the
polymer domains to form openings to the substrate
according to another embodiment of the invention.
FJGS, 17A-18A illustrate elevational, cross-sectional
views of a portion of the substrate depicted in FIGS.
17-1 8 taken along lines 17A-17L to 18A-18A,
respectively. FIGS. 17B-18B are cross-sectional views
of the substrate depicted in FIGS. 17-1 8 taken along
lines 17B-17B to 18B-1 8B, respectively. [0017] FIGS.
19-22 illustrate another embodiment of the invention
for forming two rows of cylinders in a single trench.
FlG. 19 illustrates a top plan view of a portion of a
substrate at a preliminary processing stage showing a
trench in a material layer, FIGS, 19A-19B are
elevational ., cross-sectional views of a portion of
the substrate depicted in FIG. 19 taken, respectively,
along lines 19A-19A and 19B-19B. FIG, 20 is a top plan
view of the substrate of FIG. 19 at a subsequent stage
in the fabrication of a self-assembled
cylindrical-phase block copolymer material within the
trench according to an embodiment of the invention.
FIG. 2 1 is a top plan view of the substrate of FIG.
20 at a subsequent stage after removal of the cydrical
domains of the block copolymer material. FIG. 22 is a
top plan view of FIG. 2 1 after etching of the
substrate and filling of the etched openings. FIGS.
20A-22A are elevational, cross-sectional views of the
substrates of FIGS. 20-22 taken, respectively, along
lines 20A-20A, 21A-21A and 22A-22A. FIGS. 20B-22B are
clevational, cross-sectional views of the substrates
of FIGS. 20-22, taken along lines 20B-20B, 21B-21B and
22B-22B, respectively, showing both lines of
cylinders.DETAILED DESCRIPTION QF THE INVENTION [0019]
The following description with reference to the
drawings provides illustrative examples of devices and
methods according to embodiments of the invention.
Such description is for illustrative purposes only and
not for purposes of limiting the same. In the context
of the current application, the term "semiconductor
substrate" or "semiconductive substrate" or
"semiconductive wafer fragment" or "wafer fragment" or



"wafer" will be understood to mean any construction
comprising semiconductor material, including but not
limited to hulk semiconductive materials such as a
semiconductor wafer (either alone or in assemblies
comprising other materials thereon), and
semiconductive material layers (either alone or in
assemblies comprising other materials). The term
"substrate" refers to any supporting structure
including, but not limited to the semiconductive
substrates, wafer fragments or wafers described above.
II] "L0" as used herein is the inherent periodicity or
pitch value (bulk period or repeat unit) of structures
that self assemble upon annealing from a
self-assembling (SA) block copolymer. '"LB" s sed
herein is the periodicity or pitch value of a blend of
a block copolymer with one or more of its constituent
homopolymers. "L" is used herein to indicate the
center-to-eentcr cylinder pitch or spacing of
cylinders of the block copolymer or blend, and is
equivalent to "L0" for a pure block copolymer and "LB"
for a copolymer blend [0022] Sn embodiments of the
invention, a polymer material (e.g., film layer) is
prepared by guided self-assembly of block copolymers,
with both polymer domains at the air interface. Block
copolymer materials spontaneously assemble into
periodic structures by microphase separation of the
constituent polymer blocks after annealing, forming
ordered domains at nanometer-scale dimensions. In
embodiments of the invention, a one-dimensional (1-D)
array of perpendicular-oriented cylinders is formed
within a trench. In other embodiments, two rows of
cylinders can be formed in each trench. Following self
assembly, the pattern of perpendicular-oriented
cylinders that is formed on the substrate can then be
used, for example, as an etch mask for patterning
nanosized features into the underlying substrate
through selective removal of one block of the
self-assembled block copolymer. Since the domain sizes
and periods (L) involved in this method are determined
by the chain length of a blockcopolymer (MW),
resolution can exceed other techniques such as
conventional photolithography, Processing costs using
the technique is significantly less than extreme
ultraviolet (EiJV ) photolithography ., which has
comparable resolution [0023] A method for fabricating
a self-assembled block copolymer material that defines
a one-diraensional ( 1-D) array of nanometer-scale,
perpendicular-oriented cylinders according to an
embodiment of the invention is illustrated in FIGS.
1-6 



The described embodiment involves a thermal anneal of
a cylindrical -phase block copolymer in combination
with a graphoepitaxy technique that utilizes a
lithographically defined trench as a guide with a
floor composed of a material that is neutral wetting
to both polymer blocks, and sidewalls and ends that
are preferential wetting to one polymer block and
function as constraints to induce the block copolymer
to self-assemble into an ordered 1~D array of a single
row of cylinders in a polymer matrix oriented
perpendicular to the trench floor and registered to
the trench sidewalls. In some embodiments, two rows of
cylinders can be formed in each trench. j The block
copolymer or blend is constructed such that all of the
polymer blocks will have equal preference for the air
interface during the anneal. For a thermal anneal,
such dibloek copolymers include, for example,
poly(styrene)-b-poly(methylmethacrylate) (PS-b-PMMA)
or other PS-b-poly(acrylate) or
PS-b-poly(methacrylate), poly(styrene)~b-poly(lactide)
(PS-b-PLA)s and poly(styrene)-b-poly{tert-butyl
acrylale) (PS-b-PtBA), among others Although PS-b-PMMA
dibloek copolymers are used in the illustrated
embodiment, other types of block copolymers (i.e.,
triblock or muitibloek copolymers .) can be used.
Examples of triblock copolymers include ABC copolymers
and LBA copolymers (e.g., PS-PMMA-PS and
PMMA-PS-PMMA). [0026] The L value of the block
copolymer can be modified, for example, by adjusting
the molecular weight of the block copolymer. The block
copolymer material can also be formulated as a binary
or ternary blend comprising a block copolymer and one
or more homopolymcrs (HPs) of the same type of
polymers as the polymer blocks in the block copolymer,
to produce a blend that will swell the size of the
polymer domains and increase the L value. The volume
fraction of the homopolymers can range from 0 to about
60%. Anexample of a ternary diblock copolymer blend is
a PS-b-PMMA/PS/PMMA blend, for example, 60% of 46K/21K
PS-b-PMMA, 20% of 2OK polystyrene and 20% of 2OK
poly(m ethyl methacrylatc). A blend of PS-PEO and
about 0-40% PEO homopolymer (HP) can also be used to
produce perpendicular cylinders during a thermal
anneal; it is believed that the added EO homopolymer
may function, at least in part, to lower the surface
energy of the PEO domains to that of PS. 



