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We present block copolymer multiple patterning as an efficient and truly scalable nanolithography for
sub-20 nm scale patterning, synergistically integrated with conventional ArF lithography. The directed
assembly of block copolymers on chemically patterned substrates prepared by ArF lithography
generated linear vertical cylinder arrays with a 20 to 30 nm diameter, enhancing the pattern density of
the underlying chemical patterns by a factor of two or three. This self-assembled resolution
enhancement technique affords a straightforward route to highly ordered sub-20 nm scale features
via conventional lithography.

Introduction
Photolithography is a key enabling technology that has served
for the continuous miniaturization of semiconductor devices.
The successful scaling down of photolithography for sub-30 nm
scale patterning is an urgent and decisive requirement for
creating novel nanodevices as well as next generation CMOS
technology.1,2 However, conventional projection photolithography, established upon the simple principle of mask-through
radiation of photosensitive materials, is close to its intrinsic
resolution limit defined by optical scattering and the complexity
of illuminating systems.
Double patterning is a promising resolution enhancement
technique widely used in conjunction with conventional photolithography. Multiple cycles of overlaid exposing and etching
steps may generate a pattern whose minimum pattern resolution
reaches half of the optical resolution limit (see Fig. 1a).3–5 Several
approaches such as self-aligned double patterning and positive/
negative tone double patterning have been exploited such that
the pattern resolution of conventional photolithography could
be enhanced without any high energy beam source or high
refractive index fluid immersion. Nevertheless, these approaches
involving multiple exposing steps are highly sensitive to overlay
errors between multiple exposures and require complex mask
design and highly sensitive photoresists.6,7
We developed block copolymer multiple patterning, which can
produce sub-20 nm scale dimensions via a single exposure step,
synergistically combining conventional 193 nm ArF projection
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photolithography with block copolymer self-assembly. Block
copolymers are self-assembling polymeric materials consisting of
covalently linked, immiscible macromolecular blocks. The
microphase separation of immiscible macromolecular blocks
results in spontaneous assembly into periodic arrays of nanoscale
spheres, cylinders, or lamellae whose characteristic dimensions
are tunable in the range 3–50 nm.8,9 Block copolymer lithography
utilizes the nanoscale self-assembled morphology of block
copolymer thin films as templates for nanofabrication.10–24
Recently, block copolymer lithography was used in air-gap
technology for semiconductor devices, where the vacuum gap
generated by means of the block copolymer nanoporous
template remarkably relieves the interference between neighboring conducting wires.25,26 For further progress of block
copolymer lithography towards laterally ordered, addressable
nanopatterning, the integration of block copolymer assembly
with a pre-existing lithographic process is highly demanded.12–15
In this work, we employed block copolymer lithography to
enhance the pattern density of conventional 193 nm ArF
projection photolithography, which is currently used in the massproduction of commercial semiconductor devices and anticipated to serve for device fabrication for a while due to the
technological barriers for the development of illumination
systems using shorter wavelength light sources such as EUV
(l ¼ 13.5 nm). In our approach, unlike conventional photolithography which produces a topographic photoresist pattern,
a stripe surface pattern having periodic variation of surface
chemistry is produced by ArF lithography. Owing to the
modulated interfacial tension of the surface pattern towards the
chemically heterogeneous self-assembled morphology, directed
assembly of asymmetric block copolymer blend films upon the
surface chemical pattern (pattern pitch, Ls: 143 nm) generated
highly-ordered, multiple arrays of self-assembled cylinders with
a layer pitch (Ll) of 30 to 60 nm, which enhanced the surface
pattern density prepared by ArF photolithography by a factor of
two or three. This approach, requiring only a single exposure and
no intermediate etching, is highly compatible to continuous
device processing and greatly diminishes the burden for overlay
This journal is ª The Royal Society of Chemistry 2010
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Fig. 1 Schematic description contrasting the conventional double patterning lithography with the block copolymer multiple patterning lithography.
(a) Conventional double patterning requires multiple cycles of exposing and etching steps. (b) Block copolymer multiple patterning requires only a single
exposure step and no intermediate etching step. Directed block copolymer assembly into multiple cylinder arrays enhances the pattern density of the
surface chemical pattern prepared by conventional ArF lithography by a factor of two or three.

control and complex mask design. Most significantly, this
approach successfully overcomes the intrinsic optical resolution
limit of conventional photolithography by combining with selfassembling materials. While the state-of-art mass-producible
photolithographic process employing immersion lithography can
achieve the pattern pitches of 78 nm scale for line-and-space
pattern and 115 nm for contact holes, our block copolymer
multiple patterning routinely generates linearly arrayed sub20 nm scale nanoholes or nanopillars.

