wo 2010/079005 A1 I 10K 0 YRR OO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

19) World Intellectual Property Organization /5% =)
) ctual roperty Organizaion. /€521 R OB AR
International Bureau S,/ 0
3\ 10) International Publication Number
(43) International Publication Date \'{:/_?___/ (10)
15 July 2010 (15.07.2010) PCT WO 2010/079005 A1l
(51) International Patent Classification: Zip 481, 2070 Route 51, Hopewell Junction, New York
GO3F 7/40 (2006.01) B81C 1/00 (2006.01) 12533 (US). COLBURN, Matthew [US/US]; IBM Cor-
GO3F 7/00 (2006.01) poration, 257 Fuller Road, Albany, New York 12203
(21) International Application Number: (US).
PCT/EP2009/065847 (74) Agent: ROBERTS, Scott; IBM United Kingdom Limit-
d, Intell 1 Property Law, Hursley Park, Winchest
(22) International Filing Date: ?{;mpsiire;glgzlrzofﬁ (éB)a W, Hursley Park, Winchester,
25 November 2009 (25.11.2009) ’
- . . (81) Designated States (unless otherwise indicated, for every
(25) Filing Language: English kind of national protection available). AE, AG, AL, AM,
(26) Publication Language: English AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
L. CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
(30) Priority Data: DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
12/352,051 12 January 2009 (12.01.2009) Us HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
(71) Applicant (for all designated States except US): INTER- KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
NATIONAL BUSINESS MACHINES CORPORA- ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
TION [US/US]; New Orchard Road, Armonk, New York NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
10504 (US). SE, SG, SK, SL, SM, ST, SV, SY, TJ, TM, TN, TR, TT,
TZ,UA, UG, US,UZ, VC, VN, ZA, ZM, ZW.
(71) Applicant (for MG ornly): IBM UNITED KINGDOM . L
LIMITED [GB/GB]; PO Box 41, North Harbour, 84) D.e51gnated. States (unle.ss othemzse indicated, for every
Portsmouth, Hampshire PO6 3AU (GB). kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
(72) Inventors; and ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TI,
(75) Inventors/Applicants (for US only): LI, Wai-Kin TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE,

[—/US]; IBM Corporation, 2070 Route 52, Hopewell
Junction, New York 12533-6683 (US). YANG, Haining
[US/US]; IBM Corporation, Intellectual Property Law -

ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK, SM,

[Continued on next page]

(54) Title: METHOD FOR REDUCING TIP-TO-TIP SPACING BETWEEN LINES

18
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reducing tip-to-tip spacing between lines using a
combination of photolithographic and copolymer
self-assembling lithographic techniques. A mask
layer is first formed over a substrate with a line

20B structure. A trench opening of a width d is created in

the mask layer. A layer of a self-assembling block
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is smaller than d inside the trench opening. The sin-
gle unit polymer block is selectively removed to
form a single opening of a width or a diameter w in-
side the trench opening. An etch transter process is
performed using the single opening as a mask to
form an opening in the line structure in the sub-
strate.
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METHOD FOR REDUCING TIP-TO-TIP SPACING BETWEEN LINES
Technical Field
This invention relates to a photolithography process for semiconductor fabrication. More
particularly, this invention is directed to a method for reducing tip-to-tip spacing between
lines using a combination of photolithographic and copolymer self-assembling lithographic

techniques.

Background of the Invention

Photolithography is commonly used to make miniaturized electronic components such as
integrated circuits in semiconductor manufacturing. In a photolithography process, a layer
of photoresist is deposited on a substrate, such as a silicon wafer. The substrate is baked to
remove any solvent remained in the photoresist layer. The photoresist is then selectively
exposed through a photomask with a desired pattern to a source of actinic radiation. The
radiation exposure causes a chemical reaction in the exposed areas of the photoresist and
creates a latent image corresponding to the mask pattern in the photoresist layer. The
photoresist is next developed in a developer solution to remove either the exposed portions
of the photoresist for a positive photoresist or the unexposed portions of the photoresist for a
negative photoresist. The patterned photoresist can then be used as a mask for subsequent
fabrication processes on the substrate, such as deposition, etching, or ion implantation

Proccssces.

Advances in semiconductor device performance have typically been accomplished through a
decrease in semiconductor device dimensions. It is known that the tip-to-tip spacing
between lines (e.g., PC lines) has a high impact on the unit cell density of the semiconductor
device. Reducing the tip-to-tip distance between lines will greatly increase the unit cell
density which in turn will lead to a shrinkage in the device dimension. However, due to the
line end shortening issue and the resolution limitation of photolithography, the currently
available lithographic techniques can only achieve a tip-to-tip distance of not less than 100

nm.