[0027] The film morphology, including the domain sizes
and periods (L0) of the microphase-scparat ed domains,
can be controlled by chain length of a block copolymer
(molecular weight, MW) and volume fraction of the AB
blocks of a diblock copolymer to produce cylindrical
morphologies (among others). For example for volume
fractions at ratios of the two blocks generally
between about 60:40 and 80:20, the diblock copolymer
will mierophase separate and self-assemble into
periodic cylindrical domains of polymer B within a
matrix of polymer A. An example of a cylinder-forming
PS-b-PMMA copolymer material (LO~35 inn) to form about
20 nm diameter cylindrical PMMA domains in a matrix of
PS is composed of about 70% PS and 30% PMMA with a
total molecular weight (Mn) of 67 kg/mol. [0028] As
depicted in FGS. 1-IB, a substrate 10 is provided,
which can be silicon, silicon oxide silicon nitride,
silicon oxymlride, silicon oxycarbide, among other
materials. As further depicted, conductive lines 12
(or other active area, e.g., semiconducting regions)
are situated within the substrate 10. In any of the
described embodiments, a single trench or multiple
trenches can be formed in the substrate, and can span
the entire width of an array of lines (or other active
area). In embodiments of the invention the substrate
10 is provided with an array of conductive lines 12
(or other active areas) at a pitch of L. The trench or
trenches are formed over the active areas 12 (e.g.,
lines) such that when the block copolymer material is
annealed, each cylinder will be situated above a
single active area 12 (e.g., conductive line). In some
embodiments, multiple trenches are formed with the
ends 24 of each adjacent trench 18 aligned or slightly
offset from each other at less than 5% of L such that
cylinders in adjacent trenches are aligned and
situated above the same line 12,In the illustrated
embodiment, a neutral wetting material 14 (e.g.,
random copolymer) has been formed over the substrate
10. A material layer 16 (or one or more material
layers) can then be formed over the neutral wetting
material and etched to form trenches 18 that are
oriented perpendicular to the array of conductive
lines 12, as shown in FIGS. 2-2B. Portions of the
material layer 16 form a spacer 20 outside and between
the trenches. The trenches 18 are structured with
opposing sidewalls 22, opposing ends 24, a 



floor 26, a width (W1), a length (/,-) and a depth
(Di) In another embodiment illustrated in FIGS. 3-4,
the material layer 16 can be formed on the substrate
10', etched to form the trenches 18', and a neutral
wetting material 14' can then be formed on the trench
floors 26'. For example, a random copolymer material
can be deposited into the trenches 18' and crosslinked
to form a neutral wetting material layer. Material on
surfaces outside the trenches such as on the spacers
20' (e.g., non-crosslinked random copolymer) can be
subsequently removed. [0032] Single or multiple
trenches 18 (as shown) can be formed using a
lithographic tool having an exposure system capable of
patterning at the scale of L ( 10-100 run). Such
exposure systems include, for example, extreme
ultraviolet (EUV) lithography, proximity X-rays and
electron beam (e-beam) lithography, as known and used
in the art Conventional photolithography can attain
(at smallest) aboirt 58 nm feat res [0033] A method
called "pitch doubling" or "pitch multiplication" can
also be used for extending the capabilities of
photolithographic techniques beyond their minimum
pitch, as described, for example, in U.S. Pat. No.
5,328,810 (Lowrey et al), U.S. Pat. No. 7,1 15,525
(Abatchev, et al.), US 2006/0281266 (Wells) and US
2007/0023805 (Wells). Briefly, a pattern of lines is
photolithographically formed in a photoresist material
overlying a layer of an expendable material, which in
turn overlies a substrate, the expendable material
layer is etched to form placeholders or mandrels the
photoresist is stripped, spacers are formed on the
sides of the mandrels, and the mandrels are then
removed leaving behind the spacers as a mask for
patterning the substrate. Thus, where the initial
photolithography formed a pattern defining one feature
and one space, the same width now defines two features
and two spaces,with the spaces defined by the spacers.
As a result, the smallest feature size possible with a
photolithographic technique is effectively decreased
down to about 30 nm or less [0034] Factors in forming
a single ( 1-D) array or layer of
perpendicular-oriented nano-cyiind ers within the
trenches include the width (w.,) and depth (Di) of the
trench, the formulation of the block copolymer or
blend to achieve the desired pitch (L) and the
thickness (/) of the block copolymer material. [0035J
For example, a block copolymer or blend having a pitch
or L value of 35-nm 



deposited into a 75-nm wide trench having a neutral
wetting floor will, upon annealing, result in a zigzag
pattern of 35-nra diameter perpendicular cylinders
that are offset by about one-half the pitch distance,
or about 0.5*L) for the length (/.,) of the trench,
rather than a single line row of perpendicular
cylinders aligned with the sidewalls down the center
of the trench. There is a shift from two rows to one
row of the perpendicular cylinders within the center
of the trench as the width (wj) of the trench is
decreased and/or the periodicity (L value) of the
block copolymer is increased, for example, by forming
a ternary blend by the addition of both constituent
homopolymers. "The boundary conditions of the trench
sidewalls 22 in both the xand y-axis impose a
structure wherein each trench contains "n" number of
features (e.g., cylinders). In some embodiments, the
trenches 18 are constructed with a width W ) of about
L to about 1 5*1. (or 1.5 X the pitch value) of the
block copolymer such that a cast block copolymer
material (or blend) of about L will self assemble upon
annealing into a single row of perpendicular cylinders
with a center-to-center pitch distance of adjacent
cylinders at or about L For example, in using a
cylindrical phase block copolymer with an about 50 nm
pitch value or L, the width (W1) of the trenches 18
can be about 1-1.5*50 nm or about 50-80 nm. The length
(/,) of the trenches is at or about nL or an integer
multiple of L typically within a range of about n*l q
to about "*100 nm (with n being the number of features
or structures, e.g., cylinders). The depth (D() of the
trenches 18 is greater than L (D>L). The width of the
spacers 20 between adjacent trenches can vary and is
generally about L to about nL. In some embodiments,
the trench dimension is about 20-100 nm wide W1) and
about 100-25,000 nm in length (I1), with a depth (>,)
of about 10-100 nm.[0037] Referring now to FIGS, 5~5B,
a self-assembling, cylindrical -phase block copolymer
material 28 having an inherent pitch at or about L0
for a ternary blend of block copolymer and
homopoiymers blended to have a pitch at or about LB)
is deposited into the trenches 18 such that the
thickness (/;) on the trench of the deposited block
copolymer is generally at or about L after annealing
and the block copolymer material will self assemble to
form a single layer of cylinders across the width (W1)
of the trench For example, a typical thickness ( /) of
a cylindrical-phase PS-b-PMMA block copolymer material
28 within the 



