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METHODS AND COMPOSITIONS FOR 
FORMING APERIODIC PATTERNED 

COPOLYMER FILMS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This application claims priority under 35 USC §119(e) 
from U.S. Provisional Application No. 60/630,484, filed Nov. 
22, 2004, hereby incorporated by reference in its entirety and 
for all purposes. 

FIELD OF THE INVENTION 

2 
invention also provides compositions containing a substrate 
pattern with irregular features replicated in a block copoly
mer material. Applications of the methods and compositions 
of the invention include forming masks for further processing 

5 steps, for example, in semiconductor processing, and forming 
functional features in the block copolymer material, for 
example, nanoscale conductive lines. 

One aspect of the invention involves providing a patterned 
substrate, the pattern having at least one irregular feature, 

10 depositing a layer of material comprising a block copolymer 
on the substrate, and ordering components in the copolymer 
material in accordance with the underlying pattern to repli
cate the pattern in the copolymer layer. Another aspect of the 

The invention relates to methods ofnanofabrication tech- 15 
invention is a composition comprising a patterned substrate, 
the pattern having at least one irregular feature, and a copoly
mer layer comprising a block copolymer, wherein the pattern 
is replicated in the copolymer layer. 

niques. More specifically, the invention relates to patterning 
materials at the nanoscale level utilizing block copolymers. 

BACKGROUND OF THE INVENTION 

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

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

However, thus far the use of directed self-assembly of 
block copolymers to replicate patterns has been limited to the 
replication of periodic patterns. This precludes replicating 
patterns having irregular features, as would be required by 
many applications. In addition, the methods and materials 
used thus far have been limited in that a particular material 
can be used to replicate only a narrow range of substrate 
patterns. 

What is needed therefore are methods and compositions 
for replicating patterns containing irregular features in block 
copolymer films. In addition, it would be desirable to have 
improved materials and methods providing greater process 
latitude in replicating periodic and aperiodic patterns. 

SUMMARY OF THE INVENTION 

The present invention meets these needs by providing 
improved methods of replicating substrate patterns including 
patterns containing irregular features. The methods of the 
invention involve depositing block copolymer materials on a 
patterned substrate and ordering components in the material 

In some embodiments, the substrate patterns that may be 
20 used with the present invention have at least one irregular 

feature. Irregular features include, though are not limited to, 
corners, angles, t-junctions and rings. In embodiments 
wherein the block copolymer material exhibits lamellar mor
phology, irregular features include all non-linear features, 

25 including comers, angles, t-junctions and rings. Similarly, in 
embodiments wherein the block copolymer material exhibits 
parallel cylindrical array morphology, irregular features 
include all non-linear features. Substrate patterns that may be 
used in accordance with the present invention may also be 

30 characterized as aperiodic patterns. In some embodiments, 
patterns used in accordance with the invention include aperi
odic and periodic regions. 

Ordering the components in the copolymer materials may 

35 
be facilitated through the use of blends of the copolymer 
material. The copolymer material comprises a block copoly
mer. In some embodiments, the copolymer material com
prises a first block copolymer and at least one of a second 
block copolymer, a first homopolymer and a second 

40 homopolymer. In a preferred embodiment, the block copoly
mer material comprises first and second homopolymers 
wherein the first homopolymer is same type of polymer as a 
first polymer block in the block copolymer and the second 
hompolymer is same type of polymer as a second polymer 

45 block in the block copolymer. In a particularly preferred 
embodiment, the copolymer material is a PS-b-PMMA/PS/ 
PMMA blend. In another preferred embodiment, the volume 
fraction ofhomopolymer in the blend ranges from Oto 0.8. In 
a particularly preferred embodiment, the volume fraction of 

50 the homopolymer in the blend ranges from 0.4 to 0.6. The 
copolymer material may contain a swellable material in addi
tion to or instead of a homopolymer. Examples of swellable 
materials include a solvent, a plasticizer or a supercritical 
fluid. 

55 Ordering of the copolymer material may also be facilitated 
by configuring substrate patterns so that regions of the sub
strate pattern interact in a highly preferential manner with at 
least one of the components in the copolymer material. For 
example, the interfacial energy contrast between the pattern 

60 and block A and the pattern and block B may be increased. In 
a preferred embodiment, the difference between the interfa
cial energy between a region of the pattern and a first block of 
the copolymer and the interfacial energy between the region to replicate the pattern. In some embodiments, ordering is 

facilitated through the use of blends of the copolymer mate
rial and/or configuring substrate patterns so that regions of the 65 

substrate pattern interact in a highly preferential manner with 

and a second block of the copolymer is least 0.6 ergs/cm2
. 

Ordering the copolymer material in accordance with the 
underlying pattern may involve stretching or compressing the 
components of the material. at least one of the components in the copolymer material. The 
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Ordering the copolymer material in accordance with the 
underlying pattern may involve a non-uniform distribution of 
the material over the substrate. 

Facilitating ordering by the methods described above may 
be used to improved replication of periodic patterns ( or peri
odic regions of a pattern) as well as patterns or regions con
taining irregular features. 

The substrate may be patterned by chemical patterning or 
by otherwise activating the surface of the substrate. In pre
ferred embodiments, the substrate is patterned by x-ray 
lithography, extreme ultraviolet (EUV) lithography or elec
tron beam lithography. 

In some embodiments the patterned substrate comprises a 
patterned imaging layer. In preferred embodiments, the imag
ing layer comprises a polymer brush or a self-assembled 
monolayer. Examples of polymer brushes include homopoly
mers or copolymers of the monomers that make up the 
copolymer material. Examples of self-assembled monolayers 
include silanes and siloxane compounds. 

4 
FIG. 13 shows the interfacial energy between polystyrene 

and the random styrene/methyl methacrylate brush as func
tion of brush composition. 

FIG. 14 is a graph showing the energy required to stretch/ 
5 compress copolymer blocks as a function of substrate pattern 

period. 
FIG. 15A shows block copolymer films of period 48 nm 

deposited on substrates of pattern periods of 42.5 nm 45 nm 
4 7. 5 nm and 50 nm and 5 2 .5 nm for various interfacial energy 

1 o contrasts. 
FIG. 15B shows CdSe nanoparticles selectively aligned 

using block copolymer materials on substrates having differ
ent patterns. 

FIG. 16 shows a process of creating a patterned or activated 
15 surface using a random copolymer brush imaging layer. 