Experimental
Materials
Polished 8 in. diameter silicon wafers were obtained from
SUMCO. All block copolymers used in this study were
purchased from Polymer Source, Inc. Hydroxyl-terminated
random copolymer (PS-r-PMMA) with a narrow molecular
weight distribution was prepared by a living free-radical polymerization. Tetraethylammonium hydroxide (TEAH), anhydrous toluene and cyclohexanone were purchased from Aldrich
and used as received. Chemicals for a ‘spin-on carbon’ layer and
‘spin-on silicon’ layer were obtained from Nissan chemicals and
ShinEtsu chemicals, respectively. Deionized water (18 MU) was
used throughout the experiments.
Preparation of an ARC coated silicon substrate
A 200 nm thick spin-on carbon (SOC) layer was spin cast on
a silicon wafer and baked at 250  C for 1 min. An 80 nm thick
spin-on silicon anti-reflective coating layer (Si-ARC) was spin
This journal is ª The Royal Society of Chemistry 2010

cast on the SOC layer and baked at 250  C for 1 min for curing.
The prepared trilayered substrate was immersed in an aqueous
solution of tetraethylammonium hydroxide (0.5 wt%) for 30 min
to incorporate reactive hydroxyl functional groups at the surface
of the Si-ARC layer. After sufficient cleaning with deionized
water, the wafer was dried under a dry N2 stream.
Formation of the polymer brush imaging layer
A thin layer of end-functionalized random copolymer, hydroxylterminated PS-r-PMMA (Mw ¼ 40 kg/mol, 58 vol% styrene,
42 vol% methy methacrylate, PDI ¼ 1.9) was spin coated on the
surface functionalized trilayered substrate from a toluene solution. A monolayer brush of the random copolymer was covalently linked to the substrate surface by vacuum annealing at
160  C for 72 h. The ungrafted brush layer was spin-washed by
toluene.
Chemical prepatterning via ArF photolithography
A 160 nm thick photoresist (ShinEtsu) for an ArF wavelength
(193 nm) was spin coated on the surface of the polymer brush
imaging layer. Soft bake (110  C) was applied to remove residual
solvents and densify the photoresist layer. A Nikon S-308 ArF
scanner equipped with a photomask having a 1:1 line-and-space
(L/S) ratio and pattern pitch of 143 nm was used for exposure.
After exposure and subsequent development, the patterned wafer
was dried at 100  C for 1 min. The SEM measurements of the
patterns revealed a 1:1 L/S ratio with a 143 nm pattern pitch. The
L/S ratio was further tuned to 3:1 by thermal flow of photoresist
Soft Matter, 2010, 6, 120–125 | 121
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performed at 150  C for 40 s. The asymmetrically L/S patterned
wafer was placed in an O2 plasma chamber for 20 s to induce
selective oxidation of the brush layer exposed to air in the narrow
space of the photoresist pattern. After plasma treatment, the
remaining photoresist was completely washed to leave a highly
asymmetric chemical pattern consisting of alternating wide
neutral and narrow polar stripes.
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Pattern density enhancement by directed block copolymer
assembly
Binary blends of cylinder-forming diblock copolymers (PS-bPMMA1; Mn of PS block: 46.1 kg/mol, Mn of PMMA block:
21 kg/mol, PDI ¼ 1.08 and PS-b-PMMA2; Mn of PS block:
140 kg/mol, Mn of PMMA block: 60 kg/mol, PDI ¼ 1.09) were
prepared by solution mixing in toluene. The pattern period of the
hexagonal packed cylinder morphology of block copolymer
blends was tuned by blend composition. A 20 nm thick binary
blend thin film was spin-coated on the chemically patterned
surface from toluene solution and annealed at 190  C to induce
directed assembly.

Table 1 Characteristic dimensions for the self-assembled nanoscale
morphologies of asymmetric PS-b-PMMA block copolymer blend filmsa
f

Lc (nm)

Ll (nm)

Ls/Ll

0
0.2
0.4
0.5
0.6
0.8
1

35.7
42
48.8
53.4
56.9
63
70

30.9
36.3
42.2
46.2
49.2
54.5
60.6

4.62
3.93
3.38
3.09
2.9
2.62
2.35

Morphology

Fig. 3c
Fig. 3b
Fig. 3a

a
f: Weight fraction of PS-b-PMMA2 in the binary blends of PS-bPMMA1 and PS-b-PMMA2, Lc: center to center distance between
neighboring cylinders of a blend film, Ll: cylinder layer spacing of
a blend film, Ls: surface chemical pattern pitch, 143 nm .