10

15

20

25

30

WO 2010/079005 PCT/EP2009/065847

It has been known that certain materials are capable of organizing into ordered structures
without the need for human interference, which is referred to as the self-assembly of
materials. Self-assembling copolymer lithographic techniques have been developed to form
useful periodic patterns with dimensions in the range of 10 to 40 nm. Each self-assembling
block copolymer system contains two or more different polymeric block components which
are immiscible with one another. Under suitable conditions, these polymeric block
components can separate into two or more different phases on a nanometer-scale and thereby
form ordered nano-sized patterns. Such ordered patterns can be used for fabricating nano-

scale structural units in semiconductor, optical and magnetic devices.

However, the complementary metal oxide semiconductor (CMOS) technology requires
precise placement or registration of individual structural units to form metal lines and vias in
the wiring level. The large, ordered array of repeating structural units formed by self-
assembling block copolymers cannot be used in the CMOS technology, because of the lack

of alignment or registration of the positions of individual structural units.

Summary of the Invention

The present invention provides a method for reducing tip-to-tip spacing between lines using

a combination of photolithographic and copolymer self-assembling lithographic techniques.

In one aspect, the present invention relates to a method for reducing tip-to-tip spacing
between lines involving the steps of providing a substrate and a line structure in the
substrate; forming a mask layer over the substrate; performing a lithographic process over
the mask layer to create a trench opening of a width d in the mask layer, wherein the trench
opening is above the line structure in the substrate and perpendicular to the line structure;
applying a layer of a block copolymer over the mask layer, wherein the block copolymer
comprises at least first and second polymeric block components A and B respectively that
are immiscible with each other; annealing the block copolymer layer to form a single unit
polymer block of a width or a diameter w inside the trench opening, wherein w < d, and
wherein the single unit polymer block comprises the polymeric block component B and is

embedded in a polymeric matrix that comprises the first polymeric block component A;
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selectively removing the second polymeric block component B to form a single opening of a
width or a diameter w in the polymeric matrix inside the trench opening; and performing a
first etch transfer process using the single opening as a mask to form an opening in the line

structure in the substrate.

In another aspect, the present invention relates to a method for reducing tip-to-tip spacing
between lines involving the steps of providing a substrate and a line structure in the
substrate; forming a first mask layer over the substrate; forming a second mask layer over
said substrate, wherein the second mask layer is under said first mask layer; performing a
lithographic process over the first mask layer to create a trench opening of a width d in the
first mask layer, wherein the trench opening is above the line structure in the substrate and
perpendicular to the line structure; applying a layer of a block copolymer over the first mask
layer, wherein the block copolymer comprises at least first and second polymeric block
components A and B respectively that are immiscible with each other; annealing the block
copolymer layer to form a single unit polymer block of a width or a diameter w inside the
trench opening, wherein w < d, and wherein the single unit polymer block comprises the
polymeric block component B and is embedded in a polymeric matrix that comprises the
first polymeric block component A; selectively removing the second polymeric block
component B to form a single opening of a width or a diameter w in the polymeric matrix
inside the trench opening; performing a second etch transfer process using the single opening
as a mask to form an opening in the second mask layer; and performing a third etch transfer
process using the opening in the second mask layer as a mask to form an opening in the line

structure in the substrate.

The present invention may further involves the steps of forming an underlayer over the
substrate before forming the mask layer or layers; and stripping any remaining block
copolymer layer, mask layer or layers, and underlayer, after performing the etch transfer

Proccess or proCcCsSsces.

The block copolymer of the present invention, when placed and annealed on a planar
surface, self-assemblies into an ordered array of multiple unit polymer blocks embedded in

the polymeric matrix, wherein each of the multiple unit polymer blocks has the width or
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diameter w, and the multiple unit polymer blocks are spaced apart from each other in the

ordered array by a distance s.

When 0.6 (w+s5) <d < 1.5 (w+s), a single unit polymer block is formed inside and self-
aligned to the trench opening. For example, when w ranges from about 10 nm to about 50
nm and s ranges from about 10 nm to about 60 nm, d may range from about 40 nm to about

160 nm.

The annealing of the block copolymer is preferably, but not necessarily, conducted at a
temperature from about 130 °C to about 230 °C. The preferred annealing time is from about
40 minutes to about 80 minutes. The thickness of the block copolymer layer is preferably

from about 15 nm to about 45 nm.

The block copolymer preferably comprises the first and second polymeric block components
A and B at a weight ratio of from about 60:40 to about 40:60, and wherein the single unit
polymer block comprises a lamella that stands perpendicular to the upper surface of said line

structure.