20 

FIGS. 17A-D show a process for creating sub-lithographic 
resolution patterns. 

FIG. 18 is an image of a replicated pattern containing a 90° 
bend. 

The methods and compositions of the invention may be 
used in semiconductor processing. The copolymer material 
may be used as a resist mask and the methods of the invention 
may include selectively removing a component of the copoly
mer material after the material is ordered in accordance with 25 

the underlying pattern. 

FIGS. 19A-D are images of replicated patterns containing 
135° bends. 

FIGS. 20A-D are images of replicated patterns containing 
90° bends. 

FIGS. 21A-D are images of replicated patterns containing 
45° bends. 

FIGS. 22A and 22B show SEM images of a block copoly
mer material containing nanoparticles as ordered on a pattern 
containing a 90° bend. 

The methods and compositions of the invention may also 
be used to create functional copolymer features, such as a 
nanoscale conductive lines. For example, one of the compo
nents of the copolymer material may be an insulator and 30 

another one of the components of the copolymer material 
may be a conductor. The copolymer material may be inher
ently insulative or conductive or incorporate insulative or 
conductive materials, e.g., conductive nanoparticles. 

35 

FIGS. 23A-C show SEM images of a block copolymer 
material containing nanoparticles as ordered on a patterns 
having various periods. 

DESCRIPTION OF THE INVENTION 

Reference will now be made in detail to specific embodi-

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows ideal base behavior of diblock copolymers. 
FIG. 2 shows spherical, cylindrical and lamellar ordered 

copolymer domains formed on substrates. 
FIGS. 3A and 3B show methods of directing assembly of 

lamellar and cylindrical copolymer domains on substrates. 
FIG. 4 shows self assembled PS-b-PMMA copolymer on 

an unpatterned and the patterned substrate. 
FIG. 5 shows self assembled lamellar domains of PS-b

PMMA on patterned substrates with pattern periods of 45 nm, 
47.5 nm, 50 nm, 52.5 nm and 55 nm. 

FIG. 6 shows a rough schematic of aperiodic pattern. 

ments of the invention. Examples of the specific embodi
ments are illustrated in the accompanying drawings. While 
the invention will be described in conjunction with these 
specific embodiments, it will be understood that it is not 

40 intended to limit the invention to such specific embodiments. 
On the contrary, it is intended to cover alternatives, modifi
cations, and equivalents as may be included within the spirit 
and scope of the invention. In the following description, 
numerous specific details are set forth in order to provide a 

45 thorough understanding of the present invention. The present 
invention may be practiced without some or all of these spe
cific details. In other instances, well known process opera
tions have not been described in detail in order not to unnec-
essarily obscure the present invention. 

FIG. 6A shows the effective period of a bend in a pattern. 50 

FIG. 7 is an image ofirregular features in block copolymer 
Block copolymers are a class of polymers synthesized 

from two or more polymeric blocks. The structure of diblock 
copolymer AB may correspond, for example, to AAAAAAA
BBBBBBBB. FIG. 1 shows ideal phase behavior of diblock 
coplymers. The graph in FIG. 1 shows, xN (where xis the 

assembled on an unpatterned surface. 
FIG. 8 is a flowchart showing a process of replicating an 

aperiodic pattern on a substrate according to one embodiment 
of the invention. 

FIG. 9 shows a block copolymer film performed on a 
pattern substrate in accordance with one embodiment of the 
invention. 

FIGS. lOA and lOB show bulk lamellar periods of copoly
mer/copolymer and copolymer/homopolymer blends. 

FIG. 11 shows the results of deposition of copolymer 
blends of periods of 40 and 44 nm and unblended copolymer 
material of period 48 nm on patterned surfaces of 40 nm, 42.5 
nm, 45 nm, 47.5 nm and 50 nm. 

FIG. 12 shows the results of deposition of a PS-b-PMMA/ 
PS/PMMA blend on patterned substrates with pattern periods 
ranging from 70 nm to 105 nm. 

55 Flory-Huggins interaction parameter and N is the degree of 
polymerization) as a function of the volume fraction, f, of a 
block (A) in a di block (A-b-B) copolymer. xN is related to the 
energy of mixing the blocks in a diblock copolymer and is 
inversely proportional to temperature. FIG. 1 shows that at a 

60 particular temperature and volume fraction of A, the diblock 
copolymers microphase separate into domains of different 
morphological features. As indicated in FIG. 1, when the 
volume fraction of either block is around 0.1, the block 
copolymer will microphase separate into spherical domains 

65 (S), where one block of the copolymer surrounds spheres of 
the other block. As the volume fraction of either block nears 
around 0.2-0.3, the blocks separate to form a hexagonal array 
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of cylinders (C), where one block of the copolymer surrounds 
cylinders of the other block. And when the volume fractions 
of the blocks are approximately equal, lamellar domains (L) 
or alternating stripes of the blocks are formed. Representa
tions of the cylindrical and lamellar domains at a molecular 5 

level are also shown. Domain size typically ranges from 5-50 
nm. The phase behavior of block copolymers containing 
more than two types of blocks ( e.g. A-b-B-b-C), also results 
in microphase separation into different domains. 

The size and shape of the domains depend on the molecular 10 

weight and composition of the copolymer. 
FIG. 2 shows spherical, cylindrical and lamellar ordered 

domains formed on substrates. Domains (spheres, cylinders 
or lamellae) of one block of the copolymer are surrounded by 
the other block copolymer. As shown in FIG. 2, cylinders may 15 

form parallel or perpendicular to the substrate. 
Ordered domains as shown in FIG. 2 may be used as a 

templates for patterns. Park et al. (Science, 1997 276, 1401) 
describe diblock copolymer films deposited on silicon sub
strates. The diblock copolymer microphase separated into a 20 

periodic array of spheres. The block that formed the spheres 
was removed, leaving the remaining block with spherical 
holes, similar to that shown in FIG. 2. The remaining block 
was then used as a mask to etch a dense array of holes 
(approximately 1011 holes/cm2

) into the silicon substrate. Li 25 

et al. (Applied Physics Letters, 2000, 76, 1689) describe 
using block copolymers as a template to pattern a silicon 
nitride hard mask, which was then used to grow gallium 
arsenide nanostructures. Both of these uses of diblock 

6 
strate covered with an imaging layer. In the first step, inter
ferometric lithography is used to create a periodic pattern in 
the imaging layer. In this case, a linear striped pattern is 
created. A block copolymer film is then deposited on the 
patterned imaging layer. The copolymer film is then annealed 
to form an array of self-assembled domains of one block 301 
of the copolymer that are surrounded by the other block 302. 
Selective functionalization of the patterned structure may 
then be carried out, for example, by removing one block and 
then filling the opening with another material. FIG. 3B shows 
guided self-assembly of cylindrical domains. The process is 
the same as that lamellar domains, only differing in the pat
tern created in the imaging layer. In this case, the pattern is a 
hexagonal array of circles. Cylindrical domains of one block 
303 surrounded by the other block 304 are formed. 

