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(57) ABSTRACT

Provided are novel polymer brushes that may be used in
underlying buffer or imaging layers for block copolymer
lithography. The novel polymer brushes include X-A-b-B and
X-A-b-C block copolymer brushes, with X an anchoring
group, the A block a lithographically sensitive polymer, and
the C block a random copolymer. According to various
embodiments, polymer block brushes for neutral and prefer-
ential layers are provided; the neutral layers non-preferential
to the overlying block copolymer and the preferential layers
preferential to a block of the overlying block copolymer. Also
provided are novel methods of patterning polymer block
brush layers as well as polymer block brush buffer and imag-
ing layers that are directly patternable by e-beam, deep UV,
extreme UV, X-ray or other lithographic methods.

23 Claims, 16 Drawing Sheets



US 9,388,268 B2

Sheet 1 of 16

Jul. 12, 2016

U.S. Patent

L9l

60~ 10
UORIBIODOIG O

X

X

(ot 0ol

- %0014 Y

F i

(vt -G B8
Qe gd!

> P0IE O

enusiappud-uoN

yo-g10
OB N0 g

foppg Bol

W 0T Y

{Gd s
W0 g

60-¥0
LOJORY ¥001q g

X jouysue aseuns

ke,

(i “Be)

- o010 Y

FX

{ng “ba

> HI0T ¢

[BILUSI0BId



US 9,388,268 B2

Sheet 2 of 16

Jul. 12, 2016

U.S. Patent

aoBung erusm i
renisenrd UO AGLUDESR 4718

BOBHPNS
BT U0 AQLUBSSE 408



U.S. Patent Jul. 12, 2016 Sheet 3 of 16 US 9,388,268 B2

perpendindar BOP
domains
30

}4{..-‘“

A doanain
3Ila

B guheirate
AR

FiG, 3a

surtace grafted surface grafted
Type # block Rrush Type M blook brush
buffer layer buffer layer
307 '




US 9,388,268 B2

Sheet 4 of 16

Jul. 12, 2016

U.S. Patent

iy
s Bubeug
yerug ¥oojg | addy
paypel aopping

50F
BIRESGNS 15

o,
e,
.
e

... G0¥

0¥
&y By ~
,mﬁmmmiwﬁgvwa.wmmm&

.5&.....\.‘..

OGP0y HBRIOE e Y
S | £
WEuopyY  / dey Buibeus pasemd

S
K
;

i
i

Wy
RS 40 PEBUD
~Apprpueding

SBASONS 12
&

%
%

cop sate; Buibeuy



U.S. Patent Jul. 12, 2016 Sheet 5 of 16 US 9,388,268 B2

patteradng {
dovaloping

preferential [[lpon- preferential ¥

\ "3‘{‘9 / 810

ipreferentisl [ non- preferential

BCP assembly

FIG. 5



U.S. Patent Jul. 12, 2016 Sheet 6 of 16 US 9,388,268 B2

803
S———————
direct
patterning

prafersntial

roreprafarential

FiG. Ba

v white bar scale - 200 nm

FiG. 6b



U.S. Patent Jul. 12,2016 Sheet 7 of 16

US 9,388,268 B2

resist counting

? pattern and develop

Phodorsesiat reamorestd

l psttern and devalop

BOR Assendly

FIG. 7



EEPEVERR

U.S. Patent

Jul. 12, 2016 Sheet 8 of 16

US 9,388,268 B2

) - {‘% o 4 5
_ ey J\] r - };
TSUATRE F s i
LTS ;
tritiator

PR A-OH

and ATRP
Styrons

e 53T

i

PE-bH- PMMA- OH

FIiGG. 8a

i

o e PRANAACHH Y
| | HI

PO PAMADOH, Fat = 0,18 i

i
- PG PRIMAGOH, Fal= 0,28 :

E3 S
Elhstion tine (min

FiG. 8b



U.S. Patent Jul. 12, 2016 Sheet 9 of 16 US 9,388,268 B2

£33
o
L.

F,,=0.25

Fg,=0.10




U.S. Patent Jul. 12, 2016 Sheet 10 of 16 US 9,388,268 B2

90 l
P
8% b & Random copolymer , ; w,x*’/f '
o & Block copolymer i J;K/’f
4 L e
S 80 b -
@ e
& w"M I/i
% 5 ¥ 3 /*”/ i i
& & ,,/’"i *
Sr0F & }!f’x ®
§ f"“/f
e % 7
’fy,u-“
6$ K3 L b3 K3
g 8.2 &.4 0.8 8.8 1
Styrene fraction {(Fud
FIG. 10
s «is

i G B8.5% | ps.cPMA-OH, Fet=0 5

¢ 88.0% P |
B120% | PSePMMACH, Fsts0 8

& 81.o% |
THYN v e A -
O 8 e d b PRAPMMADH, Fatel 25

T8 4%
O 4.5%

 PELPMMADOH, Fat=0.25

¢ 86.2%
O 13.8% , SR T
PR FRMACE, Fai=g, 18

. , — . : »
500 BBU W00 480 400 350 200 250 @00

Binding Energy {eV)




U.S. Patent Jul. 12, 2016 Sheet 11 of 16 US 9,388,268 B2

FiHS. 12



U.S. Patent Jul. 12, 2016 Sheet 12 of 16 US 9,388,268 B2

FIG. 13A

FiG. 138



US 9,388,268 B2

Sheet 13 of 16

Jul. 12, 2016

U.S. Patent

| yyoxi -5

®

Lo

YN A-G-Sd DUIBUILUAS
10 AQUIBSSE DBJORI]

pale paweyed *

paje peusanedun



U.S. Patent

Jul. 12, 2016 Sheet 14 0of 16

| BCP blend |
| on 16SM (Fps=0.25) |

BCP blend
on 18SM (Fps=0.34) |

FiG. 15

US 9,388,268 B2



U.S. Patent Jul. 12, 2016 Sheet 15 of 16 US 9,388,268 B2

Fatterned Assembled
resist BOP blend

FIG. 16



U.S. Patent Jul. 12, 2016 Sheet 16 of 16 US 9,388,268 B2

Patterned Assembled
resist BCP blend

(e)

P&
®-dnking
f
e PMMA
breaking

FIG. 17



US 9,388,268 B2

1
PATTERNABLE POLYMER BLOCK BRUSH
LAYERS

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit under 35 USC §119(e)
of U.S. Provisional Patent Application No. 61/391,978, filed
Oct. 11, 2010, which is incorporated by reference herein in its
entirety.

STATEMENT OF GOVERNMENTAL SUPPORT

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

BACKGROUND OF THE INVENTION

Patternable polymer brush layers may be used as underlay-
ers for the self-assembly of Nock copolymers (BCPs). Self-
assembly of block copolymer materials (BCPs) in bulk and
the translation of ordered block copolymer domains into thin-
films has emerged as a powerful approach to create functional
nanostructures and templates for various applications. Block
copolymer lithography refers to the use of ordered block
copolymer domains in thin-film form as templates for pat-
terning, e.g., through selective etching or deposition. The
resulting nanostructures, such as dense periodic arrays, may
be used in applications such as bit patterned media, FLASH
memory, nanowire transistors, quantum dot arrays, separa-
tion membranes, photonic crystals and photovoltaic cells.
Self-assembly of BCPs in thin-films form may involve depos-
iting a BCP solution on a patterned buffer or imaging layer on
a substrate, then inducing the BCP to separate into domains.