Suitable block copolymers that can be used in the present invention include, but are not
limited to: polystyrene-block-polymethylmethacrylate (PS-b-PMMA), polystyrene-block-
polyisoprene (PS-b-PI), polystyrene-block-polybutadiene (PS-b-PBD), polystyrene-block-
polyvinylpyridine (PS-b-PVP), polystyrene-block-polyethylencoxide (PS-b-PEO),
polystyrene-block-polyethylene (PS-b-PE), polystyrene-block-polyorganosilicate (PS-b-
POS), polystyrene-block-polyferrocenyldimethylsilane (PS-b-PFS), polyethylencoxide-
block-polyisoprene (PEO-b-PI), polyethylencoxide-block-polybutadiene (PEO-b-PBD),
polyethylencoxide-block-polymethylmethacrylate (PEO-b-PMMA), polyethylencoxide-
block-polyethylethylene (PEO-b-PEE), polybutadiene-block-polyvinylpyridine (PBD-b-
PVP), and polyisoprene-block-polymethylmethacrylate (PI-b-PMMA).

Other aspects, features and advantages of the invention will be more fully apparent from the

ensuing disclosure and appended claims.
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Brief Description of the Drawings

The present invention will now be described, by way of example only, with reference to

preferred embodiments, as illustrated in the following figures:

FIG. 1A shows a three-dimensional view of a pattern that is formed by a block copolymer
with first and second polymeric block components A and B, while the pattern comprises an
ordered array of lamellaec composed of the polymeric block component B in a polymeric

matrix composed of the polymeric block component A;

FIG. 1B shows the top view of the pattern of FIG. 1A;

FIG. 2A shows a three-dimensional view of a pattern that is formed by a block copolymer
with first and second polymeric block components A and B, while the pattern comprises an
ordered array of cylinders composed of the polymeric block component B in a polymeric

matrix composed of the polymeric block component A;

FIG. 2B shows the top view of the pattern of FIG. 4A;

FIG. 3 illustrates the dimensions of the ordered array of lamellae and the relative dimensions

of a lithographic feature that can be used for precise placement of a single cylinder;

FIG. 4 illustrates the dimensions of the ordered array of cylinders and the relative
dimensions of a lithographic feature that can be used for precise placement of a single

cylinder;

FIGS. 5A-13B are cross-sectional and top views that illustrate exemplary processing steps
for reducing tip-to-tip spacing between lines according to one embodiment of the present

invention; and
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FIGS. 14A-23B are cross-sectional and top views that illustrate exemplary processing steps
for reducing tip-to-tip spacing between lines according to another embodiment of the present

invention.

Detailed Description of the Preferred Embodiments

It is understood that when an element, such as a layer, region or substrate, is referred to as
being “on” or “over” another element, it can be directly on the other element or intervening

clements may also be present.

The present invention combines the conventional photolithography technology with the
copolymer self-assembling lithographic techniques to reduce tip-to-tip spacing between

lines.

Specifically, a mask layer is first formed over the substrate containing a line structure. A
trench opening is then created in the mask layer by conventional lithography and etch
techniques. Such a trench opening has a relatively large width d which is consistent with the
resolutions of the conventional lithography technology. It is preferred that the trench
opening is above the line structure in the substrate and perpendicular to the line structure. A
thin layer of a self-assembling block copolymer is then applied over the mask layer. The
block copolymer layer preferably has a thickness ranging from about 10 nm to about 50 nm,
more preferably from about 15 nm to about 45 nm. The self-assembling block copolymer is
annealed to form an ordered pattern. The width of the trench opening is carefully selected so
that only a single unit polymer block can be formed inside the trench opening. The single
unit polymer block is embedded in a polymeric matrix and has a width or diameter of w
which is smaller than the width of the trench opening. The single unit polymer block can be
selectively removed to form a single opening of a width or diameter of w in the polymeric
matrix inside the trench opening. The single opening can then be used as a mask to form an

opening in the line structure in the substrate.

There are many different types of block copolymers that can be used for practicing the

present invention. As long as a block copolymer contains two or more different polymeric
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block components that are not immiscible with one another, such two or more different
polymeric block components are capable of separating into two or more different phases on
a nanometer scale and thereby form patterns of isolated nano-sized structural units under

suitable conditions.

In a preferred, but not necessary, embodiment of the present invention, the block copolymer
consists essentially of first and second polymeric block components A and B that are
immiscible with each other. The block copolymer may contain any numbers of the
polymeric block components A and B arranged in any manner. The block copolymer can
have either a linear or a branched structure. Preferably, such a block polymer is a linear

diblock copolymer having the formula of A-B.