As mentioned above, interferometry is used to pattern sub
strates with regions of different chemical functionality in 
spatial arrangements commensurate with the characteristic 
dimensions of the domain structure of the block co-polymer. 
Interferometric patterning is well suited for preparing sub
strates to guide self-assembly of the morphologies shown in 
FIG. 2. This is because the interference patterns and the block 
copolymer morphologies exhibit the same periodicity. Cross
ing two beams oflight, for example, results in the alternating 
stripes pattern shown in FIG. 3A used to guide the self
assembly of lamellar domains. Double exposure of stripes 
with an included angle of 120° results in spots of constructive 
interference in a hexagonal array which are used to guide the 
self-assembly of cylindrical domains, also shown in FIG. 3B. 

The difference between undirected and directed assembly 
over a macroscopic area can be seen in FIG. 4. FIG. 4 shows 
macroscopic self-assembly of PS-b-PMMA on an unpat
temed and on a patterned substrate. As shown in FIG. 4, an 
unpatterned surface results in disordered assembly of the 

copolymers require a breakthough etch step to transfer the 30 

pattern from the block to the substrate. Asakawa et al. (Jpn. J. 
Applied Physics, 2002, 41, 6112) describe etching a spheri
cally ordered polystyrene-b-poly methyl methacylate (PS-b
PMMA) diblock copolymer film on a substrate with reactive 
ion etching (RIE). RIE preferentially etched the PMMA, 
resulting in a direct transfer of the pattern from the block 
copolymer film to the substrate. Applications for using block 
copolymer domains as templates for patterning include grow
ing ultrahigh density nanowire arrays (see Thum-Albrecht et 
al., Science, 2000, 290, 2126) and fabricating low-voltage 
scalable nanocrystal FLASH memory (Guarini et al., IBM 
Semiconductor Research and Development Center, 2004 
IEEE IEDM Conference presentation). All of the above ref
erences are hereby incorporated by reference for all purposes. 

35 block copolymer. Utilizing a periodic patterned surface as 
discussed above results in perfect epitaxial assembly of the 
block copolymer film. Epitaxial assembly is possible over 
arbitrarily large areas. In example, perfect epitaxial assembly 
has been achieved over a rectangular area of 8x5 µm2

, along 

The block copolymer films in the above-described tech
niques self-assemble without any direction or guidance. This 
undirected self-assembly results in patterns with defects. 
Because undirected self-assembly results in defects, it is not 
appropriate for applications requiring long-range ordering, 
pattern perfection, registration of domains with the underly
ing substrate and the creation of addressable arrays. 

Approaches to long-range ordering of diblock copolymer 
films include graphoepitaxy, the use of temperature gradients, 
solvent casting and shear techniques. However, none of these 
techniques have shown truly macroscopic ordering and per
fect or near-perfect registration of the domains with the sub
strate. 

Another approach described in U.S. Pat. No. 6,746,825, 
herein incorporated by reference in its entirety and for all 
purposes, combines advanced lithography with self-block 
copolymer self-assembly. Lithographically patterned sur
faces are used to direct assembly of block copolymer 
domains. The approach achieves macroscopic ordering of the 
domains with registration of the underlying chemical pattern. 
FIGS. 3A and 3B show how lamellar and cylindrical domains 
may be formed on a substrate by this technique. FIG. 3A 
shows guided self-assembly of lamellar domains on a sub-

40 linear distances of 50 µm perpendicular to the pattern (the 
maximum perpendicular dimension of the patterned area) and 
400 µm along one lamella. 

Guided self-assembly ona pattern surface as shown in FIG. 
4 requires some correlation between the block copolymers 

45 and the patterns. Block copolymer films have a bulk lamellar 
period, L

0
• For diblock copolymers, L

0 
is the length of one 

diblock in the bulk. Similarly, periodic patterns have pattern 
periods. The pattern period Ls of an alternating stripes pattern 
used to direct diblock lamellar domain assembly is the dis-

50 tance between alternate interfaces on the pattern (i.e. the 
width of two stripes). For cylindrical and spherical domain 
structures, the periodicity of the bulk domain structures can 
be characterized by the distance between the cylinders or 
spheres in the hexagonal array. Guided self-assembly 

55 requires that the pattern period be commensurate with bulk 
period of the microphase separated block copolymer film. 

This is demonstrated by FIG. 5, which shows the effects of 
varying the pattern period Ls on the registration and ordering 
oflamellar domains of PS-b-PMMA. L

0 
of symmetric PS-b-

60 PMMA is 48 nm. Directed self-assembly of PS-b-PMMA on 
pattern periods of 45 nm, 47 .5 nm, 50 nm, 52.5 nm and 55 nm 
is shown in FIG. 5. As shown for Ls =45 nm, a pattern period 
significantly less than the bulk lamellar period of 48 nm 
results in dislocation defects, such as defect 501. This is 

65 because the lamellae are compressed into a smaller area than 
their bulk period. Pattern periods significantly greater than 
the bulk lamellar period result in herringbone patterns (e.g., 
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area 503 for Ls of 52.5 run) and tilted and unregistered lamel
lae due to the lamellae trying to fit onto an area larger than 
their natural bulk period. Perfect or near-perfect duplication 
and registration is achieved for an Lsof 4 7 .5 run. The more the 
pattern period Ls differs from the bulk lamellar period, the 5 

more defects will be present in the duplicated pattern. Achiev
ing perfect duplication and registration with the substrate 
pattern requires that Ls be approximately equal to or com
mensurate with L

0
• Similarly, the periodicity of the cylindri-

cal and spherical patterns must be commensurate with the 10 

period of the bulk microphase separated block copolymer 
film. 

8 
To induce ordering, the block copolymer material is typically 
annealed above the glass transition temperature of the blocks 
of the copolymer material. 