SUMMARY OF THE INVENTION

Provided are novel polymer brushes that may be used in
underlying buffer or imaging layers for block copolymer
lithography. The novel polymer brushes include X-A-b-B and
X-A-b-C block copolymer brushes, with X an anchoring
group, the A block a lithographically sensitive polymer, and
the C block a random copolymer. According to various
embodiments, polymer block brushes for neutral and prefer-
ential layers are provided; the neutral layers non-preferential
to the overlying block copolymer and the preferential layers
preferential to a block of the overlying block copolymer. Also
provided are novel methods of patterning polymer block
brush layers as well as polymer block brush buffer and imag-
ing layers that are directly patternable by e-beam, deep UV,
extreme UV, X-ray or other lithographic methods.

One aspect of the invention relates to block copolymer
brushes having a terminal B block; a lithographically-sensi-
tive A block, and a terminal anchoring group, wherein the
average molecular weight of the block copolymer is between
about 10 and 80 kg/mol and the B block fraction in the block
copolymer is between about 0.3 and 0.9. These may be
referred to as Type I block brushes.

Asused herein, “lithographically-sensitive” refers to poly-
mers that are sensitive to one or more of e-beam, deep UV,
extreme UV (EUV), X-ray patterning or other radiation pat-
terning technique such that exposure to the radiation results in
modification and/or removal of the polymer. In certain
embodiments, the A block is a methacrylate-containing poly-
mer such as PMMA, PHEMA, PHEMA-TMS, PIBMA,
PNPMA or PTFEMA.
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The B block may be any polymer of interest. In certain
embodiments, the block is tailored to interact one of the
blocks of BCP to be deposited on a buffer layer of the polymer
brushes, and may be the same polymer as one of the blocks of
the BCP. Non-limiting examples include polystyrene (PS),
poly(2-vinylpyridine) ~ (P2VP),  poly(4-vinylpyridine)
(PV4P), polyethylene oxide (PEO), and polydimethylsilox-
ane (PDMS).

The anchoring group is configured to anchor the block
brush to a substrate. Examples of anchoring groups include
substituted or unsubstituted hydroxyl groups, thiol groups,
azide groups, carboxylic acid groups, amide groups, epoxide
groups, vinyl groups and trichlorosilane groups.

In certain embodiments, the average molecular weight of
the block copolymer is less than about 30 kg/mol, for example
less than about 25 kg/mol, or less than 20 kg/mol. In these
embodiments, the B block fraction in the block copolymer is
greater than 0.5. In other embodiments, the average molecu-
lar weight of the block copolymer is greater than about 30
kg/mol, for example greater than about 40 kg/mol, greater
than about 50kg/mol, greater than about 60 kg/mol, or greater
than about 70 kg/mol. In these embodiments, the B block
fraction may be between about 0.3 and 0.9. This includes
embodiments in which the B block fraction is between about
0.3 and 0.4, 0.3 and 0.5, 0.4 and 0.5, between about 0.5 and
0.6, between about 0.6 and 0.7, between about 0.7 and 0.8,
and between about 0.8 and 0.9, though other ranges are pos-
sible. In certain embodiments the block copolymer brushes
are attached via the anchoring groups to a substrate, e.g., a
silicon substrate.

Another aspect of the invention relates to block copolymer
brushes having a terminal B block; a lithographically-sensi-
tive A block, and a terminal anchoring group, wherein the
average molecular weight of the block copolymer is between
about 2 and 30 kg/mol and the B block fraction in the block
copolymer is between about 0.15 and 0.4. These may be
referred to as Type II brushes. In some embodiments, the B
block fraction is between about 0.15 and 0.3.

The A block is sensitive to one or more of'e-beam, deep UV,
extreme UV (EUV), X-rays or other patterning technique
such that exposure results in modification of the block. In
certain embodiments, the A block is a methacrylate-contain-
ing polymer such as PMMA, PHEMA, PHEMA-TMS,
PIBMA, PNPMA or PTFEMA.

The B block may be any polymer of interest. In certain
embodiments, the block is tailored to interact one of the
blocks of BCP to be deposited on a buffer layer of the polymer
brushes, and may be the same polymer as one of the blocks of
the BCP. Non-limiting examples include polystyrene (PS),
poly(2-vinylpyridine) ~ (P2VP),  poly(4-vinylpyridine)
(PV4P), polyethylene oxide (PEG), and polydimethylsilox-
ane (PDMS).

Examples of anchoring groups include substituted or
unsubstituted hydroxyl groups, thiol groups, azide groups,
carboxylic acid groups, amide groups, epoxide groups, vinyl
groups and trichlorosilane groups.

In certain embodiments, the average molecular weight of
the block copolymer is about 25 kg/mol or less or about 20
kg/mol or less. This includes ranges in which the average
molecular weight is between about 2 kg/mol and 20 kg/mol,
5 kg/mol and 25 kg/mol, between about 10 kg/mol and 20
kg/mol, between about 15 and 25 kg/mol, and between about
10 and 25 kg/mol, though other ranges are possible.

In certain embodiments, the B block fraction is less than
about 0.35, or less than about 0.3, or less than about 0.25, or
less than about 0.2, though other ranges are possible. In
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certain embodiments the block copolymer is attached via the
anchoring group to a substrate, e.g., a silicon substrate.

Another aspect of the invention relates to block copoly-
mers having a terminal C block; a lithographically-sensitive
A block, and a terminal anchoring group, wherein the C is
block is an PB-r-PD random copolymer, and wherein the
average molecular weight of the block copolymer is between
about 10 and 80 kg/mol, the C block fraction in the block
copolymer is between about 0.4 and 0.9 and the B fraction in
the C block is between about 0.1 and 0.9. These may be
referred to as Type III brushes.

The A block is sensitive to one or more of e-beam, deep UV,
extreme UV (EUV), X-rays or other patterning technique
such that exposure results in modification of the block. In
certain embodiments, the A block is a methacrylate-contain-
ing polymer such as PMMA, PHEMA, PHEMA-TMS,
PIBMA, PNPMA or PTFEMA. Examples of anchoring
groups include substituted or unsubstituted hydroxyl groups,
thiol groups, azide groups, carboxylic acid groups, amide
groups, epoxide groups, vinyl groups and trichlorosilane
groups.

The C block is a PB-r-PD random copolymer. In certain
embodiments, the PB and PD random copolymers are the
components of'a BCP to be deposited on a buffer layer of the
Type 111 block brushes, e.g., a PB-b-PD diblock copolymer.
For example, for a buffer layer for PS-b-P2VP, the C block
may be a PS-r-P2VP random copolymer. Either component
may be considered the “B” or “D” component. Examples of
BCP’s relevant for BCP lithography include PS-b-PMMA,
PS-b-P2VP, PS-b-P4VP, PS-b-PEO, PS-b-PDMS, and PS-b-
PEMA; the C block may be tailored accordingly.

In certain embodiments, the average molecular weight of
the block copolymer is less than about 30 kg/mol, for example
less than about 25 kg/mol, or less than 20 kg/mol. In other
embodiments, the average molecular weight of the block
copolymer is greater than about 30 kg/mol, for example
greater than about 40 kg/mol, greater than about 50 kg/mol,
greater than about 60 kg/mol, or greater than about 70 kg/mol.

The C block fraction is between about 0.4 and 0.9. This
includes embodiments in which the C block fraction is
between about 0.4 and 0.5, 0.5 and 0.6, 0.6 and 0.7, 0.7 and
0.8, and 0.8 and 0.9, though other ranges are possible. The B
fraction in the C block is between about 0.1 and 0.9. This
includes embodiments in which the B fraction in the C block
is between about 0.1 and 0.2, 0.2 and 0.3, 0.4 and 0.5, 0.5 and
0.6, 0.6 and 0.7, 0.7 and 0.8, and 0.8 and 0.9, though other
ranges are possible. In certain embodiments the block copoly-
mer is attached via the anchoring group to a substrate, e.g., a
silicon substrate.

Another aspect of the invention relates to layers made up of
block brushes described herein grafted to a substrate to form
a polymer brush layer. In certain embodiments, these are
buffer or imaging layers configured for block copolymer
(BCP) deposition and assembly.