Specific examples of suitable block copolymers that can be used for forming the structural
units of the present invention may include, but are not limited to: polystyrene-block-
polymethylmethacrylate (PS-b-PMMA), polystyrene-block-polyisoprene (PS-b-PI),
polystyrene-block-polybutadiene (PS-b-PBD), polystyrene-block-polyvinylpyridine (PS-b-
PVP), polystyrene-block-polyethylencoxide (PS-b-PEO), polystyrene-block-polyethylene
(PS-b-PE), polystyrene-block-polyorganosilicate (PS-b-POS), polystyrene-block-
polyferrocenyldimethylsilane (PS-b-PFS), polyethyleneoxide-block-polyisoprene (PEO-b-
PI), polyethylenecoxide-block-polybutadiene (PEO-b-PBD), polyethylencoxide-block-
polymethylmethacrylate (PEO-b-PMMA), polyethylencoxide-block-polyethylethylene
(PEO-b-PEE), polybutadiene-block-polyvinylpyridine (PBD-b-PVP), and polyisoprene-
block-polymethylmethacrylate (PI-b-PMMA).

The specific structural units formed by the block copolymer are determined by the molecular
weight ratio between the first and second polymeric block components A and B. For
example, when the ratio of the molecular weight of the first polymeric block component A
over the molecular weight of the second polymeric block component B is greater than about
80:20, the block copolymer will form an ordered array of spheres composed of the second
polymeric block component B in a matrix composed of the first polymeric block component
A. When the ratio of the molecular weight of the first polymeric block component A over

the molecular weight of the second polymeric block component B is less than about 80:20
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but greater than about 60:40, the block copolymer will form an ordered array of cylinders
composed of the second polymeric block component B in a matrix composed of the first
polymeric block component A. When the ratio of the molecular weight of the first
polymeric block component A over the molecular weight of the second polymeric block
component B is less than about 60:40 but is greater than about 40:60, the block copolymer
will form alternating lamellae composed of the first and second polymeric block components
A and B. Therefore, the molecular weight ratio between the first and second polymeric
block components A and B can be readily adjusted in the block copolymer of the present

invention, in order to form desired structural units.

In one preferred embodiment of the present invention, the ratio of the molecular weight of
the first polymeric block component A over the molecular weight of the second polymeric
block component B ranges from about 60:40 to about 40:60, so that the block copolymer of
the present invention will form an ordered array of lamellac composed of the second
polymeric block component B in a matrix composed of the first polymeric block component
A, as shown in FIGS. 1A and 1B. Preferably, the second polymeric block component B can
be selectively removable relative to the first polymeric block component A, thereby resulting
in either isolated and orderly arranged structural units composed of the un-removed
component, or a continuous structural layer containing isolated and orderly arranged cavities

left by the removable component B.

In a particularly preferred embodiment of the present invention, the block copolymer used
for forming the self-assembled periodic patterns of the present invention is PS-b-PMMA

with a PS:PMMA molecular weight ratio ranging from about 60:40 to about 40:60.

In another preferred embodiment of the present invention, the ratio of the molecular weight
of the first polymeric block component A over the molecular weight of the second polymeric
block component B ranges from about 80:20 to about 60:40, so that the block copolymer of
the present invention will form an ordered array of cylinders composed of the second
polymeric block component B in a matrix composed of the first polymeric block component
A, as shown in FIGS. 2A and 2B. Preferably, the second polymeric block component B can

be selectively removable relative to the first polymeric block component A, thereby resulting
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in either isolated and orderly arranged structural units composed of the un-removed
component, or a continuous structural layer containing isolated and orderly arranged cavities

left by the removable component B.

In a particularly preferred embodiment of the present invention, the block copolymer used
for forming the self-assembled periodic patterns of the present invention is PS-b-PMMA

with a PS:PMMA molecular weight ratio ranging from about 80:20 to about 60:40.

In order to form the self-assembled periodic patterns, the block copolymer is first dissolved
in a suitable solvent system to form a block copolymer solution, which is then applied onto a
surface to form a thin block copolymer layer, followed by annealing of the thin block
copolymer layer. The solvent system used for dissolving the block copolymer and forming
the block copolymer solution may comprise any suitable solvent, including, but not limited
to: toluene, propylene glycol monomethyl ether acetate (PGMEA), propylene glycol
monomethyl ether (PGME), and acetone. The block copolymer solution preferably contains
the block copolymer at a concentration ranging from about 0.1 % to about 2 % by total
weight of the solution. More preferably, the block copolymer solution contains the block
copolymer at a concentration ranging from about 0.5 wt% to about 1.5 wt%. Ina
particularly preferred embodiment of the present invention, the block copolymer solution

comprises about 0.5 wt% to about 1.5 wt% PS-b-PMMA dissolved in toluene or PGMEA.