FIG. 9 shows a block copolymer film formed on a patterned 
substrate in accordance with an embodiment of the invention. 
The pattern contains an irregular feature, i.e. a 135° angle 
bend. As can be seen in FIG. 9, the method produces perfect 
or near-perfect duplication and registration with the underly
ing pattern. This is true even at the bend (shown close-up in 
the 500 run image.) 

According to various embodiments, ordering of the 
copolymer in accordance with the aperiodic pattern is facili
tated through the use of blends of the copolymer material. 
FIGS. l0A and 10B show how target feature size may be Many applications of nanoscale fabrication require pat

terns that are aperiodic and/ or contain irregular features. FIG. 
15 shifted through the use of block copolymer/block copolymer 

or block copolymer/homopolymer blends. For example, one 
can shift the period of the copolymer material by blending the 
block copolymer with another block copolymer of a different 
length as shown in FIG. 10B. Block copolymer 1 has a bulk 

6 shows a rough schematic of an example of such a pattern. 
Methods that require periodic substrate patterns cannot be 
used to direct self-assembly of these irregularly-featured or 
aperiodic patterns. Further, methods where pattern period 
must be approximately equal to the bulk lamellar period are 
limited in their application. This is because the effective 
period is not constant throughout the pattern. FIG. 6A shows 
the distance between interfaces of an irregular feature (a 
bend) in a pattern. Assuming a symmetric pattern where the 
dark and light stripes are of equal width, the distance between 
interfaces is ½Ls along the linear portions of the pattern. At 
the bend, however, the distance between interfaces is L)2 
sin(8/2)-comparable to having a period ofL)sin(8/2). Thus 
the effective period at the bend is L)sin(8/2). The nonlinear 
portions of the pattern in FIG. 6 have different periods than 30 

the linear portions. Thus, methods requiring the pattern 
period to be approximately equal to the bulk lamellar period 
are not appropriate for duplication of an aperiodic or irregu
larly-featured pattern such as the one in FIG. 6. 

20 lamellar period L01 and block copolymer 2 has a bulk lamellar 
period L02 . The resulting period of the blend, LB, is a function 
of the periods L01 , and L02 of the diblocks, and the composi
tion of the blend. Homopolymers may also be blended with 
the block copolymer in the copolymer material as shown in 

25 FIG. 1 OA. The block copolymer has a period L
0

• The resulting 
period of the blend, LB, is a function of the period of the 
diblock copolymer period L

0 
and the composition of the 

blend. 

Methods of the present invention may be used to replicate 35 

the aperiodic patterns or patterns with irregular features in 
block copolymer layers. FIG. 7 shows a block copolymer film 
deposited on a neutral wetting (i.e. unpattemed) surface. As 
can be seen in FIG. 7, many different irregular features can be 
identified in the film, including comers, t-junctions and rings. 40 

For all morphologies, irregular features are features different 
from the bulk microphase separated domains. In embodi
ments wherein the block copolymer material exhibits lamel-
lar morphology, irregular features include all non-linear fea
tures, including corners, angles, t-junctions and rings. In 45 

embodiments wherein the block copolymer material exhibits 
parallel cylindrical array morphology, irregular features also 
include all non-linear features. The methods of the present 
invention may be used to replicate a pattern containing any 
irregular feature found in the chaotic structure of an undi- 50 

rected block copolymer film. In some embodiments, the 
methods of the invention may be used to replicate a pattern 
containing both aperiodic and periodic regions. In some 
embodiments, the methods of the invention may be used to 
replicate patterns containing both irregular features and fea- 55 

tures corresponding to the bulk microphase separated 
domains (such as those depicted in FIG. 2). 

FIG. 8 is a flowchart showing the operations of a process 
800 according to one embodiment of the invention. At opera
tion 801, a patterned substrate having irregular features is 60 

provided. The substrate may be chemically patterned or oth
erwise activated. At operation 803, a layer of material com
prising a block copolymer is deposited on the substrate. For 
example, the material may be a block copolymer/homopoly
mer blend. Components of the block copolymer material are 65 

then ordered in accordance with the underlying pattern in 
operation 805 to replicate the pattern in the copolymer layer. 

Blends may be used to duplicate patterns of any period. 
FIG. 11 shows layers ofunblended block copolymer (L

0 
=48 

run) and two blends (LB=44 run and LB=40) deposited on 
substrates with pattern periods of 40 run, 42.5 run, 45 run, 
47.5 run and 50 run. For substrate pattern with a period of 50 
run, good ordering was achieved with the unblended block 
copolymer ofL

0 
=48 run. Both the 45 run and 47 .5 run patterns 

were well-ordered with use of the unblended copolymer and 
the 44 run blend. For the substrate pattern with Ls =42.5 run, 
good ordering was achieved with use of each of the blends and 
the Ls =40 run was well-ordered when covered with the 40 run 
blend. The results show that it is possible to achieve good 
ordering of a block copolymer blend on a substrate pattern of 
a particular period by appropriately blending the material. 
Blends may used to improve ordering of periodic ( as shown in 
FIG. 11) and aperiodic patterns by tailoring the material used 
to the particular period or (range of effective periods) in the 
pattern. 

In preferred embodiments, the blend contains a homopoly-
mer or other swellable material. FIG. 12 shows results of 
deposition of a blend of PS-b-PMMA block copolymer with 
PS and PMMA homopolymers on substrates with pattern 
periods ranging from 70-105 run. The homopolymer volume 
fraction cpH in the PS-b-PMMA/PS/PMMA blend was 0.6. 
The blend period LB was around 100 run. 

Deposition on substrate patterns of 9 5 run-105 run resulted 
in well-ordered duplication and registration of the striped 
pattern (the pattern features cannot be distinguished because 
of the scale of the image (about 40 µm/inch). This is because 
the pattern period Ls is commensurate with the blend period 
LB of about 100 run. 

However, deposition on substrate patterns with lower peri
ods (i.e. 90 run, 85 run, 80 run, 75 run and 70 run) exhibits 
phase-separated domains of homopolymer. These are the 
white spots on the images. However, near the top of each 
image there is also an area of perfect patterning of distanced. 
The amount of phase separation of the homopolymer and the 
distance of perfect patterning, d, is a function of the pattern 
period Ls. The area outside the patterned area acts as a reser-



US 8,287,957 B2 
9 

voir to which excess homopolymer can flow. Thus, although 
the blend has a cpH of0.6, the perfectly patterned area has a cpH 
ofless than 0.6. 