Yet another aspect of the invention relates to resist-free
methods of patterning a preferential buffer layer, involving
attaching a plurality of block copolymer brushes described
herein to a substrate surface via their anchor molecules to
form a buffer layer of block copolymer brushes; and exposing
areas of the buffer layer to one of an e-beam, deep UV, EUV
or X-ray to remove or modify the block brushes in the
exposed areas, thereby patterning the buffer layer. In certain
embodiments, the block copolymer brushes are Type I
brushes. In certain embodiments, the methods further involve
depositing a block copolymer composition on the patterned
buffer layer.
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Yet another aspect of the invention relates to resist-free
methods of patterning a non-preferential butfer layer, involv-
ing attaching a plurality of block copolymers described
herein to a substrate surface via their anchor molecules to
form a buffer layer of block copolymer brushes; and exposing
areas of the non-preferential buffer layer to e-beam, deep UV,
EUV or X-ray to remove or modify the block brushes in the
exposed areas, thereby patterning the buffer layer. In certain
embodiments, the block copolymer brushes are Type II or
Type Il brushes. In certain embodiments, the methods further
involve depositing a block copolymer composition on the
buffer layer, the buffer layer non-preferential to the blocks of
the block copolymer composition.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 provides structures of Type I, II and III block
copolymer brushes according to various embodiments.

FIG. 2 shows top down SEM images illustrating BCP
assembly on a neutral (non-preferential) surface and on a
patterned preferential surface.

FIG. 3a is a schematic representation of a BCP film
assembled on a buffer layer coated substrate such that the
BCP domains are oriented perpendicular to the substrate.

FIG. 354 is a schematic representation of non-preferential
block brush buffer layers according to certain embodiments.

FIG. 4a is a schematic representation of patterning an
imaging layer and assembling ordered BCP films on it
according to certain embodiments.

FIG. 4b is a schematic representation of a preferential
block brush buffer layer according to certain embodiments.

FIG. 5 is a schematic representation of indirect patterning,
using resists, and resist-free direct patterning of a non-pref-
erential buffer layer and subsequent BCP assembly according
to certain embodiments.

FIG. 6a is a schematic representation of direct patterning of
a topographic surface according to certain embodiments.

FIG. 64 is a top down SEM image of a BCP thin film
assembled into alternating domains of aligned lines and
arrays of dots formed within a trench.

FIG. 7 is a schematic representation of indirect patterning,
using resists, and resist-free direct patterning of a preferential
imaging layer and subsequent BCP assembly according to
certain embodiments.

FIG. 8a provides an example of a synthetic scheme for a
Type I or Type 1I block X-A-b-B block copolymer, with an
OH anchoring group, a PMMA A block and a PS B block.

FIG. 85 shows GPC analysis of synthesized Type I poly-
mers.

FIG. 9 shows top view SEM images of assembled BCPs on
substrates modified according to various embodiments. The
top row shows a lamella-forming BCP and the bottom row
shows a cylinder-forming BCP on brush-grafted Si sub-
strates.

FIG. 10 is graph of contact angles of buffer layers com-
posed of random copolymer and buffer layers composed of
Type II block brushes.

FIG. 11 provides X-ray photoelectron spectroscopy (XPS)
results of buffer layers composed of random copolymers and
buffer layers composed of Type II block brushes.

FIG. 12 is a top view of an SEM image of a directly
patterned buffer layer according to certain embodiments.

FIG. 13a is a top view SEM image of an assembled
lamella-forming BCP on a directly patterned non-preferential
buffer layer of block brushes described herein.
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FIG. 135 is a top view SEM image of an assembled cylin-
der-forming BCP on a directly patterned non-preferential
buffer layer of block brushes described herein.

FIG. 14 is a top view SEM image of an assembled ordered
lamella-forming BCP on a directly patterned preferential
buffer layer of block brushes described herein.

FIG. 15 shows SEM images of thin film assembly of a
lamella-forming BCP ternary blend on PS-b-PMMA-OH
grafted substrates.

FIGS. 16 and 17 shows AFM and SEM images of patterned
resists and blend films assembled on the patterned resists.

DETAILED DESCRIPTION

Introduction

Reference will now be made in detail to specific embodi-
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
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. For example, while the description
below refers to the block brushes described herein in the
context of directly patternable layers that provide surfaces for
the self-assembly of BCPs, applications of the block brushes
are not so limited. Moreover, within the context of BCP
assembly and lithography, examples of polymer components
of'the block brushes are discussed below; one of skill in the art
will understand from the description provided herein how to
incorporate other polymer components into the block
brushes. In the following description, numerous specific
details are set forth in order to provide a thorough understand-
ing of the present invention. The present invention may be
practiced without some or all of these specific details.

Provided herein are directly patternable block brushes and
methods of patterning the block brushes. In certain embodi-
ments, the block brushes provide a surface for the self-assem-
bly of block copolymers. According to various embodiments,
preferential and non-preferential block brushes and surfaces
are provided.

Self-assembly of block copolymer (BCPs) materials in the
bulk and translation of these ordered domains into thin-films
has emerged as a powerful approach to create functional
nanostructures and templates for various applications. Block
copolymer self-assembled domains include spheres, cylin-
ders, and lamellae that can be used to form dense arrays of
dots, lines, spaces, and irregular features (junctions, elbows,
jogs, etc.) in thin films. In thin films, controlling the orienta-
tion of domains with respect to the substrate dictates the
pattern geometry for anisotropic domains such as cylinders
and lamellae. Provided herein are polymer brushes that
induce perpendicular orientation of a block copolymer mate-
rial to the substrate.

Embodiments of the present invention combine “bottom
up” and “top down” approaches into a single system having
(1) polymer chemistry that can be synthesized or tailored for
most BCP-lithography-relevant block copolymers, and (ii)
sufficient sensitivity to enable direct patterning. Examples of
BCP-lithography-relevant block copolymers include PS-b-
PMMA, PS-b-P2 VP, PS-b-P4VP, PS-b-PEO, PS-b-PDMS,
and PS-b-PEMA; one of skill in the art will understand from
the description provided herein how to tailor the block
brushes described herein for any desired chemistry. Because
the polymer brushes are directly patternable by e-beam, EUV,
or other lithographic methods, multi-step patterning tech-
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niques (e.g., photoresist application, selective etching and
oxygen plasma treatment) required by conventional systems
are avoided in certain embodiments. These and other features
are described further below.

As indicated above, the directly patternable copolymers
described herein induce perpendicular orientation of block
copolymer domains with respect to the substrate. FIG. 1
provides schematic generic structures of block polymer
brushes according to various embodiments, labeled as Type I,
Type II and Type III block brushes. Type I may be used to
form layers preferential to an overlying block copolymer
material, and Types II and III to form layers non-preferential
to an overlying block copolymer. FIG. 2 provides examples of
macroscopic self-assembly of a BCP on a neutral surface and
onapatterned preferential surface. The neutral surface, which
can be formed from Type II and Type III block copolymers
described herein, results in disordered assembly of the block
copolymer. The preferential surface, which can be formed
from Type I block copolymers described herein, results in
ordered assembly of the block copolymer.