The block copolymer solution can be applied to the surface of a device structure by any
suitable techniques, including, but not limited to: spin coating, spraying, ink coating, and dip
coating. Preferably, the block copolymer solution is spin coated onto the surface of a

substrate to form a thin block copolymer layer.

The substrate is then annealed to effectuate micro-phase segregation of the different block
components contained by the block copolymer. Annealing of the self-assembling block
copolymer in the present invention can be achieved by various methods known in the art,
including, but not limited to: thermal annealing (either in a vacuum or in an inert atmosphere
containing nitrogen or argon), ultra-violet annealing, laser annealing, solvent vapor-assisted

annealing, or supercritical fluid-assisted annealing.
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In a preferred embodiment of the present invention, a thermal annealing step is carried out to
anneal the block copolymer layer at an elevated annealing temperature that is above the glass
transition temperature (T,) of the block copolymer, but below the decomposition or
degradation temperature (T4) of the block copolymer. Preferably, the thermal annealing step
is carried out at an annealing temperature of about 100°C to about 250°C. More preferably,
the annealing temperature is from about 130°C to about 230°C. The thermal annealing may
last from about 30 minutes to about 10 hours, more preferably, from about 40 minutes to

about 80 minutes.

The block copolymer, when applied and annealed on a planar surface, self-assembles into an
ordered array of multiple structural units comprising said polymeric block component B
embedded in a polymeric matrix comprising said first polymeric block component A. Each
of said multiple structural units has a width or diameter w and is spaced apart from each

other in the ordered array by a distance s (FIGS. 3 and 4).

In the present invention, the dimension of the trench opening in the mask layer is adjusted so
that only a single unit polymer block can be formed and placed inside the trench opening
from the self-assembling block copolymer. In order to achieve formation and placement of
such a single structure unit inside the trench opening, it is preferred that the width of the
trench opening d is more than 0.6 (w + s), but less than 1.5 (w + 5). For example, when w
ranges from about 10 nm to about 50 nm and s ranges from about 10 nm to about 60 nm, d

may range from about 40 nm to about 160 nm.

FIGS. 5A-13B are cross-sectional and top views that illustrate exemplary processing steps
for reducing tip-to-tip spacing between lines according to one embodiment of the present

invention.

FIG. 5A shows the cross-sectional view of a substrate 10 with a line structure 12 on it. The
cross-section site is across the line structure, as shown in FIG. 5B. The line structure is
formed by any conventional lithography techniques. Preferably, the line structure is a gate
line structure. The substrate in the present invention is suitably any substrate conventionally

used in lithography processes. For example, the substrate can be silicon, silicon oxide,
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aluminum-aluminum oxide, gallium arsenide, ceramic, quartz, copper or any combination

thereof including multilayers.

A mask layer 16 is formed over the substrate 10, as shown in FIGS. 6A and 6B. The mask
layer 16 may comprise any suitable organic or inorganic photosensitive materials that can be
patterned by conventional lithography techniques. In a preferred embodiment, mask layer
16 is a photoresist. More preferably, mask layer 16 is a Si-containing photoresist. The mask
layer may be applied by virtually any standard means including spin coating. The mask
layer may be baked (PAB) to remove any solvent and improve the coherence of the mask
layer. The preferred range of the PAB temperature is from about 70 °C to about 150 °C,
more preferably from about 90 °C to about 130 °C. A typical bake time is from about 60
seconds to about 90 seconds. The preferred range of thickness of the mask layer is from

about 20 nm to about 400 nm, more preferably from about 50 nm to about 300 nm.

Optionally, but not necessarily, an underlayer 14 may be applied over the substrate 10 with
the line structure 12 before the mask layer 16 is formed, as shown in FIGS. 7A and 7B. The
underlayer 14 is a planarizing layer used for leveling the topography of the substrate. Both
organic and inorganic planarizing materials commonly used in photolithographic processes
can be used in forming the underlayer 14. The thickness of the underlayer 14 is preferably

from about 50 nm to about 300 nm.

Next, a lithographic process is performed over the mask layer 16 to create a trench opening
18 in the mask layer, and the upper surface of the underlayer 14 is exposed through the
trench opening 18. The lithographic process involves conventional lithography and resist
development steps. Specifically, the mask layer 16 is first exposed to a desired pattern of
radiation (not shown). The exposed mask layer 16 is then developed in a conventional resist
developer to form the trench opening 18 in the mask layer 16. The trench opening 18 has a
width d that ranges from about 30 nm to about 200 nm, more preferably from about 40 nm to
about 160 nm. It is preferred that the trench opening is above the line structure 12 in the

substrate 10 and perpendicular to the line structure 12, as shown in FIGS. 8A and §B.
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Optionally, but not necessarily, the interior surfaces of the trench opening 18 are treated
before the application of a layer of a block copolymer to adjust the surface affinities of a
specific surface to the different block components of the block copolymer. Specifically, one
or more surface layers are formed over the bottom surface and/or sidewall surfaces of the
trench opening 18. These surface layers can provide the desired surface affinities for
aligning the lamellar or cylindrical unit polymeric block formed by the block copolymer

layer inside the trench opening 18.