The ability of the homopolymer to diffuse, leaving an area 
of perfect patterning at any particular pattern period suggests 
that virtually any substrate pattern can be accommodated by 
the correct blend. With such a blend, the homopolymer could 
diffuse from a pattern feature, for example, with a small 
effective period to a pattern feature with a large effective 
period. The larger pattern period region would accommodate 
the homopolymer without phase separation. Both the small 
and large period areas would be patterned by the blend. For 
example, a ternary PS-b-PMMA/PS/PMMA (0.6/0.2/0.2 vol
ume fraction) blend with LB of 70 nm resulted in perfectly 
ordered and registered lamellae on surfaces having Ls ranging 
from 60 to 80 nm. (See Stoykovich, M. P., Muller, M., Kim, S. 
0., Solak, H. H., Edwards, E.W., de Pablo, J. J., Nealey, P. F., 
Directed Assembly of Block Copolymer Blends into Non
regular Device Oriented Structures, Science (accepted for 
publication, 2005), which is hereby incorporated by reference 
in its entirety and for all purposes. 

Another example of this is shown in FIG. 21A, which is an 
image of directed self-assembled copolymer material on a 
pattern containing a 45° bend. The pattern period is 65 nm 
along the linear portions of the pattern. As discussed above in 
the context of FIG. 6A, the effective pattern period at the bend 
is L)sin(8/2) or approximately 170 nm. The bulk lamellar 
period of the blend was 70 nm. Dark areas on the light stripes 
appear at the bend. While the invention is not limited by this 
theory, these dark areas are believed to indicate the concen
tration of the homopolymer at the bend. Homopolymer dif
fused from the 65 nm region of the pattern to the bend. The 
larger area at the bend requires more material, which that was 
supplied by the diffused homopolymer. This effect is also 
discussed in Stoykovich et al. (referenced above). 

The appropriate blend composition for a desired pattern 
can be determined by matching the volume fraction of a 
polymer in a blend to the "light" or "dark" area fraction of the 
pattern. For example, if the "dark" area fraction of a pattern is 
0.6, a ternary blend of PA-b-PB/PA/PB could be fixed so that 
volume fraction of A in the blend would be 0.6. In some 
embodiments, a reservoir may be provided to supply or take 
up homopolymer as needed. The reservoir may or may not be 
a functional part of the pattern. 

10 
pattern is highly preferential to either PS or PMMA. This may 
be done by tailoring the composition of the substrate pattern. 

FIG. 13 shows interfacial energy between polystyrene and 
a random styrene/methyl methacrylate copolymer brush as a 

5 function of the composition of the brush. As the fraction of 
styrene in the brush decreases, the interfacial energy between 
the polystyrene and the brush increases (see Mansky et al., 
Science, 1997, 275, 1468, which is hereby incorporated by 
reference in its entirety.) The wetting behavior of block 

10 copolymer thin films has been shown to depend upon the 
interfacial energy between each block of the copolymer and 
the substrate, with the block having the lower interfacial 
energy preferentially wetting the substrate. 

In some embodiments, one or more components of the 
15 copolymer material may be stretched or compressed to facili

tate registration with the underlying pattern. Compression 
may occur when the bulk lamellar period of the copolymer 
material is greater than that of the pattern. Stretching may 
occur when the bulk lamellar period of the copolymer mate-

20 rial is less than that of the pattern. Stretching and compressing 
the components of the block copolymer allows them to reg
isterwith a wider range of substrate pattern periods. However, 
compression and stretching require energy. FIG. 14 shows a 
graph 1401 showing the energy required to stretch/compress 

25 the copolymer blocks as a function of substrate pattern period 
Ls (see Advanced Materials, 16(15), 1315-1319, 2004, 
hereby incorporated by reference in its entirety and for all 
purposes). The parabolic line may correspond to a polymer 
brush substrate pattern region. As long as the interfacial 

30 energy contrast is within the parabola, the block copolymer 
can register with the underlying pattern (by compressing 
and/or stretching components of the copolymer material). 
Thus, increasing the interfacial energy contrast results in 
registration of the block copolymer film over a larger range of 

35 substrate pattern periods. 
The improvement in process latitude that comes with 

increasing interfacial energy contrast is shown in FIG. 15A. 
FIG. 15A shows block copolymer films ofL

0 
=48 nm depos

ited on substrates with pattern periods of 42.5 nm, 45 nm, 47 .5 
40 nm, 50 nm and 52.5 nm for various interfacial energy con

trasts. At the lowest interfacial energy contrast, all of the films 
show at least some defects, including where Ls is approxi
mately equal to the L

0 
of 48 nm. As the interfacial energy 

contrast increases, the films become more ordered. At the 
45 highest interfacial energy contrast, the copolymer film is well 

ordered even on a substrate pattern period of 52.5 nm. Thus, 
increasing interfacial energy contrast increases process lati
tude and may be used advantageously with all (periodic and 

The block copolymer may be blended with any number of 
copolymers and/or any number of homopolymers but is not 
limited to blending with copolymers and homopolymers. For 
example, the block copolymer may be blended with any 
swellable material that would have the ability to diffuse to 
regions of the pattern requiring more material. Examples of 50 

swellable materials include non-volative solvents, plasticiz
ers, supercritical fluids or any other diluent. As with 
homopolymers, a reservoir may be provided to supply or take 

aperiodic) patterns. 
Another example of the improvement in process latitude is 

shown in FIG. 15B, which shows CdSe nanoparticles selec
tively aligned using a block copolymer material. Nanopar
ticles are one example of a diluent that may be included in the 
copolymer material. They can be chosen based to surface up the swellable material. 

In some embodiments of the invention, ordering of the 
copolymer in accordance with the pattern, including aperi
odic or irregularly-featured patterns, is facilitated through the 
configuring of substrate patterns so that regions of the sub
strate pattern interact in a highly preferential manner with at 
least one of the components in the copolymer material. 