According to certain embodiments, Type I brushes (X-A-
b-B) are characterized by an anchoring group X, a single
terminal B-block and a single A-block linking the anchoring
group and the B-block, with the B-block fraction between
about 0.4-0.9. The A-block is a lithographically sensitive
block, e.g., poly(methyl methacrylate) (PMMA) and the
B-block preferential to one of the blocks of'the block copoly-
mer to be deposited. In FIG. 1, the B-block is polystyrene
(PS), preferential to PS blocks of a PS-containing block
copolymer, e.g., PS-b-PMMA.. As is further described below,
Type I brushes may be used to form chemical patterns that
directly guide the self-assembly of overlying block copoly-
mer domains into ordered components. In certain embodi-
ments, Type [ brushes are further characterized by a number
average molecular weight (M,)) of between about 10 kg/mol
and 80 kg/mol. In certain embodiments, M,, of block brush is
such that phase separation does not occur, e.g., less than about
30 kg/mol. In these embodiments, the B block fraction is
higher than about 0.5. In certain embodiments, the M,, is such
that phase separation occurs in a brush layer, e.g., higher than
about 30 kg/mol. In these embodiments, the B block fraction
may vary between about 0.1 and 0.9.

According to certain embodiments, Type II brushes (X-A-
b-B) are characterized by an anchoring group X, a single
terminal B-block and a single A-block linking the anchoring
group and the B-block, with the B-block fraction between
about 0.4-0.9. The A-block is a lithographically sensitive
block, such as PMMA, and the B-block is any appropriate
homopolymer; in certain embodiments one of the blocks of
an overlying diblock copolymer. In FIG. 1, the B-block is PS.
The X-PMMA-PS brush depicted in FIG. 1 may be used as a
non-preferential buffer layer for deposition of PS-b-PMMA
having perpendicularly oriented domains, for example. In
certain embodiments, Type II brushes are further character-
ized by a number average molecular weight (M,,) low enough
that phase separation does not occur. In certain embodiments,
Type 11 brushes are characterized by a M,, of between about 2
kg/mol and 30 kg/mol. This includes Type II brushes having
an M, between about 2 kg/mol and 20 kg/mol, e.g., 2 kg/mol
and 15 kg/mol, or between about 5 kg/mol and 10 kg/mol.

According to certain embodiments, Type I1I brushes (X-A-
b-C; C is an PB-r-PD random copolymer) are characterized
by an anchoring group X, a single terminal C-block and a
single A block linking the anchoring group and the C-block,
with the C-block fraction between about 0.4 to 0.9. The
A-block is a lithographically sensitive block, such as PMMA.
The C-block is a random copolymer PB-r-PD, in certain
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embodiments tailored for BCP deposition. In certain embodi-
ments, the B and D monomers are the monomer components
of an overlying block copolymer PB-b-PD block copolymer.

In certain embodiments, one of the monomer types in the C
block is the same as the A-block, though this is not necessarily
the case. For example, in one embodiment a Type III brush is
OH-PMMA-b-(PS-r-PMMA), with X an OH group, the A
blocka PMMA block, and the C block a PS-r-PMMA copoly-
mer. Another example of a Type III block brush is
OH-PMMA-b-(PS-r-P4VP), e.g., for a PS-b-P4VP overlying
layer.

The B fraction in the C block is between about 0.1 and 0.9.
Incertain embodiments, Type Il brushes are characterized by
a M,, of between about 10 k and 80 k. Type II and Type III
brushes may be used in certain embodiments to achieving
perpendicular domain orientation of an overlying BCP by
balancing out the interactions of each block of the BCP with
the substrate.

While example ranges of the preferential and non-prefer-
ential block copolymer brushes are described above, these
ranges can overlap depending on the brush composition,
molecular weight, and BCP or BCP blend to be assembled.
For example, in some instances, an X-A-b-B block copoly-
mer brush can be preferential (Type I) for B block fractions of
about 0.3 and higher and non-preferential (Type II) for B
block fractions of less than about 0.3. In some instances, an
X-A-b-C; C is B-r-D block copolymer brush can have a C
block fraction of about 0.3 or above. Further, as discussed
below, in some instances an upper limit on the B fraction in
X-A-b-B block copolymers and the C fraction in X-A-b-C
block copolymers can be imposed by the potential for pat-
terning-induced crosslinking reactions. For example, where
B is PS, in some instances B fractions in Type I block copoly-
mers greater than about 0.75 may result in blurred or inco-
herent patterns.

As indicated above, the A-block in the Type 1, Type Il and
Type 11 block brushes described above is a lithographically-
sensitive block. According to various embodiments, it is sen-
sitive to one or more of electron beam (e-beam), deep ultra-
violet (UV), extreme ultraviolet (UN) and X-ray radiation.
Examples of such polymers include methacrylate-containing
brushes, including PMMA, poly(2-hydroxyl methacrylate)
(PHEMA), poly(isobutyl methacrylate) (PIBMA), poly(neo-
pentyl methacrylate) (PNPMA), and poly(2,2,2-trifluoroet-
hyl methacrylate) (PTFEMA). PMMA, PHEMA, PIBMA,
PNPMA and PTFEMA brushes have been shown to be
e-beam sensitive by Rastogi et al., Direct Patterning of intrin-
sically Electron Beam Sensitive Polymer Brushes, ACS
Nano, vol. 4, No. 2, pp. 771-780, 2010, incorporated by
reference herein. As described therein, e-beam exposure of
methacrylate polymer brush systems degrades the brushes
forming main chain radicals (e.g., .CH; from PMMA;
.CH,CH(CH,;), from PIBMA, etc.) and R. radicals from the
COOR groups, with the e-beam sensitivity of the correlated to
the stability of main chainradicals and R. radicals. As aresult,
highly e-beam sensitive brushes may be tailor made by modi-
fying the fB-position to the carbonyl group. Methacrylate-
containing brushes are also sensitive to ultraviolet radiation.

The B-block or C-block in the block copolymers described
above may be tailored for a desired preferential or non-pref-
erential interaction with an overlying BCP to be deposited
and assembled on a block brush layer as described herein. The
anchoring group, X, is any group that can be surface-grafted
and attached to the A-block of the polymer brush. Examples
include a hydroxyl group, a thiol group, an azide group, a
carboxylic acid group, an amide group, an epoxide group, a
vinyl group, a trichlorosilane group.
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According to various embodiments, the molecular weights
of the block copolymer brushes are as described above. The
block brushes may also be characterized by weight average
molecular weights (M,,) of the same ranges. In certain
embodiments, the block brushes are further characterized be
relatively low PDI’s of about 1.15 or below, or about 1.1. or
below, though the block brushes having higher PDI’s are also
within the scope of the invention.

Directly Patternable Polymer Brushes for Non-Preferential
Layers

As indicated above, Type Il and Type III polymer brushes
are used in certain embodiments to form non-preferential or
neutral surfaces for the deposition of BCPs. In thin films,
controlling the orientation of BCP domains with respect to
the substrate is dictates the pattern geometry for anisotropic
domains such as cylinders and lamellae. One method of
achieving perpendicular domain orientation is to balance out
the interfacial interactions of each block of the BCP with the
substrate. This is sometimes referred to as the “neutral sur-
face.” FIG. 3a schematically illustrates a BCP thin-film 301
having perpendicularly-oriented domains 302¢ and 302bona
silicon substrate 305. Buffer layer 303 provides a neutral
surface that induces perpendicular orientation of the BCP
domains 302a and 3025. As discussed further below, a non-
preferential buffer layer can be patterned in a pattern defined
by non-preferential areas and preferential areas; the non-
preferential areas inducing perpendicular orientation and the
preferential areas inducing parallel orientation of the BCP
domains.

Surface neutralization using polymer brushes has been
reported by Mansky et al., Controlling polymer-surface inter-
actions with random copolymer brushes. Science 1997, 275,
(5305), 1458-1460, incorporated by reference herein for all
purposes. They demonstrated that the interfacial interaction
of polystyrene-block-poly(methyl methacrylate) (PS-b-
PMMA) with the substrate can be tuned by controlling the
composition of surface grafted PS-r-PMMA brush. In using
such a brush as a buffer layer for BCP deposition, the result is
a surface which has a random distribution of comonomers on
the surface so that both the local and global composition is
uniformly defined to tune the interactions with the overlying
BCP film. However, these films are not directly patternable.