If a surface has substantially the same surface affinity to both block components A and B of
a block copolymer, such a surface is considered a neutral surface or a non-preferential
surface, i.¢., both block components A and B can wet such a surface. In contrast, if a surface
has significantly different surface affinities for the block components A and B, such a
surface is then considered a preferential surface, i.c., only one of block components A and B
can wet such a surface, but the other cannot. For example, surfaces comprising one of
silicon native oxides, silicon oxides, and silicon nitrides are preferentially wetted by PMMA
block components, but not by PS block components. Therefore, such surfaces can be used
as preferential surfaces for PS-b-PMMA block copolymers. On the other hand, a monolayer
comprising a substantially homogenous mixture of PS and PMMA components, such as a
random PS-r-PMMA copolymer layer, provides a neutral surface or a non-preferential

surface for PS-b-PMMA block copolymers.

In order to form lamellar polymeric blocks that are aligned perpendicular to the bottom
surface of the trench opening 18 from PS-b-PMMA, it is desired to deposit a neutral or non-
preferential monolayer (e.g., a substantially homogenous mixture of PS and PMMA
components) over the bottom surface of the trench opening 18, while the sidewall surfaces of
the trench opening 18, which preferably comprise silicon nitrides or oxides, are either left
untreated or are coated with a preferential wetting material (e.g., silicon native oxides,

silicon oxides, and silicon nitrides). In this manner, the lamellar polymeric blocks formed
from PS-b-PMMA will stand perpendicular to the bottom surface of the trench opening 18

and also perpendicular to the upper surface of said line structure
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A thin layer of a self-assembling block copolymer 20 is applied over the mask layer 16,
including the trench opening 18, as shown in FIGS. 9A and 9B. The block copolymer layer
20 preferably has a thickness that ranges from about 10 nm to about 50 nm, more preferably

from about 15 nm to about 45 nm.

In a preferred embodiment, the block copolymer layer 20 is a diblock copolymer comprising
a first and a second polymeric block components A and B with a molecular weight ratio
ranging from about 60:40 to about 40:60. More preferably, the block copolymer layer 20 is
a PS-b-PMMA block copolymer with a PS:PMMA molecular weight ratio ranging from
about 60:40 to about 40:60. Such a PS-b-PMMA block copolymer, when applied and
annealed on a planar surface, self-assembles into an ordered array of PMMA lamellae in a
PS matrix. However, because of the trench opening 18 of the width d in the mask layer 16,
annealing of the block copolymer layer 20 results in only a single PMMA lamella 20A
embedded in a PS matrix 20B inside the trench opening 18, as shown in FIGS. 10A and 10B.
The PMMA lamella 20A has a width w which is smaller than the width d and ranges from

about 5 nm to about 60 nm, preferably from about 10 nm to about 50 nm.

Next, the single lamella 20A is selectively removed to form the single opening 22 of the
width w, as shown in FIGS. 11A and 11B. For example, when the block copolymer layer 20
is a PS-b-PMMA block copolymer, the single lamella 20A can be selectively removed by
immersing the entire structure as shown in FIGS. 10A and 10B in an acetic acid aqueous

solution containing about 62% of acetic acid for a duration of about 1 minute.

The single opening 22 is then used as a mask in an etch transfer process to form an opening
24 in the line structure 12, exposing the upper surface of the substrate 10, as shown in FIGS.
12A and 12B. The etch transfer process may involve one or more dry or wet etch steps. It is
possible that the entire or part of the block copolymer layer 20, the mask layer 16 and the

underlayer 14 are removed during the etch transfer process.

Any remaining block copolymer layer 20, mask layer 16 and underlayer 14 after performing
the etch process is stripped from the substrate, exposing the line structure 12 and the upper

surface of the substrate 10 not covered by the line structure 12, as shown in FIGS. 13A and
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13B. The opening 24 cuts the line structure 12 into two lines 12A and 12B. The tip-to-tip
spacing between these two lines 12A and 12B is thus the width of the opening 24. Since the
single opening 22 has a width w in the range from about 5 nm to about 60 nm, preferably
from about 10 nm to about 50 nm, the width of the opening 24 is also in the similar range.
Such a small tip-to-tip spacing between these two lines 12A and 12B cannot be formed by

the conventional lithography techniques.