trench is about + 20% of the L value of the block
copolymer material (e.g., about 10-1 00 nm) to form
cylinders having a diameter of about 0.5*L (e.g., 5-50
nm, or about 20 nm, for example; within a polymer
matrix in a single row within each trench. The
thickness of the block copolymer material 28 can be
measured, for example, by ellipsometry techniques.
[0038] The block copolymer material can be deposited
by spin casting (spin-coating) from a dilute solution
(e.g., about 0 25-2 wt% solution) of the copolymer in
an organic solvent such as dichloroethane (CH2CI2) or
toluene, for example Capillary forces pull excess
block copolymer material 28 (e.g., greater than a
monolayer) into the trenches 18 As shown, a thin layer
or film 28a of the block copolymer material can be
deposited onto the material layer 16 outside the
trenches, e.g., on the spacers 20. Upon annealing, the
thin film 28a will flow into the trenches leaving a
structureless brush layer on the material layer 16
from a top-down perspective. In the present
embodiment, the trench floors 26 are structured to be
neutral wetting (equal affinity for both blocks of the
copolymer) to induce formation of cylindrical polymer
domains that are oriented perpendicular to the trench
floors, and the trench sidewalks 22 and ends 24 are
structured to be preferential wetting by one block of
the block copolymer to induce registration of the
cylinders to the sidewalls as the polymer blocks
self-assemble. In response to the wetting properties
of the trench surfaces, upon annealing, the preferred
or minority block of the cylindrical-phase block
copolymer will self-assemble to form a single row of
cylindrical domains in the center of a polymer matrix
for the length of the trench and segregate to the
sidewalls and edges of the trench to form a thin
interface or wetting layer, as depicted in FIGS. 6-fi
B Entropic forces drive the wetting of a neutral
wetting surface byboth blocks, and etithalpic forces
drive the wetting of a preferential-wetting surface by
the preferred block (e.g., the minority block). To
provide preferential wetting surfaces, for example, in
the use of a PS-b-PMMA block copolymer, the material
layer 16 can be composed of silicon (with native
oxide), oxide (e.g., silicon oxide, SiOx), silicon
nitride, silicon oxycarbide, indium tin oxide (ITO),
silicon oxynitride, and resist materials such as
methacrylale-based resists and polydimethyl
glutarimide resists, among other materials, which
exhibit preferential wetting toward the 



PMMA block. In the use of a PS-PMMA cylinder-phase
block copolymer material, the copolymer material will
self assemble to form a thin interface layer and
cylinders of PMMA in a PS matrix [0041] In other
embodiments, a preferential wetting material such as a
polymethylmethacrylate (PMMA) polymer modified with an
-OH containing moiety (e.g., hydroxyethylmethacrylate)
can be applied onto the surfaces of the trenches, for
example, by spin coating and then heating (e.g., to
about 1700C) to allow the terminal OH groups to
end-graft to oxide sidewalis 22 and ends 24 of the
trenches Non-grafted material can be removed by
rinsing with an appropriate solvent (e.g., toluene).
See, for example, Mansky et al., Science, 1997, 275,
1458-1460, and In et al, Lnngmuir, 2006, 22, 7855-7860
A neutral wetting trench floor 26 allows both blocks
of the copolymer material to wet the floor of the
trench. A neutral wetting material 14 can be provided
by applying a neutral wetting polymer (e.g., a neutral
wetting random copolymer) onto the substrate JO5
forming the material layer 16 and then etching the
trenches to expose the underlying neutral wetting
material, as illustrated in FIGS, 2-2B. [0043] In
another embodiment illustrated in FIGS. 3-4, a neutral
wetting random copolymer material can be applied after
forming the trenches 18\ for example, as a blanket
coat by easting or spin-coating into the trenches, as
depicted in FIG. 4 . The random copolymer material can
then be thermally processed to flow the material into
the bottom of the trenches by capillary action, which
results in a layer (mat) 14' composed of the
crosslinked. neutral wetting random copolymer. In
another embodiment, the random copolymer material
within the trenches can be photo-exposed (e.g.,
through a mask or reticle)to crosslink the random
copolymer within the trenches to form the neutral
welting material 14'. Non-crossiink ed random
copolymer material outside the trenches (e.g., on the
spacers 20 ) can be subsequently removed. [0044]
Neutral wetting surfaces can be specifically prepared
by the application of random copolymers composed of
monomers identical to those in the block copolymer and
tailored such that the mole fraction of each monomer
is appropriate to form a neutral wetting surface. For
example, in the use of a poly(styrepe-block-methyl
methacrylate) block copolymer 



(PS-b-PMMA) s a neutral wetting material 14 can be
formed from a thin film of a pholo-crosslinkable
random PS:PMMA copolymer (PS-r-PMMA) which exhibits
non-preferential or neutral wetting toward PS and PMMA
(e.g. a random copolymer of PS-PMMA containing an
about 0 6 mole fraction of styrene) which can be cast
onto the substrate 10 (e.g., by spin coating). The
random copolymer material can be fixed in place by
chemical grafting (on an oxide substrate) or by
thermally or photolytically crosslinking (any surface)
to form a mat that is neutral wetting to PS and PMMA
and insoluble when the block copolymer material is
cast onto it, due to the crosslinking. [0045] In
another embodiment, a neutral wetting random copolymer
of polystyrene (PS), polyroethacrylate (PMMA) with
hydroxyl group(s) (e.g., 2-hydroxy ethyl rnethacrylate
(P(S-r-MMA-r-HEMA)) (e.g., about 58% PS) can be can be
selectively grafted to a substrate 10 (e.g., an oxide)
as a neutral wetting layer 14 about 5-10 nm thick by
heating at about 1600C for about 48 hours. See, for
example, In et a!.. Langmuir, 2006, 22, 7855-7860. >]
A surface that is neutral wetting to PS-b-PMMA can
also be prepared by spin coating a blanket layer of a
photo- or thermally cross-linkable random copolymer
such as a benzoeyclobut ene- or
azidomethylstyrene-functionaliz ed random copolymer of
styrene and methyl methacrylate (e.g.,
poly(styrene-r-benzocyclobutcne-r- methyl methacrylatc
(PS-r-PMMA-r-BCB)). For example such a random
copolymer can comprise about 42% PMMA, about (58-x)% P
S and x% (e.g., about 2-3%) of either
polybenzocyclobutetie or poly(para-azidomethylsty
tene)). An azidomethylstyrenc-functionalized random
copolymer can be UV photo-cross linked (e.g., 1-5
MW/cmL2 exposure for about 15 seconds to about 30
minutes) or thermally crosslinked (e.g., at about
1700C for about 4 hours) to form acrosslinked polymer
mat as a neutral wetting layer 14. A
benzocyclobutene-functionalized random copolymer can
be thermally cross-linked (e.g. at about 200 C for
about 4 hours or at about 250cC for about 10 minutes).
In another embodiment in which the substrate 10 is
silicon (with native oxide), another neutral wetting
surface for PS-b-PMMA can be provided by
hydrogen-terminated silicon. The floors 26 of the
trenches 18 can be etched, for example, with a
hydrogen plasma, to remove the oxide material and form
hydrogen-terminated silicon, which is neutral wetting 