Embodiments of the present invention provide low
molecular weight anchor-group terminated Type II block
copolymers (X-A-b-B) anchored to the surface as a non-
preferential buffer layer for the assembly of BCP’s in thin
films. Embodiments of the present invention also provide
anchor-group terminated Type I1I block copolymers (X-A-b-
C) where the C block is a B-r-D random copolymer.

In certain embodiments, the Type I low molecular weight
anchor-group terminated block copolymers (X-A-b-B)
anchored to the surface form a non-preferential buffer layer
for the assembly of BCP’s in thin film higher molecular
weight A-b-B diblocks, or other B-containing diblocks. In
certain embodiments, the Type III anchor-group terminated
block copolymers (X-A-b-C, C is B-r-D) anchored to the
surface form a non-preferential buffer layer for the assembly
of BCP’s in thin film higher molecular weight B-b-D
diblocks. FIG. 3b schematically depicts non-preferential
buffer layers of surface-anchored Type II block copolymers at
307 and surface-anchored Type III block copolymers at 309.
Advantages of these block copolymer brushes include in
certain embodiments (i) they can be readily synthesized for
most copolymers relevant to BCP lithography, and (ii) the
block architecture provides sufficient sensitivity in these
brushes to enable direct electron beam or other patterning.
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For example, non-preferential surfaces can be created by
surface-anchored low molecular weight PS-b-PMMA-OH
brushes for both symmetric and asymmetric PS-b-PMMA.
Similarly, non-preferential surfaces can be created by sur-
face-anchored low molecular weight X-A-b-B brushes for
symmetric and asymmetric A-b-B block copolymers. Non-
preferential surfaces can be created by surface-anchored (PS-
r-PMMA)-b-PMMA-OH brushes for both symmetric and
asymmetric PS-b-PMMA. Similarly, non-preferential sur-
faces can be created by surface-anchored low molecular
weight X-A-b-(B-r-D) brushes for symmetric and asymmet-
ric B-b-D block copolymers.

Unlike random copolymer polymeric brushes that have
been used to generate neutral surfaces, the block brushes
described herein are directly patternable using a patterning
technique such as e-beam lithography to locally shave the
brushes resulting in spatial control of domain orientation in
the overlying BCP film. Thus, in certain embodiments, fea-
tures of “bottom up” and “top down” approaches are effec-
tively combined in the block architecture of the buffer layer as
it functions as a (i) non-preferential layer to dictate perpen-
dicular orientation of BCP domains from the substrate inter-
face, and (ii) an e-beam resist to spatially to allow a top-down
lithographic process to define the non-preferential layer on
the substrate.

Directly Patternable Polymer Brushes for Preferential Layers

As indicated above, Type 1 polymer brushes are used in
certain embodiments to form patterned preferential surfaces
for the deposition of BCPs. BCPs have a bulk length scale L ;
for lamella-forming diblock copolymers, L, is the width of
one diblock or two stripes in the bulk. For hexagonally-
arrayed cylindrical and spherical domain structures, the peri-
odicity of the bulk domain structures can be characterized by
the distance between the cylinders or spheres in the hexagonal
array. BCPs can be directed to assemble by a preferential
pattern to replicate the pattern, if the pattern dimensions (L)
are approximately equal to or commensurate with L.

FIG. 4a schematically illustrates patterning an imaging
layer 403 to create a patterned imaging layer 403'. In this
example, a pattern of alternating stripes having a length scale
L, is shown. A BCP thin-film 401 having perpendicularly-
oriented lamellar domains 402a and 4025 is directed to
assemble by the patterned imaging layer 403'. The bulk length
scale of the BCP, L, is commensurate with [,. Directed
assembly of BCP’s by chemically patterned substrates is
discussed in U.S. Patent Publication Nos. 2006/0134556;
2009/0087653; 2009/0087664; 2008/0299353; and 2009/
0196488; all of which are incorporated by reference herein.

Embodiments of the present invention provide low
molecular weight anchor-group terminated Type 1 block
copolymers (X-A-b-B) anchored to the surface as a preferen-
tial imaging layer for the directed assembly of BCP’s in thin
films. The X-A-b-B block copolymer is preferential to one of
the components of the BCP; in certain embodiments, the B
block of the X-A-b-B block copolymer is preferential to one
of the components of the BCP. In certain embodiments, the
Type I anchor-group terminated block copolymers (X-A-b-
B) anchored to the surface form a preferential imaging layer
for the assembly of BCP’s in thin film higher molecular
weight A-b-B diblocks, or other B-containing diblocks.
Because the Type [ X-A-b-B block copolymers are preferen-
tial to one of the blocks of the overlying BCP, if patterned at
a length scale commensurate with that of the bulk BCP, the
Type I X-A-b-B block brushes can drive the assembly of
ordered domains of the BCP.

FIG. 4k schematically depicts an imaging layer of surface-
anchored Type I block copolymers at 409. Advantages of
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these block copolymer brushes include, in certain embodi-
ments (i) they can be readily synthesized for most copolymers
relevant to BCP lithography, and (ii) the block architecture
provides sufficient sensitivity in these brushes to enable direct
electron beam or other patterning.

Patterning

As indicated above, the block brushes described herein are
directly patternable by one or more of e-beam, deep UV, HIV
or X-ray lithography. Any method that can directly pattern an
X-A homopolymer brush may be implemented with the Type
1, IT and IIT X-A-b-B and X-A-b-C block copolymer brushes
described herein.

Non-direct patterning methods employed to pattern previ-
ous underlying layers for BCP deposition generally use
chemical resists; in certain embodiments block copolymer
brushes described herein are directly patternable and do not
need resists. FIG. 5 is a schematic of (a) chemical patterning
of random copolymer brushes and (b) direct chemical pat-
terning of block copolymer brushes according to the embodi-
ments described herein. On the left, a process flow for pat-
terning a non-preferential buffer layer of random copolymer
brushes 501 is shown. The buffer layer 501 is coated with a
chemical resist 503, which is then patterned (e.g., by exposure
to UV, etc.) and developed, exposing the buffer layer 501 in
the desired pattern. The physical pattern of the resist layer
generated by the lithographic process is transferred to the
chemical pattern by exposure to an oxygen plasma environ-
ment, creating a patterned buffer layer 504. By doing so, the
non-preferential layer in the unexposed region is protected by
the remaining overlying resist while the exposed region
becomes more polar, and preferential to one of the blocks of
the BCP to be deposited thereon. On the right, direct pattern-
ing of a buffer layer 506 of Type II block copolymers is
shown. In other embodiments, layer 506 is a layer of Type 111
block copolymers. The Type II or Type I1I block copolymers
of buffer layer 506 are directly exposed to an e-beam in the
area desired to be preferential. Upon exposure to c-beam, the
A block in the brush undergoes a chain scission reaction,
resulting in cleavage of the block brush from the substrate
upon subsequent washing. The result is a directly patterned
buffer layer 507, having preferential and non-preferential
areas. Assembly of a BCP on the directly patterned buffer
layer 507 is the same as that on patterned buffer layer 504:
perpendicular-oriented domains 510 on the non-preferential
regions of the pattern, and parallel-oriented domains 509 on
the preferential regions.

Although direct patterning of Type II and Type III block
brushes can successfully controls the orientation of BCP
domain with respect to the substrate, there is a lack of long-
range order as the grain is randomly oriented in the lateral
direction, as depicted in FIGS. 2 and 3a. In certain embodi-
ments, graphoepitaxy technique or other known techniques
are used to impose a high degree of lateral order. Graphoepi-
taxy uses a sub-micron groove as a substrate; the spatial
confinement of the BCP within the groove induces nucleation
and propagation of microdomains from the confining hard
walls. See, e.g., Segalman, R. A.; Yokoyama, H.; Kramer, E.
J., Graphoepitaxy of spherical domain block copolymer
films. Advanced Materials 2001, 13, (15), 1152-+, incorpo-
rated by reference herein, for a discussion of inducing lateral
order via graphoepitaxy. This process provides resolution
enhancement from a sub-micron grove to a few tens of
nanometers using BCP assembly.