FIGS. 14A-23B are cross-sectional and top views that illustrate exemplary processing steps
for reducing tip-to-tip spacing between lines according to another embodiment of the present
invention. This embodiment involves many steps that are the same as those in the previous

embodiment, as illustrated in FIGS. 5A-13B.

FIG. 14A shows the cross-sectional view of a substrate 10 with a line structure 12 on it. The

cross-section site is across the line structure, as shown in FIG. 14B.

A first mask layer 15 is formed over the substrate 10 and a second mask layer 17 is formed
over the first mask layer 15, as shown in FIGS. 15A and 15B. The first mask layer 15 may
comprise any suitable mask material, such as an oxide, nitride, or oxynitride, and it can be
deposited by well known techniques such as chemical vapor deposition (CVD), plasma-
assisted CVD, atomic layer deposition (ALD), evaporation, reactive sputtering, chemical
solution deposition and other like deposition processes. Preferably, the first mask layer 15

comprises silicon nitride and is deposited by a CVD process.

The second mask layer 17 may comprise any suitable organic or inorganic photosensitive
materials that can be patterned by conventional lithography techniques. In a preferred
embodiment, the second mask layer 17 is a photoresist. The second mask layer 17 may be
applied by virtually any standard means including spin coating. The second mask layer 17
may be baked (PAB) to remove any solvent and improve the coherence of the mask layer.
The preferred range of the PAB temperature is from about 70 °C to about 150 °C, more
preferably from about 90 °C to about 130 °C. A typical bake time is from about 60 seconds
to about 90 seconds. The preferred range of thickness of the second mask layer 17 is from

about 20 nm to about 400 nm, more preferably from about 50 nm to about 300 nm.
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Optionally, but not necessarily, an underlayer 14 may be applied over the substrate 10 with
the line structure 12 before the first mask layer 15 is formed, as shown in FIGS. 16A and
16B.

Next, a lithographic process is performed over the second mask layer 17 to create a trench
opening 18 in the mask layer, and the upper surface of the first mask layer 15 is exposed
through the trench opening 18. The lithographic process involves conventional lithography
and resist development steps. The trench opening 18 has a width d that ranges from about
30 nm to about 200 nm, more preferably from about 40 nm to about 160 nm. It is preferred
that the trench opening is above the line structure 12 in the substrate 10 and perpendicular to

the line structure 12, as shown in FIGS. 17A and 17B.

Optionally, but not necessarily, the interior surfaces of the trench opening 18 are treated
before the application of a layer of a block copolymer to adjust the surface affinities of a
specific surface to the different block components of the block copolymer, as described in

the previous embodiment.

A thin layer of a self-assembling block copolymer 20 is applied over the second mask layer
17, including the trench opening 18, as shown in FIGS. 18A and 18B. The block copolymer
layer 20 preferably has a thickness that ranges from about 10 nm to about 50 nm, more

preferably from about 15 nm to about 45 nm.

In a preferred embodiment, the block copolymer layer 20 is a diblock copolymer comprising
a first and a second polymeric block components A and B with a molecular weight ratio
ranging from about 60:40 to about 40:60. More preferably, the block copolymer layer 20 is
a PS-b-PMMA block copolymer with a PS:PMMA molecular weight ratio ranging from
about 60:40 to about 40:60. Because of the trench opening 18 of the width d in the second
mask layer 17, annealing of the block copolymer layer 20 results in only a single PMMA
lamella 20A embedded in a PS matrix 20B inside the trench opening 18, as shown in FIGS.
19A and 19B. The PMMA lamella 20A has a width w which is smaller than the width 4 and

ranges from about 5 nm to about 60 nm, preferably from about 10 nm to about 50 nm.
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The single lamella 20A is selectively removed to form the single opening 22 of the width w

in the matrix 20B, as shown in FIGS. 20A and 20B.

The single opening 22 is then used as a mask in a first etch transfer process to form an
opening 23 in the first mask layer 15, as shown in FIGS. 21A and 21B. The first etch
transfer process may involve one or more dry or wet etch steps. It is possible that the entire
or part of the block copolymer layer 20 and the second mask layer 17 are removed during the

etch transfer process.

In a second etch transfer process, the opening 23 is used as a mask to form an opening 24 in
the line structure 12, exposing the upper surface of the substrate 10, as shown in FIGS. 22A
and 22B. The etch transfer process may involve one or more dry or wet etch steps. It is
possible that the entire or part of the block copolymer layer 20, the second mask layer 17, the

first mask layer 15 and the underlayer 14 are removed during the etch transfer process.