with equal affinity for both blocks of a block
copolymer material. H-terminated silicon can be
prepared by a conventional process, for example, by a
fluoride ion etch of a silicon substrate (with native
oxide present, about 12-15 A) by exposure to an
aqueous solution of hydrogen fluoride (HF) and
buffered HF or ammonium fluoride (NH F), by HF vapor
treatment, or by a hydrogen plasma treatment (e.g.,
atomic hydrogen). An H-tcrminated silicon substrate
can be further processed by grafting a random
copolymer such as PS-r- PMMA selectively onto the
substrate resulting in a neutral wetting surface, for
example, by an in situ free radical polymerization of
styrene and methyl methacrylate using a di-oiefmic
linker such divinyl benzene which links the polymer to
the surface to produce about a 10-1 5 ran thick film.
Ij In yet another embodiment, a neutral wetting
surface for PS-b-PMMA and PS-b~PEO can be provided by
grafting a self-assembled monolayer (SAM) of a
trichlorosilane-base SAM such as
S-Cpara-methoxyphenyljpropyltrichorosiianc grafted to
oxide (e.g., SiO .) as described for example, by D.H.
Park, Nanotechnology 18 (2007), p. 355304. In the
present embodiment, the block copolymer material 28 is
then thermally annealed (arrows j ) to cause the
polymer blocks to phase separate and self assemble
according to the preferential and neutral wetting of
the trench surfaces to form a self-assembled polymer
material 30. as illustrated in FIGS, 6-6B Thermal
annealing can be conducted at above the glass
transition temperature of the component blocks of the
copolymer material. For example, a PS-b-PMMA copolymer
material can be globally annealed at a temperature of
about 180-230 0C in a vacuum oven for about 1-24 hours
to achieve theself-assembled morphology. The resulting
morphology of the annealed copolymer material 30
(e.g., perpendicular orientation of cylinders) can be
examined, for example, using atomic force microscopy
(AFM), transmission electron microscopy (TBM) scanning
electron microscopy (SEM). Rather than performing a
global heating of the block copolymer material, in
other embodiments, a zone or localized thermal anneal
can be applied to portions or sections of the
copolymer material 28 on the substrate 10. For
example, the substrate can be moved across a 



hot-to-cold temperature gradient 32 (FIG. 6A)
positioned above or underneath the substrate (or the
thermal source can be moved relative to the substrate,
e.g., arrow ->) such that the block copolymer material
self-assembles upon cooling after passing through the
heat source. Only those portions of the block
copolymer material that are heated above the glass
transition temperature of the component polymer blocks
will self-assemble, and areas of the material that
were not sufficiently heated remain disordered and
unassembled. "Pulling" the heated zone across the
substrate can result in faster processing and better
ordered structures relative to a global thermal
anneal. Upon annealing, the cylindrical-phase block
copolymer materia! 28 will self-assemble into a
polymer material 30 (e.g. film) composed of
perpendicular-oriented cylinders 34 of one of the
polymer blocks (e.g., PMMA) within a polymer matrix 36
of the other polymer block (e.g., PS). The constraints
provided by the width ( 1) of the trench 18 and the
character of the block copolymer composition (e.g.,
PS-b-PMM A having an inherent pitch at or about L)
combined with a trench floor 26 that exhi bits neutral
or non-preferential welting toward both polymer blocks
(e.g., a random graft copolymer) and sidewails 22 that
are preferential wetting by the minority or preferred
block of the block copolymer (e.g., the P MA block),
results in perpendicularly-oriented cylindrical
domains 34 of the minority polymer block (e.g., PMMA)
within a matrix 36 of the majority polymer block
(e.g., PS) in a single row (1-D array) registered and
parallel to the sidewails 22 of the trench. The
diameter of the cylinders 34 will generally be about
one-half of the center-to-center distance between
cylinders. Upon annealing, a layer of the minority
block segregates to and wets the sidewails 22 and ends
24 of the trenches to form a thin wetting layer 34a
with the thickness of the layer 34a being generally
about one-fourth of the center-to-center distance
between adjacentcylinders 34 For example, a layer of
PMML domains will wet oxide interfaces, with attached
PS domains consequently directed away from the oxide
material. [0052] In some embodiments, the
self-assembled block copolymer material 30 is defined
by an array of cylindrical domains (cylinders) 34,
each with a diameter at or about 0.5* L with the
number (n) of cylinders in the row according to the
length of the trench, and the center-to-ccnter
distance (pitch distance, ) between each cylinder at
or about L 



[0053] Optionally, after the block copolymer materia!
is annealed and ordered, the copolymer material can be
treated to crosslink the polymer segments (e.g., the
PS segments) to fix and enhance the strength of the
self-assembled polymer blocks. The polymers can be
structured to inherently crosslink (e.g., upon
exposure to ultraviolet (IJV) radiation, including
deep ultraviolet (DUV) radiation), or one of the
polymer blocks of the copolymer materia} can be
formulated to contain a crosslinking agent [0054]
Generally, the film 28a outside the trenches will not
be not thick enough to result in self-assembly.
Optionally, the unstructured thin film 28a of the
block copolymer material outside the trenches (e.g.,
on spacers 20) can be removed, as illustrated in FIGS.
6-6B. For example, the trench regions can be
selectively exposed through a reticle (not shown) to
crosslink only the annealed and self-assembled polymer
material 30 within the trenches 18, and a wash can
then be applied with an appropriate solvent (e.g.,
toluene) to remove the non-crosslinked portions of the
block copolymer material 28s (e.g., on the spacers
20), leaving the registered self-assembled polymer
material within the trench and exposing the surface of
the material layer 16 above/outside the trenches. In
another embodiment, the annealed polymer material 30
can be crosslinked globally, a photoresist material
can be applied to pattern and expose the areas of the
polymer material 28a outside the trench regions, and
the exposed portions of the polymer material 28 can be
removed, for example by an oxygen (O ) plasma
treatment. [Q05S] An application of the self-assembled
polymer material 30 Is as an etch mask to form
openings in the substrate 10 . For example, as
illustrated in FIGS. 7-7B in one embodiment, the
cylindrical polymer domains 34 of the self-assembled
polymer material 3Q can be selectively removed
resulting in a polymer matrix 36 with openings 40
exposing thetrench floor. For example, PMMA domains
can be selectively removed by UV exposure/acetic acid
development or by selective reactive ion etching
(RIE). The remaining porous polymer (e.g. PSj matrix
36 can then be used as a mask to etch (arrows \ j.) a
series of openings or contact holes 42 to the
conductive lines 12, semiconducting regions, or other
active area in the underlying substrate 10 (or an
imderlayer), as depicted in FIGS, 8-8B, for exa ple
using a selective reactive ion etching (RIE) process. 



Q056J Further processing can then be performed as
desired. For example, as depicted in FIGS. 9~9B, the
residual matrix 36 can be removed and the substrate
openings 42 can be filled with a material 44 such as a
metal or metal alloy such as Cu, Al, W, Si, and T13 N
, among others, to form arrays of cylindrical contacts
to the conductive lines 12 The cylindrical openings 42
in the substrate can also be filled with a
metal-insulator-metal stack to form capacitors with an
insulating material such as SiO , AI2O3, HfO?, ZrO ,
SrIlO and the like. [0057] Another embodiment of a
method according to the invention utilizes a solvent
anneal in combination with a graphoepitaxy technique
to induce ordering and registration of a
cylindrical-phase block copolymer material within a
trench, as depicted in FIGS, I0-15,to form a 1-D array
of a single row of perpendicular-oriented cylinders in
a polymer matrix. I The diblock copolymer is
constructed such that both polymer blocks will wet the
air interface during the solvent anneal. Examples of
diblock copolymers include
poly(styrcnc)-b-poly(ethylcn e oxide) (PS-b-PEO); a
PS-b-PEO block copolymer having a eleavab Ie junction
such as a triphenylmethyl (trityl) ether linkage
between PS and PEO blocks (optionally complexed with a
dilute concentration (e.g., about 1%) of a salt such
as KCl, KL LiCl, LiI CsCl or CsI (Zhang et aL Adv.
Mater. 2007. 19, 1571-1576); PS-b-PMMA block copolymer
doped with PCO-coated gold nanoparticles of a size
less than the diameter of the self-assembled cylinders
(Park et al, Macromolecules. 2007, 40(1 1), 8 1
19-8124); pu!y(styrene)-b~po!y(methylmethacryiat e)
(PS-b-PMMA) or other PS-b-poly(acrylate) or
PS-b-poly(methacrylate), poly(styrene)-b~poly(lactide)
(PS-b-PLA), poly(styrene)-b-poly(vinylpyridine)
(PS-b-PVP), poly(styren e)~b~poly(tert-butyl acrylate)
(PS~b-PtBA), and poly(styrene)-b-poly(
ethylene-co-butyiene (PS-b-(PS-co-PB)). Examplesof tri
block copolymers include ABC polymers such as
poly(styrene-b-methyl methacrylate-b-ethylene oxide)
(PS-b-PMMA-b-PEO), and ABA copolymers such as PS-b-
Pl-b-PS. [0059] The present embodiment utilizing a
solvent arrneal eliminates the formation of a neutral
wetting material on the trench fl oor which reduces
the number of processing steps. In addition, each of
the trench surfaces (e.g., sidewalls 22", ends 24",
floor 26") is structured to 