FIG. 6a includes a schematic illustration of direct chemical
patterning of topographic feature; substrate 601 includes a
trench, A Type II or Type III block copolymer brush buffer
layer 603 coats the substrate 601 including the trench. The



US 9,388,268 B2

11

buffer layer 603 is patterned to form patterned buffer layer
605, in which alternating preferential and non-preferential
regions extend across the trench. An assembled BCP film (not
shown) is induced to order by the trench walls.

In certain embodiments, line and dot patterns are generated
side-by-side using a cylinder-forming BCP and alternating
the neutrality of the substrate from preferential to non-pref-
erential, as shown in FIG. 5. Assembled cylindrical domains
are parallel in the preferential areas (creating a line pattern)
and perpendicular in the non-preferential areas (creating a dot
pattern.). FIG. 65 shows an SEM image of a BCP thin film
assembled into alternating domains of aligned lines and
arrays of dots formed within a trench.

According to certain embodiments, BCP are ordered by
chemical patterns formed by patterning Type I block copoly-
mer brushes. FIG. 7 is a schematic of (a) chemical patterning
of random copolymer brushes and (b) direct chemical pat-
terning of Type I block copolymer brushes according to the
embodiments described herein. On the left, a process flow for
patterning a layer 701 of homopolymer or random copolymer
brushes is shown. The process flow is similar to that illus-
trated in FIG. 5, with the pattern dimensions smaller to match
the bulk BCP domain dimensions. Example dimensions are
on the order of about few nm to 50 nm. As in FIG. 5, layer 701
is coated with a resist 703, which is then patterned and devel-
oped. The physical resist pattern is then transferred to layer
701 by exposure to an oxygen plasma to form patterned layer
704, patterned with regions of polymer brushes and regions of
hydroxyl groups.

On the right, direct patterning of a layer 706 of Type I block
copolymers is shown. The Type I block brushes of layer 706
are directly exposed to an e-beam in the desired pattern. Upon
exposure to e-beam, the A block in the brush undergoes a
chain scission reaction, resulting in cleavage of the block
brush from the substrate upon subsequent washing. The result
is a directly patterned bufter layer 707 with alternating stripes
preferential to one of the blocks of the overlying BCP, Assem-
bly of the BCP on the directly patterned bufter layer 707 is the
same as that on patterned buffer layer 704: ordered domains
of the BCP aligned with the underlying pattern.

EXPERIMENTAL

FIG. 8a provides an example of a synthetic scheme for a
Type I or Type 11 block X-A-b-B block copolymer, with an
OH anchoring group, a PMMA A block and a PS B block.
Hydroxyl terminated PMMA is synthesized by atom-transfer
radical polymerization (ATRP) using a hydroxyl-containing
initiator and used as a macroinitiator for the polymerization
of styrene as the second block. The chain length of the PS
block is tuned to get the desired surface chemical composition
of styrene and MMA in the copolymer as discussed above.
The molecular weight of block copolymer and hence the
increase in PS fraction can be monitored by GPC and NMR.
FIG. 85 shows GPC analysis of the synthesized polymers. (PS
fraction in the block copolymers was measured by "H NMR).
As shown by FIG. 55, the polymerization is well controlled
and the molecular weight increases with increasing PS frac-
tion. Other X-A-b-B Type I or Type II block copolymer
brushes may be similarly synthesized. Type III brushes (X-A-
b-C; C is B-r-D) may synthesized using X-terminated poly-
merized A as a macroinitiator for a B-r-D random copolymer.

Example |

Type 11 PS-b-PMMA-OH block copolymer brushes were
synthesized as described with respect to FIG. 8a, Silicon
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substrates were modified by grafting the PS-b-PMMA-OH
polymers by thermal annealing via the terminal hydroxyl
group on to the native oxide layer to create a buffer layer.
Table 1 summarizes the molecular weight and PDI of these
copolymers and the resulting thickness of the modified sub-
strates. Brush thickness increases with the length of PS chain.
The surface morphology of brush layer was examined by
AFM and does not show phase separation. The root-mean-
square (rms) roughness of buffer layer the PS-b-PMMA-OH
brush modified surface) was between 0.129 to 0.176 nm,
which is comparable to those observed for a random copoly-
mer brush system.

TABLE 1

Non-preferential buffer layer - Type II block copolymer brushes

Brush Mn PDI Fst Thickness (nm)
PMMA-OH 11,500 1.08 0 4.7
PS-b-PMMA-OH 14,400 1.08 0.10 5.2
PS-b-PMMA-OH 15,300 1.07 0.18 53
PS-b-PMMA-OH 16,200 1.09 0.25 5.5

Mn is the number average molecular weight of the block
copolymer brushes (measured by GPC using monodisperse
PS standard), PDI is the polydispersity and Fst is the fraction
of styrene (the B block in example). Thickness of the buffer
layer of the buffer layer was measured by ellipsometry.

As indicated above, Type II block copolymer brushes are
used in certain embodiments to form non-preferential buffer
layers for overlying A-b-B block copolymer layers. In certain
embodiments, Mn is between about 2 k and 20 k. At molecu-
lar weights greater than this, the Type ii brush layer may
undergo phase separation.

The compositional dependence of'its non-preferentiality of
the Type II block copolymer to the overlying BCP was evalu-
ated. The non-preferentiality of the buffer layer was deter-
mined for both symmetric and asymmetric PS-b-PMMA. On
the modified substrates, 45 nm thick lamella-forming (52
K-52 K) and 32 nm thick of PMMA cylinder-forming (50
K-20 K) BCPs were deposited, followed by thermal anneal-
ing at 190° C., under vacuum. FIG. 9 shows top view SEM
images of the assembled BCP on the modified substrates. The
top row shows the lamella-forming BCP and the bottom row
of FIG. 9 shows cylinder-forming BCP on the brush-grafted
Si substrates.

The substrate modified with the Type Il block brush having
F,~=0.10 induced parallel orientation of domains with ter-
raced structures confirming preferential wetting characteris-
tics for both symmetric and asymmetric PS-b-PMMA.. As the
PS fraction in the block brush increased to 0.18, typical finger
print morphology confirming perpendicular orientation of
lamellar domains was observed for the lamella forming PS-b-
PMMA. However, the PMMA cylinders in the asymmetric
BCP were oriented parallel to the substrate. As the PS fraction
in a block brush was further increased to 0.25, mixed parallel
and perpendicular lamellae were formed for the symmetric
BCP, whereas predominantly perpendicular cylinders were
obtained for the asymmetric BCP. These results show that the
composition of the block brush can be effectively tuned to
create non-preferential buffer layers for different BCPs.

In certain embodiments, the Type 11 block brushes require
a significantly lower fraction of styrene to be effective as a
non-preferential buffer layers compared to the random
copolymer brushes. For example, a hydroxyl terminated PS-
r-PMMA having styrene fraction ranging from 0.45 to 0.60
has been shown to induce perpendicular lamellae in a sym-
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metric BCP with a film with thickness about L,. It is believed
that the difference in compositional range for the block
brushes described herein is attributable to the difference in the
architecture of the buffer layer itself. In the case of the random
copolymer buffer layer, distribution of styrene and MMA
monomers in a polymer chain is statistically random and
there is no significant gradient in composition within the
grafted brush layers. In a block copolymer buffer layer, how-
ever, sequence of block copolymerization sets one block as a
surface rich component. Since the block brush is grafted on
the substrate through the hydroxyl group (or other anchoring
group) on the PMMA (or other A block) chain end, the short
PS block (or other B block) is predominantly located at the
BCP/buffer layer interface. Without being bound to a particu-
lar theory, it is believed that this causes the effective PS
fraction in block brush to be higher than a random copolymer
brush at the BCP/buffer layer interface. This is corroborated
by both water contact angle measurements and analyzing the
surface composition using X-ray photoelectron spectroscopy
(XPS) as discussed below.