Any remaining block copolymer layer 20, the second mask layer 17, the first mask layer 15
and the underlayer 14 after performing the etch process is stripped from the substrate,
exposing the line structure 12 and the upper surface of the substrate 10 not covered by the
line structure 12, as shown in FIGS. 23A and 23B. As described in the previous
embodiment, the opening 24 cuts the line structure 12 into two lines 12A and 12B. The tip-
to-tip spacing between these two lines 12A and 12B is thus the width of the opening 24

which ranges from about 5 nm to about 60 nm, preferably from about 10 nm to about 50 nm.
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CLAIMS

1. A method for reducing tip-to-tip spacing between lines comprising the steps of:

providing a substrate and a line structure in said substrate;

forming a first mask layer over said substrate;

performing a lithographic process over said first mask layer to create a trench
opening of a width d in said first mask layer, wherein said trench opening is above said line
structure in said substrate and perpendicular to said line structure;

applying a layer of a block copolymer over said first mask layer, wherein said block
copolymer comprises at least first and second polymeric block components A and B
respectively that are immiscible with each other;

annealing said block copolymer layer to form a single unit polymer block of a width
or a diameter w inside said trench opening, wherein w < d, and wherein said single unit
polymer block comprises said polymeric block component B and is embedded in a
polymeric matrix that comprises said first polymeric block component A;

selectively removing said second polymeric block component B to form a single
opening of a width or a diameter w in said polymeric matrix inside said trench opening; and

performing a first etch transfer process using said single opening as a mask to form

an opening in said line structure in said substrate.

2. The method of claim 1, further comprising forming an underlayer over said substrate,

before forming said first mask layer.

3. The method of claim 2, further comprising stripping any remaining block copolymer

layer, first mask layer and underlayer, after performing said etch transfer process.

4. The method of any of claims 1 to 3, wherein said annealing is performed at a

temperature from about 130 °C to about 230 °C.

5. The method of any of claims 1 to 4, wherein said annealing is performed from about

40 minutes to about 80 minutes.
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6. The method of any of claims 1 to 5, wherein said layer of said block copolymer has a
thickness from about 15 nm to about 45 nm.
7. The method of any of claims 1 to 6, wherein said block copolymer, when applied and

anncaled on a planar surface, self-assembles into an ordered array of multiple structural units
comprising said polymeric block component B embedded in a polymeric matrix comprising
said first polymeric block component A, wherein each of said multiple structural units has
said width or diameter w, wherein said multiple structural units are spaced apart from each

other in said ordered array by a distance s, and wherein 0.6 (w+s5) <d < 1.5 (w + s).

8. The method of claim 7, wherein w ranges from about 10 nm to about 50 nm and s
ranges from about 10 nm to about 60 nm, and wherein d ranges from about 40 nm to about

160 nm.

9. The method of any of claims 1 to 8, wherein said block copolymer comprises said
first and second polymeric block components A and B, respectively, at a weight ratio of
from about 60:40 to about 40:60, and wherein the single unit polymer block comprises a

lamella that stands perpendicular to the upper surface of said line structure.

10.  The method of any of claims 1 to 9, wherein said block copolymer is a diblock
copolymer selected from the group consisting of polystyrene-block-polymethylmethacrylate
(PS-b-PMMA), polystyrene-block-polyisoprene (PS-b-PlI), polystyrene-block-polybutadiene
(PS-b-PBD), polystyrene-block-polyvinylpyridine (PS-b-PVP), polystyrene-block-
polyethylencoxide (PS-b-PEQO), polystyrene-block-polyethylene (PS-b-PE), polystyrene-
block-polyorganosilicate (PS-b-POS), polystyrene-block-polyferrocenyldimethylsilane (PS-
b-PFES), polyethylencoxide-block-polyisoprene (PEO-b-PI), polyethylencoxide-block-
polybutadiene (PEO-b-PBD), polyethylencoxide-block-polymethylmethacrylate (PEO-b-
PMMA), polyethylencoxide-block-polyethylethylene (PEO-b-PEE), polybutadiene-block-
polyvinylpyridine (PBD-b-PVP), and polyisoprene-block-polymethylmethacrylate (PI-b-
PMMA).
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11. A method of any of claims 1, 4 to 10, wherein the method further comprises the steps
of:

forming a second mask layer over said substrate, wherein the second mask layer is
under said first mask layer; and

wherein said first etch transfer process comprises:

performing a second etch transfer process using said single opening as a mask to
form an opening in said second mask layer; and

performing a third etch transfer process using said opening in said second mask layer

as a mask to form an opening in said line structure in said substrate.

12. The method of claim 11, further comprising forming an underlayer over said

substrate, before forming said second mask layer.

13.  The method of claim 12, further comprising stripping any remaining block
copolymer layer, first mask layer, second mask layer and underlayer, after performing said
third etch transfer process using said opening in said second mask layer as a mask to form

said opening in said line structure in said substrate.
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