The preferential interaction may be based on any property 
of the substrate pattern material and/or the copolymer mate
rial. In some embodiments, a region of the substrate pattern 
interacts with a component of the copolymer film due to the 
interfacial energy between them. For example, if the block 
copolymer material is a PS-b-PMMA block copolymer, the 
substrate pattern may be configured so that a region of the 

55 chemistry to selectively agglomerate in one of the phases or 
components of copolymer material, or at the interface of the 
phases. When the copolymer material is deposited and 
ordered, the nanoparticles are selectively aligned with that 
phase ( or at the interface). In some embodiments, the copoly-

60 mer material used to deposit the nanoparticles is then 
removed, leaving the nanoparticles in the desired pattern. The 
improvement in process latitude described above thus also 
extends to selectively aligning nanoparticles. This is shown in 
FIG. 15B, which shows stripes ofnanoparticles of three dif-

65 ferent widths. The pattern periodicity of the chemically pat
terned substrate is 55 nm, 60 nm and 75 nm, respectively 
(from left to right). By appropriately selecting the material 
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used to align the nanoparticles, it is possible to selectively 
align nanoparticles in any desired pattern. Examples of other 
nanoparticles that may be deposited include gold, silver and 
silicon nanoparticles. Improvement in process latitude for 
aligning nanoparticles is also shown in FIGS. 23A-C, which 5 

show nanoparticles aligned on substrate patterns having dif
ferent periods using one copolymer material. 

FIG. 16 shows one process of creating a patterned or acti
vated surface using a random copolymer brush imaging layer. 
The process involves coating the substrate 1601 with the 10 

random copolymer brush 1602 to create an imaging layer 
1603. The imaging layer 1603 is then coated with photoresist 
1604. Optical lithography is then used to pattern the resist 
1604. The polymer brush imaging layer 1603 is then etched, 

15 
transferring the pattern. The photoresist is removed after the 
pattern transfer. The result is a substrate patterned with 
regions of polymer brushes and regions of hydroxyl groups 
such as the patterned substrates 1605, 1606 and 1607. This 
technique may be used to create patterned polymer brushes of 20 

varying compositions such as those on substrates 1605, 1606 
and 1607, each of which has a different chemical composition 
(as represented by the lighter and darker molecules in the 
brush). 

In the example shown in FIG. 16, the pattern is a periodic 25 

pattern with a period L,, however, the substrate may be pat
terned with any pattern including aperiodic or irregularly 
featured patterns. 

Although the above discussion refers to creating a prefer
ential interaction based on interfacial energy, the invention is 30 

not so limited. Preferential interactions between a region of 
the pattern and a component of the block copolymer may be 
based on any property including interfacial energy, hydrogen 
bonding, or any other chemical, mechanical or electrical 
property. 35 

Parameters 
Substrate 

Any type of substrate may be used. In semiconductor appli
cations, wherein the block copolymer film is to be used as a 
resist mask for further processing, substrates such as silicon 40 

or gallium arsenide may be used. According to various 
embodiments, the substrate may be provided with an imaging 
layer thereon. The imaging layer may comprise any type of 
material that can be patterned or selectively activated. In a 
preferred embodiment, the imaging layer comprises a poly- 45 

mer brush or a self-assembled mono layer. Examples of self
assembled monolayers include self-assembled monolayers of 
silane or siloxane compounds, such as self-assembled mono
layer of octadecyltrichlorosilane. (See also Peters, R. D., 
Yang, X. M., Kim, T. K., Sohn, B. H., Nealey, P. F., Using 50 

Self-Assembled Monolayers Exposed to X-rays to Control 
the Wetting Behavior of Thin Films of Block Copolymers, 
Langmuir, 2000, 16, 4625-4631; Kim, T. K., Sohn, B. H., 
Yang, X. M., Peters, R. D., Nealey, P. F., Chemical Modifi
cation of Self-Assembled Monolayers by Exposure to Soft 55 

X-rays in Air, Journal of Physical Chemistry B, 2000, 104, 
7403-7410. Peters, R. D., Yang, X. M., Nealey, P. F, Wetting 
behavior of block copolymers self-assembled films of alkyl
chlorosilanes: Effect of grafting density, Langmuir, 2000, 16, 
p. 9620-9626., each of which is hereby incorporated by ref- 60 

erence in its entirety and for all purposes.) 
In preferred embodiments, the imaging layer comprises a 

polymer brush. In a particularly improved embodiment, the 
polymer brush comprises homopolymers or copolymers of 
the monomers that comprise the block copolymer material. 65 

For example, a polymer brush comprised of at least one of 
styrene and methyl methylacrylate may be used where the 

12 
block copolymer material is PS-b-PMMA. In a particularly 
preferred embodiment, the polymer brush is PSOH. 
Patterning the Substrate 

The aperiodic patterns substrates may be patterned by any 
method that can produce an aperiodic or irregularly featured 
pattern. Patterning includes all chemical, topographical, opti
cal, electrical, mechanical patterning and all other methods of 
selectively activating the substrate. Of course, these methods 
are also appropriate to produce periodic patterns. 

In embodiments where the substrate is provided with an 
imaging layer, patterning the substrate may comprise pattern
ing the imaging layer. One method of patterning a polymer 
brush imaging layer is discussed above with respect to FIG. 
16. 

Alternatively, a substrate may be patterned by selectively 
applying the pattern material to the substrate. 

The substrate patterning may comprise top-down pattern
ing (e.g. lithography), bottom-up assembly (e.g. block 
copolymer self-assembly), or a combination of top-down and 
bottom-up techniques. For example, FIGS. 17A-D show a 
process for directed self-assembly may be used in conjunc
tion with lithography to create sub-lithographic resolution 
patterns. In this technique, lithography is used to activate 
desired regions on the substrate thereby defining gross fea
tures in FIG. 17 A. A block copolymer material is then depos
ited on the activated regions and phase segregation is induced 
to direct self-assembly of the copolymer into domains (FIG. 
17B). One block of the copolymer may then be selectively 
removed (FIG. 17C). The exposed regions of the substrate 
would then be selectively activated, thereby creating the pat
tern on the substrate (FIG. 17D). FIGS. 17 A-D show a striped 
pattern to drive self-assembly of a lamellar domains; however 
this method is not limited to any particular pattern. 

In a preferred embodiment, the substrate is patterned with 
x-ray lithography, extreme ultraviolet (EUV) lithography or 
electron beam lithography. 
Pattern 

As discussed above, in some embodiments, the patterns 
used in accordance with the invention are aperiodic and/or 
contain irregular features. Aperiodic patterns may be thought 
of as patterns that do not have an underlying periodicity such 
as found in interference patterns. Irregular features include 
shapes or configurations found in undirected self-assembled 
copolymer film. Examples of irregular features include 
angles, corners, t-junctions and rings. In embodiments 
wherein the block copolymer material exhibits lamellar mor
phology, irregular features include all non-linear features, 
including corners, angles, t-junctions and rings. In embodi
ments wherein the block copolymer material exhibits parallel 
cylindrical array morphology, irregular features also include 
all non-linear features. Feature dimensions typically range 
from 5 to 100. The patterned area of a substrate may be 
arbitrarily large. 
Block Copolymer Material 

The block copolymer material comprises a block copoly
mer. The block copolymer may be comprised of any number 
of distinct block polymers (i.e. diblock copolymers, triblock 
copolymers, etc.). In a preferred embodiment, the block 
copolymer is a diblock copolymer. A specific example is the 
diblock coploymer PS-b-PMMA. 