be preferential wetting to the minority block of the
PS-b-PEQ block copolymer material (e.g., PRO). The
trenches 18" are also structured with a width (wi)
that is about 1-1 .5* L or 1 to I 1A times the pitch
value of the block copolymer material. For example,
for a cylindrical-phase PS-b-PEO copolymer with a L
value of about 50 run, the trench is constructed to
have a width wt) of about 50 nm. The depth (D1) of the
trenches can be at or about L. [006J ] Referring to
FIGS. IQ-10B, a substrate 10" is shown with conductive
lines 12" (or other active area) and a overlying
material layer 16" in which trenches 18" have been
etched. The substrate 10" and material layer 16"
defining the trench surfaces can be a material that is
inherently preferential wetting to one of the polymer
blocks, or in other embodiments, a preferential
wetting material can be applied onto the surfaces of
the trenches. For example, in the use of a PS-b-PEO
block copolymer, the substrate 10" and material layer
16" can be formed of silicon (with native oxide),
oxide (e.g., silicon oxide, SiO ), silicon nitride,
silicon oxycarbide, indium tin oxide (ITO), silicon
oxynitride, and resist materials such as such as
methacrylate-based resists, among other materials,
which exhibit preferential wetting toward the PEO
block, In the use of a PS-PEO cylinder-phase block
copolymer material, the copolymer material will self
assemble to form cylinders of PEO in a PS matrix and a
thin interface brush or wetting layer on the sidewalls
22" and ends 24" of the trench [0062] L
cylindrical-phase PS-b-PEO block copolymer material
28" (or blend with homopolymersj having an inherent
pitch at or about L can be deposited into the trenches
IH", as shown in FIGS. 11-l l B With the use of a
solvent anneal, the thickness (t:) of the
blockcopolymer material deposited into the trench can
be about the L value of the material or greater, e.g.,
up to about 1000% of the L value. The volume fractions
of the two blocks (LB) of the PS-b-PEQ diblock
copolymer are generally at a ratio of about 60:40 and
80:20, such that the block copolymer will microphase
separate and self-assemble into cylindrical domains of
polymer B (i.e., PEO) within a matrix of polymer A
(i.e., PS). An example of a cylinder-forming PS-b-PEO
copolymer material (L=50 nni) to form about 25 nm
diameter cylindrical PEO domains in a 



matrix of PS is composed of about 70% PS and 30% PEO
with a total molecular weight (Mn) of about 75
kg/rpol. Although diblock copolymers are used in the
illustrative embodiment, triblock or multiblock
copolymers can also be used [0064] The PS-b-PEO block
copolymer material can also be formulated as a binary
or ternary' blend comprising a PS-b-PEO block
copolymer and one or more homopoiymcrs (i.e.,
polystyrene (PS) and polyethylene oxide (PEO) to
produce blends that swell the size of the polymer
domains and increase the L value of the polymer. The
volume fraction of the homopoiymcrs can range from 0
to about 40%. An example of a ternary diblock
copolymer blend is a PS-b-PEO/PS/PEO blend. The L
value of the polymer can also be modified by adjusting
the molecular weight of the block copolymer. >5] The
PS-b-PEO block copolymer material 28" is then solvent
annealed (arrows ) to form a self-assembled polymer
material 30", as illustrated in FIGS. 12-12B. In a
solvent anneal, the block copolymer material is
swollen by exposure to a vapor of a "good" solvent for
both blocks, for example benzene, chloroform or a
chloroform/octane mixture. The block copolymer
material 28" is exposed to the solvent vapors to
slowly swell both polymer blocks (PS, PEO) of the
material. The solvent and solvent vapors are then
allowed to slowly diffuse out of the swollen polymer
material and evaporate. The solvent-saturated vapor
maintains a neutral air interface 46" with the
copolymer material 28", which induces the formation of
perpendicular features throughout the copolymer
material. The evaporation of the solvent forms a
gradient that causes self-assembly and formation of
structures starting at the air-surface interface 46"
and driven downward to the floor 26" of the trench
18", with formation of perpendicular-oriented
cylindrical domains 34" guided by thetrench sidewalls
22" and extending completely from the air interface
46" to the substrate surface (trench floor 26") In
some embodiments, a solvent anneal can be conducted in
high humidity (e.g., about 70-85%) with water
condensation on the film, which cools as the solvent
(e.g., benzene) evaporates. '67J The constraints
provided by the width (wt) of trench 18" and the
character of the block copolymer composition 28",
preferential wetting sidewalls 22" and ends 24"
combined with a solvent anneal results in a
one-dimensional (1-D) array of a single row of 



perpendicularly-oriented cylindrical domains 34" of
the minority polymer block (e.g., PEO) within a matrix
36" of the major polymer block (e.g., PS), with the
minority block segregating to the sidewalls 22" of the
trench to form a wetting layer 34a" with a thickness
generally about one-fourth of the center-to-center
distance of adjacent cylinders 34". In some
embodiments, the cylinders have a diameter at or about
0 5 L (e.g., about one-half of the center-to-center
distance between cylinders) the number (") of
cylinders in the row is according to the length (/,)
of the trench, and the centcr-to-center distance
(pitch distance, p) between cylinder domains is at or
about L J8] Optionally, the annealed and ordered
polymer material 30" can be treated to crosslink the
polymer segments (e.g., the PS matrix 36"). The
unstructured thin film 28a" of the block copolymer
material outside the trenches can then be optionally
removed, as shown in FIGS. 12-12B. As depicted in
FIGS. I3-  3B, the self-assembled polymer material 30"
(optionally cross-linked) can then be processed to
form for example, an etch mask for use in etching
openings in the substrate or underling material layer,
by the selective removal of one of the polymer domains
(e.g., PS or PEO) For example, the water-soluble PEO
cylindrical domains 34" can be selectively removed to
produce openings 40" in the PS material layer 36" that
can be used, for example, as a lithographic template
or mask to etch openings 42" in the underlying
substrate 10" (FIGS, 14-14B) for semiconductor
processing in the nanometer size range (i.e., about
10- 100 nm). Removal of the PEO phase domains 34" can
be performed, for example, by exposure of the
self-assembled block copolymer material 3Q"
(optionally cross-linked) to aqueous hydroiodie acid
or exposure to water alone, which will draw PEO tothe
surface without cleaving the bonds to the PS domains.
In embodiments in which the PS~b~PEQ block copolymer
includes an acid-cleavable linker (e.g., trityl
alcohol linker) positioned between the polymer blocks,
exposure of the crossHnked polymer material 30" to an
aqueous acid (e.g., tritluoro acetic acid) or to an
acid vapor can be performed to cleave the polymer into
PEO and PS fragments (S. Yuri et al., "Scission of
Diblock Copolymers into Their Constituent Blocks,"
Macromokcules 200(S, 39, 1670-1672). Rinsing with
water can then be performed to remove the cleaved PEO
domains 34". In other embodiments, 