Water contact angles were measured for the modified sub-
strates to assess the relative surface compositions. As shown
in FIG. 10, the contact angles of buffer layers composed of
random copolymer increases monotonically with the styrene
fraction, whereas those for the buffer layers composed of the
block brush with equivalent styrene fractions are significantly
higher. For example, the contact angle of buffer layer with
block brush having FSt=0.25 is similar to those of random
brush having FSt range of 0.57~0.63. FIG. 11 shows the XPS
results, which show similar trends. The intensity of C1s peaks
of block brushes is comparable to those for random brushes
with higher FSt. This shows that the block brush presents a
higher effective styrene content at the bufter layer/BCP inter-
face compared to same composition of a random brush. The
water contact angles, AFM and XPS results confirm that a
relatively short PS block effectively prevents microphase
separation and leads to the desired homogeneous distribution
of MMA and St on the surface leading to a non-preferential
wetting behavior at significantly lower styrene content com-
pared to the random copolymer buffer layer.

Block brushes (F,=0.18 for symmetric BCP and F,=0.25
for asymmetric BCP) were directly patterned with 200 nm
width stripes by e-beam with area doses ranging from 34 to
340 uC/cm?. The block brush had a majority of PMMA block
(75~82%) anchored to the substrate and a small fraction of PS
block at the surface, and was sensitive to e-beam. Direct
patterning of the buffer layer results in its removal from the
exposed region. FIG. 12 is a top view of an SEM image of a
directly patterned layer; the contrast in the SEM confirms the
patterning of the buffer layer. Height differences seen from
AFM images (not shown) also confirm that the layer was
directly patterned.

Lamella-forming and cylinder forming BCP were
assembled on directly patterned layers. F1G. 13a is a top view
SEM image of an assembled lamella-forming BCP and FIG.
135 is a top view SEM image of the cylinder-forming BCP.
Clear switching of the wetting behavior toward the overlying
BCP from non-preferential to preferential is shown in FIGS.
13a and 135.

Example 11

Abufter layer of'a Type Il block brush having Fst=0.25 was
formed on a topographical substrate and directly patterned by
e-beam, as illustrated schematically in FIG. 6a. Directed
assembly of cylinder-forming BCP using the resulting chemi-
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cally and topographically patterned substrate created both
aligned line and dot arrays within the trench; FIG. 66 provides
a top down SEM image.

Example 111

Type 1 PS-b-PMMA-OH block brushes having Mn=65
kg/mol and Fst of 0.85 were synthesized as described above,
and grafted to silicon substrates, to form imaging layers. The
layers were directly patterned via e-beam (e-beam dose 0.12
t0 0.32 nC/cm) to form alternating stripes, having an L, (line
pitch) of 72 nm-80 nm. Symmetric PS-b-PMMA having Lo
of 76 nm was directed to assemble on the patterned imaging
layer. FIG. 14 provides top down SEM images of the pat-
terned substrate, and the assembled BCP film. The images
show that the directly patterned Type I brush is able to direct
the assembly of ordered structures.

Example IV

PS-b-PMMA-OH block brushes were synthesized by
ATRP. The synthesized polymers were thermally grafted on
silicon oxide surface to create modified substrates. Charac-
teristics of the synthesized polymers and polymer grafted
surfaces are summarized in Table 2. The PS-b-PMMA-OH
block copolymer with a M,, of 16,200 kg/mol (Fps=0.25) is
referred to as 16SM below, with the PS-b-PMMA-OH block
copolymer withaM,, 0f 18,200 kg/mol (Fps=0.34) referred to
as 18SM. Macroscopic wetting properties of the modified

surface from water contact angle measurements show that the

surface grafted with 18SM presents a hydrophobic surface

similar to surfaces modified with PS homopolymers.

TABLE 2
Characteristics of the synthesized polymers and polymer grafted surfaces
Mn thickness PS Water

Polymer (kg/mol) (nm) Fraction (Fps) contact angle

PMMA-OH 11 500 4.7 0 65°

PS-b-PMMA-OH 16 200 55 0.25 76°

(16SM)

PS-b-PMMA-OH 18 200 7.5 0.34 86°

(18SM)

PS-OH 6 500 4.3 1 88°

The total molecular weight was controlled to be below the
phase segregation limit of about 20 kg/mol. Post thermal
annealing, the block copolymer grafted surfaces did not show
any discernible phase separation. FIG. 15 shows SEM images
of'thin film assembly of a lamella-forming BCP ternary blend
(PS-b-PMMA (52 K-52 K)/PS (49 K)/PMMA (50 K) (0.7/
0.15/0.15 wt %) on PS-b-PMMA-OH grafted substrates. The
images confirm non-preferential (16SM, FPS=0.25) and
preferential (18SM, FPS=0.34) wetting conditions as seen by
the fingerprint pattern generated by vertical lamellae (as-
sembled on 16SM) and the holes/islands featureless surface
generated by parallel lamellae (assembled on 18SM), respec-
tively. Fast Fourier transform (FFT) of fingerprint pattern on
nonpreferential block brush 16SM gave a 70 nm domain
spacing (Lo). A 1:1 chemical pattern i.e. a guiding stripe with
a periodicity Ls of 70 nm can be easily accessed by conven-
tional e-beam lithography.

The grafted BCP resists were subjected to direct EBL to
fabricate chemical patterns for directed assembly of the BCP
ternary blend. Panels (a) and (b) of FIG. 16 show the AFM
height images of a 70 nm pitch line array of patterned BCP
resist. As a comparison, traditional PMMA resist was pat-
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terned on a PS grafted substrate. Panel (c) shows the SEM
image of patterned PMMA resist after development. The line
doses of e-beam to create a clear line pattern were between
about 0.12 and 0.6 nC/cm for grafted BCP, lower than that for
PMMA resist (between about 0.4 and 1 nC/cm). Panels (d)-(f)
show the assembled BCP ternary blend on chemically pat-
terned surfaces. While the chemical pattern created from
18SM (Fps=034) shows directed assembly with a small num-
ber of defects (Panel (e)), comparable to those obtained by
patterning grafted PS brush with PMMA resist (Panel (f)),
assembly on a chemical pattern from a 16SM (F,=0.24)
BCP resist is poorer. The defect density in the assembled
structure is a strong function of the chemical contrast created
between the guiding stripe and the background of the pat-
terned substrate. The chemical pattern fabricated by direct
EBL of the anchored 16SM and 18SM BCPs results in a
PMMA preferential guiding stripe in both cases, while the
background is non-preferential for 16SM and PS preferential
for 18SM. The larger chemical contrast in the chemical pat-
tern generated by 18SM leads to lesser defect density in the
assembled BCP. These results confirm that basic assembly
rules are still followed with the direct EBL, patternable BCPs
resists, while the processing is tremendously simplified.

For a 18SM BCP resist, a line dose between 0.33 and 0.48
nC/cm resulted in directed assembly while the PMMA resist
required a line dose 01 0.68 to 0.89 nC/cm. The difference in
dose range between grafted PS-b-PMMA and PMMA resist
can be attributable to the (i) molecular weight of PMMA
segment, and (ii) the thickness of PMMA layer. The lower
molecular weight (11 K) and thinner layer (about 4 nm) of the
PMMA block in a grafted PS-b-PMMA leads to higher sen-
sitivity toward e-beam compared to traditional resist (950 K
and 40 nm thick). Thus by using surface grafted BCP resist,
e-beam writing process can be accomplished in a shorter
time.