The block copolymer material may further comprise one or 
more additional block copolymers. In some embodiments, 
the material may be a block copolymer/block copolymer 
blend. An example of a block copolymer/block copolymer 
blend is PS-b-PMMA (50 kg/mol)/PS-b-PMMA (100 
kg/mo!). 
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The block copolymer material may also further comprise 
one or more homopolymers. In some embodiments, the mate
rial may be a block copolymer/homopolymer blend. In a 
preferred embodiment, the block copolymer material is a 
block copolymer/homopolymer/homopolymer blend. In a 5 

particularly preferred embodiment, the material is a PS-b
PMMA/PS/PMMA blend. 

14 
This is because the 70 nm LB has enough homopolymer to 
diffuse from the 65 nm linear regions to the bends, it is 
believed. Some defects are observed at the bends for the 70 
nm pattern, while almost all the lamellae contain defects at 
the bends in the 75 nm and 80 nm patterns. This is because 
there is not enough homopolymer available to diffuse from 
the linear regions to the bends, it is believed. 

CdSe nanoparticles were dispersed in a PS-b-PMMA/PS/ 
PMMA blend. The composition of the ternary blend was 80% 

The block copolymer material may comprise any swellable 
material. Examples of swellable materials include volatile 
and non-volatile solvents, plasticizers and supercritical flu
ids. In some embodiments, the block copolymer material 
contains nanoparticles dispersed throughout the material. 
The nanoparticles may be selectively removed. 

10 PS-b-PMMA, 10% PS and 10% PMMA. The nanoparticles 
comprised 5% of the material. The material was then depos
ited on a patterned substrate having a 55 nm period and a 90° 
bend and ordered. The nanoparticles, the surfaces of which 
are capped by hydrophobic molecules (tetradecyl phosphonic 

EXAMPLES 15 acid) selectively segregate to the PS domain of the self-as
sembled lamellae. 

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

FIG. 22A shows a top-down SEM image of the ternary 
blend. FIG. 22B shows a top-down SEM image of the CdSe 
aligned around the 90° bend, which corresponds to the same 

20 region of FIG. 22A. The block copolymer used to align the 
nanoparticles was completely removed by 02 plasma treat-A self-assembled monolayer imaging layer was patterned 

with electron beam lithography. The pattern period was 49 nm 
and the pattern contained a 90° bend. The pattern period 
refers to the distance between alternate interfaces on the 
linear portions of the pattern. Block copolymer film of thick- 25 

ness 60 nm was deposited on the substrate and amiealed. FIG. 
18 shows an image ofresults. The 90° bend (the area labeled 
"A") was duplicated in the copolymer film. Defects observed 

ment. 
CdSe nanoparticles were aligned using PS-b-PMMA and 

ternary PS-b-PMMA/PS/PMMA blend thin films on chemi
cally patterned substrate. The nanoparticles, the surfaces of 
which are capped by hydrophobic molecules (tetradecyl 
phosphonic acid), selectively segregate to the PS domain of 
the self-assembled lamellae. The polymer films were 
removed by 0 2 plasma leaving the nanoparticles. Results are in the assembly are likely due to defects in the underlying 

chemical pattern. 30 shown in FIG. 15B. The SEM image on the left shows CdSe 
nanoparticles aligned using PS-b-PMMA blend on a sub
strate having a period of 55 nm. The middle image shows 
CdSe nanoparticles aligned using a 80% PS-b-PMMA, 10% 

Block copolymer film was deposited and annealed on ape
riodic patterned substrates containing bends of 45°, 90° and 
135° and pattern periods of 65 nm, 70 nm, 75 nm and 80 nm. 
Surfaces were patterned in-50 nm film of PMMA on a PSOH 
brush using the Nabity Nanowriter and a LEO VP-1550 FE- 35 

SEM. Standard lithographic processing was used to develop 
the photoresist. The polymer brush was then etched with a 10 
s 0 2 plasma. A PS-b-PMMA/PS/PMMA was deposited on 
the patterned surface and annealed for 7 days at 193° C. The 
block copolymer was a 100 k PS-b-PMMA, 40 k PS, and 40 40 

k PMMA blend with a cp H (homopolymer volume fraction) of 
0.4. The period of the blend, LB, was 70 nm. 

PS and 10% PMMA blend on a substrate having a period of 60 
nm. The right image shows CdSe nanoparticles aligned using 
a 60% PS-b-PMMA, 20% PS and 20% PMMA blend on a 
substrate having a period of 75 nm. The insets are the top
down SEM images of the directed assembly of polymer films 
with nanoparticles before 0 2 plasma treatment. The images 
show that the nanoparticles are aligned in accordance with the 
pattern period. 

CdSe nanoparticles were aligned using a PS-b-PMMA thin 
film on chemically patterned substrates having different peri
ods. The lamellarperiodicity of PS-b-PMMA/CdSe material 
was about 51 nm. The block copolymer used to align the 
nanoparticles was completely removed by 0 2 plasma treat-
ment. Results are shown in FIGS. 23A-C. The pattern peri
odicity of the chemically patterned substrate is 50 nm (FIG. 
23A), 55 nm (FIG. 23B) and 60 nm (FIG. 23C), respectively. 

FIGS. 19A-D are images of the self-assembled block 
copolymer film on patterns having a 135° bend and a Ls of 65 
nm, 70 nm, 75 nm and 80 nm. The films are well-ordered for 45 

all pattern periods, with some defects observed especially on 
the Ls=80 nm pattern. At least some defects are a result of 
defects in the underlying pattern and not necessarily due to 
imperfect duplication and registration. All of the films are 
virtually defect-free at the 135° bend. 