exposure to water to draw the PE-O domains to the
surface followed by a brief oxygen (O2) plasma etch
can also be performed to remove the PEO domains.
[0070] As shown in FTGS. 15-15B, the residual polymer
matrix 36" can then be removed and the openings 42"
that have been formed in the substrate can be filled
with a desired material 44". [0071J Another embodiment
of a method according to the invention utilizes a
thermal anneal in combination with a
cylindrical-phase, block copolymer material comprising
polylactide (or polylactic acid) and graphoepitaxy to
form a single row, 1-D array of perpendicular-oriented
cylinders in a polymer matrix. Examples of polylactide
block copolymer materials include
poly(styrene)-b-poly(lactide) (or poly(laetic acid))
(PS-b-PLA) [0072] The described embodiment eliminates
the formation of a neutral wetting material on the
trench floor, thus reducing the number of processing
steps. It also utilizes a thermal anneal process,
which can provide faster processing than with a
solvent anneal. In addition, the use of polylactic
acid (PLA), a biodegradable, thermoplastic aliphatic
polyester, allows relatively easy development and
removal of the PLA domains to form cylindrical-shaped
voids through the polymer matrix (e.g., PS, etc.). The
trench surfaces (e.g., sidewalis, ends, floor) are
structured using the same or highly similar material
that is preferential wetting to the minority block,
e.g., the PLA block of a PS-b-PLA copolymer material.
[0073] The present embodiments can also be described
with reference to FIGS. 10-15 Referring to FIGS,
10-1QB, the substrate 10" and material layer 16" can
be formed from a material that is inherently
preferential wetting to the PLA block, or in other
embodiments, a preferential wetting material can be
applied onto the surfaces of the trenches 18", with
thesame or closely similar materia! being used to
define the sidewalls 22", ends 24" and floor 26" of
the trenches. For example materials that are
preferential wetting to the PLA block of a PS-b-PLL
block copolymer include oxide (e.g., silicon oxide,
SiOx), silicon (with native oxide), silicon nitride,
silicon oxycarbide, indium tin oxide (ITO), silicon
oxynitride, and resist materials such as such as
methacrylate-based resists, among other materials.
[0074] In the present embodiment, the trenches 18" are
structured with a width (W1) that is at about 1.5*L
value of the PS-b-PLA copolymer material, a length (J
t) at or about ?zL (where 



n - number of cylinders), and a depth (D1) at greater
than L (Dp L) such that a cylindrical-phase block
copolymer (or blend) that is cast into the trench to a
thickness of about the inherent L value of the
copolymer material will self assemble upon annealing
into a single layer of n cylinders according to the
length (/,) of the trench, the cylinders with a
diameter at or about 0.5*L, and a center-to-center
distance (p) of adjacent cylinders at or about L.
[0075] A cylindrical-phase PS-b-PLA block copolymer
material 28" (or triblock or rnultiblock copolymers or
blend with homopolyraers) having an inherent pitch at
or about L can be deposited into the trenches 18", as
shown in FIGS, 11-1 JB. For example a PS-b-PLA
copolymer material (L= 49 nm) can be composed of about
71% PS and 29% PLA with a total molecular weight (Mn)
of about 60 5 kg/rnol to form about 27 nm diameter
cylindrical PLA domains in a matrix of PS. [0076] Upon
casting the copolymer material 28" into the trenches
18", both polymer blocks (e.g., PLA and PS) tend to
wet the air interface 46" equally well, and the
minority (e.g., PLA) block will preferentially wet the
surfaces 22", 24" 26" of the trench to form a thin
wetting layer 34a" on each of the trench surfaces as
illustrated in FIGS, 12-12B Turning now to FIGS,
16-16B, in the present embodiment, the wetting layer
34a"' is a bilaycr of PLA 48a"' and PS 4Sb" . The PS
48b" ' portion of the wetting layer (depicted with
broken lining - -) is continuous with the overall PS
matrix 36'", as shown. [0077] Thermal annealing of the
block copolymer material 28'" in combination with the
constraints provided by the width (wf) of the trench
18'", the preferential wetting trench surfaces 22" '
24'" 26"' and the composition of the block copolymer,
causes the minoritypolymer block (e.g., PLA block) to
self assemble to form perpendicular-oriented
cylindrical domains 34'" in a single row within a
matrix 36" ! of the majority polymer block (e.g., PS),
with the PLA 48a"7PS 48b" ! bilayer along the trench
surfaces 22'", 24" f, 26"'. In some embodiments, the
block copolymer material 28"' can be "zone annealed"
as previously described. Ls shown in FIGS. 16A-16B,
the PLA cylindrical domains 34"' extend from the air
interface 46'" to the wetting layer 34s'" composed of
the PLA/PS bilayer 48a"748h" f overlying the surface
of the substrate 10 " at the trench floor 26'". The PS
layer 48b"', 



which is covalently bonded to the PLA layer 48a' " is
in contact with the PS block (matrix 26'"), which in
turn is covalently bonded to the PLA cylinder domains
34' " [Q07S] Polymer segments (e.g., the PS matrix
36'") of the annealed polymer material 30"' may
optionally be crosslinked, and any unstructured
polymer material 28s'" on surfaces outside the
trenches can then be optionally removed, as depicted
in FIGS. 16-16B. The polymer material 30"' can then be
further processed as desired, for example, to form a
mask to etch openings 42' in the substrate 10'". For
example as illustrated in FIGS. 17-17B, the PLA
cylinders 34'" can be selectively removed, for
example, using UV exposure and an acetic acid wash, or
an aqueous methanol mixture containing sodium
hydroxide to form cylindrical-shaped openings 40'"
extending through the PS matrix. Due to the PLA/PS
bilayer 48a"', 48b'" that overlies the trench floor,
the openings 4q" do not extend all the way to the
surface of the substrate 10'" at the trench floor
26"'. As depicted in FIGS, 18-18B an RIE etching
process (arrows 1), r example, can be conducted to
remove the bilayer material and expose the trench
floors 26"' and the substrate 10"' within the openings
40'". The RIE etch may thin the matrix (mask) 36"', as
shown, although not to a significant extent. 80]
Referring now to FIGS, 14-1 4B, the matrix 30" can
then be used as a mask to etch cylindrical-shaped
openings 42" in the substrate down to an active area
such as a conductive line 12" or to semi-conducting
regions, etc. The remnants of the etch mask 36" can be
subsequently removed and the openings 42" can be
filled as desired, as described with respect to FIGS.
15-15B.i ] In another embodiment, the trenches are
constructed with a width (w,) of about 1.75-2.5 *L of
the block copolymer such that, upon annealing, a block
copolymer material or blend of about L will
self-assemble into two rows of perpendicular cylinders
with each cylinder being offset to form a zigzag
pattern, and the eenter-to-ccnter pitch distance
between adjacent cylinders at or about one-half L (
0.5*L). For example, referring to FIGS. 19-19B, in the
use of a cylinder-forming block copolymer material or
blend with an L (pitch) value of about 40 nm, a trench
18 can be constructed with a width (w,) about 70-100
nm wide (or according to 1 + ((square root of 3V2) *
L). The length (/,) of the trench can be at or about 