Example V

E-beam exposure can induce crosslinking in PS, which has
been used as a negative tone e-beam resist. E-beam patterning
of'the 16SM and 18SM polymers did not result in observable
cross-linking, which may be due to the relatively low total
molecular weights (about 16 to 18 kg/mol) and the relatively
low PS fractions (about 0.25 to 0.34) in the gratted BCP resist.
Furthermore, since the molecular weight of the chains are
below the phase segregation limit, the small PS patches (PS
block is about 4 to 6 kg/mol) are homogeneously mixed with
the PMMA block. This may be further prevent the crosslink-
ing of PS (within exposed areas) and with neighboring PS
(within unexposed areas). To understand the effect of PS
fraction (or chain length) on crosslinking with neighboring
PS and the quality of chemical pattern, the chain length of PS
was increased while keeping the molecular weight of PMMA
the same. Two additional PS-b-PMMA-OH brushes having
molecular weights of 40 K (F,=0.76) and 60 K (F,,~0.83)
were synthesized and EBL was performed using the same
conditions as in Example IV. FIG. 17 shows AFM height
mode images of the e-beam patterned block copolymers
(Panels (a) and (b)), top view SEM images of assembled
ternary blend (Panels (¢) and (d)), and a schematic illustration
of PS crosslinking (Panel (e)). These result clearly shows that
as the PS fraction increases the line pattern becomes blurred
(Panel (a)) and ultimately ineffective in guiding the BCP
assembly (Panel (b)). Therefore, controlling the molecular
weight and composition of block copolymer based resist is
critical to creating well-defined chemical patterns for the
directed assembly of BCPs and BCP blends.
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The examples demonstrates the use of a single component
e-beam sensitive resist to create a 1:1 chemical pattern for
directed assembly of a block copolymer. In the provided
examples, the resist includes a surface grafted PS-b-PMMA.
Since PS and PMMA can be used as a negative and positive
tone e-beam resist respectively, controlling the relative
lengths of the two blocks and the overall molecular weight of
the resist is critical for achieving directed assembly of BCPs.
In the examples above, the BCP resist has a 1) molecular
weight below 20 K, and 2) PS fraction of 0.32 which sup-
presses any lateral phase segregation of the domains and
creates a PS preferential substrate. The PMMA block pro-
vides enough sensitivity to allow scission by e-beam resulting
in a chemical pattern with enough contrast to allow 1:1
assembly of a ternary blend of BCP with its corresponding
homopolymers. For creating chemical patterns for guiding
BCP assembly, it is not just the periodicity of the pattern that
is important but also the surface wetting characteristics need
to be finely tuned. The direct EEL patterning avoids contact
with the photoresist (PMMA), photo generated acid and
developer solution and hence offers a more predictable con-
trol over the chemical contrast generated in the chemical
pattern. Here we have demonstrated a pattern with L is close
to L, but creating the sparse chemical pattern for the density
multiplication is possible using the same approach.

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
processes and apparatuses of the present invention. Accord-
ingly, the present embodiments are to be considered as illus-
trative and not restrictive, and the invention is not to be limited
to the details given herein.

What is claimed is:

1. An X-A-b-B block copolymer comprising a terminal B
block; a methacrylate-containing A block, and a terminal
anchoring group X, wherein the number average molecular
weight of the block copolymer is less than about 30 kg/mol
and the B block mole fraction in the block copolymer is
between about 0.15 and 0.4, wherein the block copolymer is
attached via the anchoring group to a substrate.

2. The block copolymer of claim 1 wherein the B block is
selected from the group consisting of PS, P2VP, PV4P, PEO,
and PDMS.

3. The block copolymer of claim 1 wherein the A block is
selected from the group consisting of PMMA, PHEMA,
PHEMA-TMS, PIBMA, PNPMA and PTFEMA.

4. The block copolymer of claim 1 wherein the number
average molecular weight of the block copolymer is less than
about 25 kg/mol.

5. The block copolymer of claim 1 wherein the number
average molecular weight of the block copolymer is less than
about 20 kg/mol.

6. The block copolymer of claim 1 wherein the number
average molecular weight of the block copolymer is less than
about 15 kg/mol.

7. The block copolymer of claim 1 wherein the anchoring
group is selected from the group consisting of a hydroxyl
group, a thiol group, an azide group, a carboxylic acid group,
an amide group, an amine group, an epoxide group, a vinyl
group, and a trichlorosilane group.

8. The block copolymer of claim 1 wherein the B block
mole fraction is less than about 0.35.

9. The block copolymer of claim 1 wherein the B block
mole fraction is less than about 0.3.
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10. The block copolymer of claim 1 wherein the B block
mole fraction is less than about 0.25.

11. The block copolymer of claim 1 wherein the B block
mole fraction is less than about 0.2.

12. An X-A-b-B block copolymer comprising a terminal B
block; a methacrylate-containing A block, and a terminal
anchoring group X, wherein the number average molecular
weight of the block copolymer is between about 10 and 80
kg/mol and the B block mole fraction in the block copolymer
is between about 0.3 and 0.9 and wherein the B block is a
homopolymer, wherein the block copolymer is attached via
the anchoring group to a substrate.

13. The block copolymer of claim 12 wherein the B block
is selected from the group consisting of PS, P2VP, PV4P,
PEO, and PDMS.

14. The block copolymer of claim 12 wherein the A block
is selected from the group consisting of PMMA, PHEMA,
PHEMA-TMS, PIBMA, PNPMA and PTFEMA.

15. The block copolymer of claim 12 wherein the number
average molecular weight of the block copolymer is less than
about 30 kg/mol.

16. The block copolymer of claim 12 wherein the number
average molecular weight of the block copolymer is less than
about 25 kg/mol.

17. The block copolymer of claim 12 wherein B block mole
fraction in the block copolymer is between about 0.3 and
0.75.

18. The block copolymer of claim 12 wherein the number
average molecular weight of the block copolymer is greater
than about 30 kg/mol.
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19. The block copolymer of claim 12 wherein the number
average molecular weight of the block copolymer is greater
than about 40 kg/mol.

20. The block copolymer of claim 12 wherein the anchor-
ing group is selected from the group consisting of a hydroxyl
group, a thiol group, an azide group, a carboxylic acid group,
an amide group, an epoxide group, a vinyl group, and a
trichlorosilane group.

21. An X-A-b-C block copolymer comprising a terminal C
block; a methacrylate-containing A block, and a terminal
anchoring group X, wherein the A block is a homopolymer,
wherein the C block is a B-r-D random copolymer, and
wherein the number average molecular weight of the block
copolymer is between about 10 and 80 kg/mol, the C block
mole fraction in the block copolymer is between about 0.4
and 0.9 and the B mole fraction in the C block is between
about 0.1 and 0.9, wherein the block copolymer is attached
via the anchoring group to a substrate.

22. An X-A-b-C block copolymer comprising a terminal C
block; a methacrylate-containing A block, and a terminal
anchoring group X, wherein the A block is a homopolymer,
wherein the C block is a B-r-D random copolymer, and
wherein the number average molecular weight of the block
copolymer is between about 10 and 80 kg/mol, the C block
mole fraction in the block copolymer is between about 0.4
and 0.9 and the B mole fraction in the C block is between
about 0.1 and 0.9, wherein the C block is selected from the
group consisting of PS-r-PMMA, PS-r-P2VP, PS-r-P4VP,
PS-r-PEO, and PS-r-PDMS.

23. The block copolymer of claim 22 wherein the block
copolymer is attached via the anchoring group to a substrate.

#* #* #* #* #*
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