FIGS. 20A-D are images of the self-assembled block 
copolymer film on patterns having a 90° bend and a Ls of 65 
nm, 70 nm, 75 nm and 80 nm. The films are well-ordered at 
the bends for pattern periods of 65 nm and 70 nm. Defects are 
observed in the bends at a pattern period of75 nm and 80 nm. 55 

Dark areas are observed on the lighter stripes at the bends. 
These are believed to indicate the presence ofhomopolymer 
that has diffused from the (lower period) linear regions of the 
pattern to the (higher period) bends. As discussed above with 
respect to FIG. 6A, the effective Ls at the bend is increased by 60 

a factor of 1/sin(8/2). For a 90° bend, the effective period is 
over 40% greater at the bend than at a linear region. 

50 The insets are top-down SEM images of the directed assem
bly of polymer films with nanoparticles before 0 2 plasma 
treatment. (Since the pattern periodicity of (A) is smaller than 
the lamellar periodicity of PS-b-PMMA/CdSe (-51 nm), the 

FIGS. 21A-D are images of the self-assembled block 
copolymer film on patterns having a 45° bend and a Ls of 65 
nm, 70 nm, 75 nm and 80 nm. The effective period at the 65 

bends is over 160% greater than at the linear regions. The film 
is well-ordered with no defects at the bends for Ls =65 nm. 

nanoparticle arrays on (A) are slightly mismatched with PS 
domains. (B) and (C) are progressively more mismatched) 

Discussion and further examples of replication of irregular 
patterns may be found in Stoykovich, M. P., Muller, M., Kim, 
S. 0., Solak, H. H., Edwards, E.W., de Pablo, J. J., Nealey, P. 
F., Directed Assembly of Block Copolymer Blends into Non
regular Device Oriented Structures, Science (accepted for 
publication, 2005), which is hereby incorporated by reference 
in its entirety and for all purposes. 

Although the foregoing invention has been described in 
some detail for purposes of clarity of understanding, it will be 
apparent that certain changes and modifications may be prac
ticed within the scope of the invention. It should be noted that 
there are many alternative ways of implementing both the 
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prising a polymer brush comprising at least one homopoly
mer or copolymer of the monomers that comprise the block 

process and compositions of the present inve~tion. Ac~ord
ingly, the present embodiments are to be considered a~ 1l)us
trative and not restrictive, and the invention is not to be limited 
to the details given herein. 

All references cited are incorporated herein by reference in 
their entirety and for all purposes. 

The invention claimed is: 

copolymer material. . . . 
11. The method of claim 1 further compnsmg selectively 

5 removing one of the components of the copolymer material. 
12. The method of claim 1 wherein the pattern includes at 

least one angle. 

1. A method of forming copolymer structures, comprising: 
(a) providing a patterned substrate, the pattern having at 

10 
least one irregular feature; 

13. The method of claim 12 wherein the pattern includes at 
least one of a 45° angle, a 90° angle and a 135° angle. 

14. The method of claim 1 wherein ordering the compo
nents of the copolymer material in accordance with the under
lying pattern comprises stretching or compressing at least one 

(b) depositing a layer of copolymer material comprising a 
block copolymer on at least a patterned portion of the 
substrate, said patterned portion including the at least 
one irregular feature; and 

( c) ordering components in the copolymer material in 
accordance with the underlying pattern to replicate the 
underlying pattern, including replicating the at least one 

of the components of the material. . 
15. The method of claim 1 wherein the copolymer matenal 

15 is non-uniformly distributed over the substrate. 

irregular feature, in the layer. . 
2. The method of claim 1 wherein the block copolymer 1s a 

20 
copolymer of polystyrene (PS) and poly(methylmeacrylate) 
(PMMA). . 

3. The method of claim 1 wherein the copolymer matenal 
further comprises at least one of a second copolymer, a first 
homopolymer and a second homopolymer, the second 

25 
copolymer being compositionally different from the block 
copolymer and the first homopolymer being compositionally 
different than the second homopolymer. 

4. The method of claim 3 wherein the copolymer material 
comprises the first homopolymer and the first homopo)ymer 

30 
is the same type of polymer as a first polymer block m the 
block copolymer. . 

5. The method of claim 4 wherein the copolymer matenal 
further comprises the second homopolymer and the second 
homopolymer is same type of polymer as a second polymer 

35 
block in the block copolymer. 

6. The method of claim 1 wherein the copolymer material 
is a PS-b-PMMA/PS/PMMA blend. 

7. The method of claim 6 wherein the volume fraction of 
the PS-b-PMMA in the PS-b-PMMA/PS/PMMA blend is 

40 
between 0.4 and 0.6. 

16. The method of claim 1 wherein the pattern has a sub-
lithographic resolution. . 

17. The method of claim 1 wherein the pattern compnses 
an aperiodic region and a periodic region. . 

18. The method of claim 1 wherein the copolymer matenal 
IS 

a blended copolymer material; the blended copolymer 
material comprising a first block copolymer and at least 
one of a second copolymer, a first homopolymer and a 
second homopolymer, wherein said first block copoly
mer and said second copolymer are compositionally 
different and said first homopolymer and said second 
homopolymer are compositionally different. 

19. The method of claim 18, wherein the period of the 
blended copolymer material is approximately equal to at least 
one period of a region of the pattern. 

20. The method of claim 18 wherein the blended copoly
mer material comprises the first block copolymer and the first 
homopolymer. . . . 

21. The method of claim 1 further compnsmg pattermng 
the substrate by x-ray lithography, extreme ultraviolet (EUV) 
lithography or electron beam lithography. 

22. The method of claim 1 wherein ordering components of 
the copolymer material comprises armealing the copolymer 
material above the glass transition temperature of the blocks 
of the copolymer material. . 

23. The method of claim 1 wherein the copolymer matenal 
includes a solvent, plasticizer, or supercritical fluid. 

8. The method of claim 1 wherein regions of the surface 
pattern interact in a preferential marmer with at least one of 
the components in the copolymer material. 

9. The method of claim 8 wherein the difference between 
the interfacial energy between a region of the pattern and a 
first block of the copolymer and the interfacial energy 
between the region and a second block of the copolymer is 
least 0.6 ergs/cm2

. 

24. The method of claim 1 wherein the pattern includes at 
45 least one t-junction. 

10. The method of claim 1 wherein the patterned substrate 
comprises a patterned imaging layer, said imaging layer com-

25. The method of claim 1 wherein the pattern includes at 
least one ring. 

26. The method of claim 1 wherein the pattern includes at 
least one corner. 

* * * * * 
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