[ 1 -t- 0.5 (n-l )] L, where n equals the number of
cylinders in the trench. The depth (D1) of the trench
18"" can be greater than L (A>L) for embodiments
employing a thermal anneal of the block copolymer
(e.g., FIGS, 2-8) or at or about L (Dt L) for
embodiments utilizing a solvent anneal process (e.g.,
FIGS. 11-14) Optionally, the ends 24"" can be angled
or beveled as depicted by the dashed line 50 in FlG.
20 The dimensions of the trench 18"" can be, for
example, about 70400 nm wide (W1), about 100-25,000
nni long (lt), and about 40-200 nm deep (D1) . [0083]
Any of the above-described cylindrical-phase block
copolymers (e.g., PS-b-PMMA, PS-b-PEO, PS-b-PLA, etc.)
can be deposited within the trench 18"", and thermal
or solvent annealed as previously described. [0Q84J
The trench 18"" is fabricated with the appropriate
neutral or preferential wetting surface on the
sidewalk 22"", ends 24"", and trench floor 26"", to
drive the block copolymer to self-assemble into
perpendicular-oriented cylinders 34"" upon annealing,
as depicted in FIGS, 2Q-2QB The resulting cylinders
34"" are formed in a staggered two-row arrangement
parallel to the sidewalk 22"" in which the
center-to-cent er pitch distance (p) of adjacent
cylinders 34"" within a row is at or about 0.5*L FIG.
2OB illustrates a schematic cross-sectional,
elevationai view of both rows of cylinders in relation
to the underlying lines 12"". The self-assembled
polymer film can then be processed to form a mask
(FIGS. 21-21B) by removing the cylinder domains 34""
(e.g., PMMA) leaving a polymer matrix 36"" (e.g., PS)
with cylindrical openings 40"" to the underlying
substrate 10"", which can then be etched to form
openings 42"" (shown in phantom) to "buried" active
areas(e.g., lines 12"") and the openings 42"" can then
be filled (FIGS. 22-22B) with a desired material 44"",
e.g., metal, to form, for example, a contact to
underlying lines 12"". In some embodiments, the
feature size of the conductive lines 12"" is less than
the diameter of the cylinders 34"" (e.g., by about
50%) such that a variance in the diameter of the
cylinders 34"" and the subsequently formed cylindrical
openings 42"" avoids electrical shorts that can occur
from overlapping diameters of adjacent cylinders
[0085] With the present embodiment of two rows of
cylinders in an offset arrangement, contact openings
42"" can be etched into a substrate to a denser array
of buried lines 12"" 



than with an embodiment utilizing a single row of
cylinders (e.g., FJG, 6) for a given block copolymer
pitch L With the contacts 44" " being offset, each
contact 44"" can be connected to a single conductive
line 12"" to address the lines individually. S]
Methods of the disclosure provide a means of
generating self-assembled diblock copolymcr films
composed of perpendicular-oriented cylinders in a
polymer matrix. The methods provide ordered and
registered elements on a nanometer scale that can be
prepared more inexpensively than by electron beam
lithography, EUV photolithography or conventional
photolithography. The feature sizes produced and
accessible by this invention cannot be easily prepared
by conventional photolithography. The described
methods and systems can be readily employed and
incorporated into existing semiconductor manufacturing
process flows and provide a low cost, high-throughput
technique for fabricating small structures. [0087]
Although specific embodiments have been illustrated
and described herein, it will be appreciated by those
of ordinary skill in the art that any arrangement
which is calculated to achieve the same purpose may be
substituted for the specific embodiments shown. This
application is intended to cover any adaptations or
variations that operate according to the principles of
the invention as described. Therefore, it is intended
that this invention be limited only by the claims and
the equivalents thereof. The disclosures of patents,
references and publications cited in the application
are incorporated by reference herein.WHAT iS CLAIMED
IS: 1. A method of forming a nanostructured polymer
material on a substrate, comprising: forming a
self-assembling block copolymer material within a
trench in a material layer on the substrate, the
trench having a neutral wetting floor, opposing
sidewalls and ends that are preferentially wetting to
a minority block of the block copolymer; and annealing
the block copolymer material such that said block
copolymer material self-assembles into cylindrical
domains of the first block of the block copolymer
within a matrix of a second block of the block
copolymer, said self-assembled block copolymer
material having a thickness, and the cylindrical
polymer domains oriented perpendicular to the trench
floor and extending through said thickness of the
self-assembled block copolymer 



material in a single array for the length of the
trench. 2 . The method of Claim 1, wherein the block
copolymer comprises polystyrene and polyrnethyl
methacrylate. 3. The method of Claim 1, wherein the
block copolymer comprises a blend of the block
copolymer with a homopolym er of the first polymer
block, the second polymer block, or both. 4. The
method of Claim 1, wherein the trench has a width of
about Lto about 1.5 X L, a length of about L, and a
depth of greater than about L. 5. The method of Claim
i , wherein the neutral wetting floor comprises a
random copolymer material 6. The method of Claim I
wherein the neutral wetting floor comprises
hydrogen-terminated silicon. 7. The method of Claim 1,
wherein the neutral wetting floor comprises
3-(p-methoxyphenyl)propyltrichlorosilane grafted to
oxide. 8. The method of Claim I 5 further comprising,
prior to forming the block copolymer material within
the trench, forming the material layer on the
substrate; forming the trench within the material
layer; and forming the neutral wetting material on the
floor of the trench. 9. The method of Claim 1, further
comprising, prior to forming the block copolymer
material within the trench,forming the neutral wetting
material on a surface of the substrate; forming the
material layer over the neutral wetting material; and
forming the trench within the material layer to expose
the neutral wetting material at the trench floor. 10 .
The method of Claim 1, wherein the sidewalls and ends
of the trench comprise a material selected from the
group consisting of oxide, silicon nitride, silicon
oxyearbidc. silicon oxymtride, indium tin oxide ( 1
!O), a mcthacrylate resist, and a polydimethyl
glutarimide resist. 



11. The method of Claim 1, wherein annealing the block
copolymer material comprises thermal annealing. 12.
The method of Claim 1, wherein annealing the block
copolymer material comprises solvent annealing. 13 The
method of Claim 1, further comprising, after annealing
selectively crosslinking domains of the second polymer
block. 14. The method of Claim 1, further comprising
selectively removing the first polymer block to form
cylindrical openings extending through the matrix of
the second polymer block. 15 . The method of Claim 13,
further comprising etching unmasked portions of the
substrate through the openings 16. L method of forming
a polymer layer on a substrate comprising: depositing
a cylindrical-phase block copolymer material in a
trench in a material layer on the substrate to a
thickness of about the L value of the block copolymer
or greater in the trench the trench having sidevvalls,
ends and a floor that are preferential wetting to a
first block of the block copolymer; and solvent
annealing the block copolymer material such that said
block copolymer material self-assembles into
cylindrical domains of the first block of the block
copolymer within a matrix of a second block of the
block copolymer, said self-assembled block copolymer
material having a thickness, and the cylindrical
polymer domains oriented perpendicular to the trench
floor and extending through said thickness of the
self-assembled block copolymer material in a single
array for the length of the trench.17 . The method of
Claim 165 wherein solvent annealing the block
copolymer material comprises thermal annealing with a
partial pressure of saturated solvent vapor. 18. The
method of Claim 16, wherein the block copolymer
comprises polystyrene and polyethylene oxide. 19 . The
method of Claim 18, wherein the block copolymer
comprises a eleavable PS-b-PEO. 20. The method of
Claim 16, wherein the trench has a width of about
1-1.5 times 



the L value of the block copolymer. 2 1. A method of
forming a polymer layer on a substrate, comprising:
depositing a cylindrical -phase block copolymer
material in a trench in a material layer on the
substrate to a thickness of about the L value of the
block copolymer in the trench, the trench having
sidewalls, ends and a floor that are preferential
wetting to a first block of the block copolymer; and
thermal annealing the block copolymer material such
that said block copolymer material self-assembles into
cylindrical domains of the first block of the block
copolymer within a matrix of a second block of the
block copolymer, said self-assembled block copolymer
material having a thickness, and the cylindrical
polymer domains oriented perpendicular to the trench
floor and extending through said thickness of the
self-assembled block copolymer 22. The method of Claim
21, wherein the block copolymer comprises polystyrene
and polylactide. 23. The method of Claim 2 1, wherein
the trench has a width of about the L value of the
block copolymer to about 1-1.5*L. 24. The method of
Claim 21, wherein the sidewalls, ends and floor of the
trench comprises a silicon oxide. 25. The method of
Claim 22, wherein the block copolymer forms a wetting
layer on the sidewalks, ends and floor of the trench,
said wetting layer comprising a bilayer of polylactide
and polystyrene; the method further comprising, after
annealing: selectively removing the first polymer
block to form cylindrical openings extending through
the matrix of the second polymer block; andetching to
remove the bilayer on the floor of the trench within
said openings to expose the substrate. 26. The method
of Claim 25, further comprising etching exposed
portions of the substrate through the openings 27. A
method of etching a substrate, comprising: 



annealing a block copolymer material situated in a
trench in a material layer overlying the substrate,
the trench having opposing sidewalls and ends that are
preferentially wetting to a minority block of the
block copolymer, a floor, a width and a length,
wherein the block copolymer material forms a single
array of perpendicular-oriented cylinders of the
minority polymer block in a matrix of a majority
polymer block, said annealed block copolymer material
having a thickness, and the cylinders extending
through said thickness of the annealed block copolymer
selectively removing one of the polymer blocks to form
openings exposing the substrate; and etching exposed
portions of the substrate to form openings therein.
28. The method of Claim 27, further comprising, prior
to removing one of the polymer blocks, selectively
crosslinking another of the polymer blocks 29. The
method of Claim 27, wherein the trench floor is
neutral wetting. 30. The method of Claim 27, wherein
the trench floor is preferential wetting. 31. The
method of Claim 30, wherein the block copolymer
material is selected from the group consisting of a
block copolymer comprising polystyrene and
polyethylene oxide, and a block copolymer comprising
polystyrene and poylactide. 32. The method of Claim
27, wherein said etching forms a pattern of
registered, addressable, sub-lithographic openings in
the substrate. 33. The method of Claim 27, further
comprising filling the openings in the substrate with
a fill material. 34. The method of Claim 33, wherein
the fill material comprises a metal, a metal allov,
and a metal/insulator/metal stack.35. A method of
etching a substrate, comprising: forming a block
copolymer material within a trench in a material layer
overlying the substrate, the trench having opposing
sidewalls and ends that are preferentially wetting to
a minority polymer block of the block copoly er a
floor, a width and a length; causing a microphase
separation in the block copolymer material to form
cylindrical domains composed of a first polymer block
in a matrix of a second polymer block within the 



trench, the cylindrical polymer domains oriented
perpendicular to the trench floor and registered to
the sidewalls in a single array extending the length
of the trench;. optionally, selectively crosslinking
the polymer matrix; selectively removing the
cylindrical polymer domains to form openings through
the polymer matrix; and etching the substrate through
the openings in the polymer matrix. 36. A method of
forming a nanostructured polymer material on a
substrate, comprising: forming a self-assembling block
copolymer material within a trench in a material layer
on the substrate, the trench having a neutral wetting
floor, opposing sidewalls and ends that are
preferentially wetting to a minority block of the
block copolymer; and annealing the block copolymer
material such that said block copolymer material
self-assembles into cylindrical domains of the first
block of the block copolymer within a matrix of a
second block of the block copolymer, said
self-assembled block copolymer material having a
thickness, and the cylindrical polymer domains
oriented perpendicular to the trench floor and
extending through said thickness of the self-assembled
block copolymer material: wherein the cylindrical
polymer domains are in two rows for the length of the
trench, with adjacent cylindrical domains offset from
each other in a zig-zag arrangement at a
center-to-center distance of about one-half the L
value of the block copolymer in a direction parallel
to the trench sidewalls. 37. A polymeric material
situated within a trench in a material layer overlying
a substrate, the trench having sidewalls, ends, a
floor, a width and a length, the polymeric material
comprising a self-assembled block copolymer material
comprising cylindrical polymer domains of a minority
polymer block in a matrix of a majority polymer block,
thecylindrical polymer domains oriented perpendicular
to the trench floor and in a single array extending
the length of the trench 38. The polymeric material of
Claim 37, wherein the trench has a neutral welting
floor, and sidewalls and ends comprising a material
that is preferentially wetting to the 



minority polymer block 39. The polymeric material of
Claim 37, wherein the trench has a floor, sidewalls
and ends comprising a material that is preferentially
wetting to the minority polymer block 40. A polymeric
material situated within a trench in a material layer
overlying a substrate, the trench having sidewalls,
ends a floor, a width and a length the polymeric
material comprising a self-assembled block copolymer
material comprising cylindrical polymer domains of a
minority polymer block in a matrix of a majority
polymer block: wherein the cylindrical polymer domains
are oriented perpendicular to the trench floor and in
two rows for the length of the trench, with adjacent
cylindrical domains offset from each other in a
zig-zag arrangement at a center-to-eenter distance of
about one-half the L valne of the block copolymer in a
direction parallel to the trench sidewalls. 