Pattern transfer into a metal nanodot array and silica nanopillar
array
A multiple patterned block copolymer thin film was exposed to
a UV radiation to selectively degrade PMMA cylinders and
crosslink the PS matrix. The degraded PMMA cylinders were
completely cleaned by O2 RIE. The remaining crosslinked
nanoporous PS layer was used as a deposition mask. A 10 nm
thick Al film was selectively deposited through a PS nanotemplate, which was subsequently lifted-off by sonication. A
well-ordered Al nanodot array precisely replicating the block
copolymer multiple patterned morphology was produced over
a large area The metal nanodot array was used as the etching
mask for CF4 RIE of the underlying ARC layer. Silica pillar
arrays were created by RIE over a large area.

Results and discussion
We used the binary blends of two asymmetric poly(styrene-blockmethyl methacrylate) copolymers (PS-b-PMMA1; Mn of PS
block: 46.1 kg/mol, Mn of PMMA block: 21 kg/mol and PS-bPMMA2; Mn of PS block: 140 kg/mol, Mn of PMMA block:
60 kg/mol) forming the hexagonally packed PMMA cylinder in
the PS matrix as self-assembling polymers. As summarized in
Table 1, the cylinder layer spacing (Ll) varied from 30.9 nm to
60.6 nm with blend composition (f) (see ESI†, Fig. S1). Fig. 1b
schematically describes the block copolymer multiple patterning
procedure. A photoresist layer was spin-coated upon a substrate
surface neutrally modified with a random copolymer brush
(polystyrene-random-poly(methyl methacrylate); PS-r-PMMA)
layer.27 A single exposure step using ArF projection photolithography and the following thermal flow process generated the
line-and-space pattern of a photoresist whose pattern pitch was
143 nm and line width and spacing (L/S) ratio was highly
asymmetric (approximately 3:1). An oxygen plasma treatment
over the entire substrate surface selectively oxidized the polymer
brush layer exposed in the narrow space region of the photoresist
pattern.28 After solvent washing of the photoresist, a highly
122 | Soft Matter, 2010, 6, 120–125

asymmetric chemical pattern consisting of an alternating wide
(105 nm) neutral stripe and a narrow (35 nm) oxidized polar
stripe remains on the substrate surface, replicating the topographic pattern of the photoresist. A thin film of block copolymer blends was spin-coated upon the asymmetric chemical
pattern and thermally annealed. Multiple arrays of vertical
cylinders were spontaneously assembled along the underlying
stripe pattern, greatly enhancing the pattern density of the lithographically defined underlying chemical pattern.
A crucial requirement for successful block copolymer multiple
patterning is the preparation of a well-defined substrate prepattern with a highly asymmetric L/S ratio. We accomplished
this task by means of conventional ArF Lithography. Unlike
high energy light sources such as EUV or E-beam which can
generate an ultrafine nanopattern in the photoresist layer on

Fig. 2 A series of SEM images of the photoresist pattern created by
conventional ArF lithography and subsequent thermal flow. (a) Plain
view of a photoresist pattern with poor line edge roughness, prepared
without an anti-reflective coating (ARC) layer in the underlying
substrate. (b) Plain and cross-sectional (inset) views of a symmetric
photoresist pattern prepared with an ARC layer. A 200 nm thick spin-oncarbon (SOC) layer and an 80 nm thick silsesquioxane based ARC
(Si-ARC) layer were deposited on the underlying silicon substrate.
(c) Plain view and cross-sectional (inset) of a highly asymmetric photoresist pattern whose line/spacing ratio was tuned by a thermal flow
process.

This journal is ª The Royal Society of Chemistry 2010

Published on 17 September 2009. Downloaded on 8/23/2018 12:00:36 PM.

View Article Online

a bare Si substrate, an ArF excimer laser having a long wavelength of 193 nm requires an antireflective coating (ARC) layer
to prevent pattern distortion due to beam reflection at the Si
surface. Fig. 2a presents the plane view of a photoresist pattern
with a poor line edge roughness generated by ArF lithography
without an ARC layer. Upon exposure to an ArF excimer laser,
the beam reflected at the Si surface and interfered with the
incoming beam to generate the intensity profile, resulting in
a poor line edge of the photoresist pattern. In order to enhance
the pattern fidelity, a 200 nm thick spin-on-carbon (SOC) layer
and an 80 nm thick silesquioxane based anti-reflective coating
(Si-ARC) layer were sequentially stacked on a silicon substrate
(Fig. 2b). This trilayered substrate is widely used in the massproduction of a commercial semiconductor device.29
The surface of the Si-ARC layer was covalently modified with
a neutral PS-r-PMMA brush layer that played a role of an
imaging layer for chemical patterning. This neutral brush layer
had an identical interfacial tension to PS and PMMA components such that thin film confinement induced surface perpendicular cylinder morphology in PS-b-PMMA copolymer blend
films.27 Furthermore, this layer could be selectively oxidized by
a lithographic process to constitute a surface pattern with
alternating neutral and oxidized polar (PMMA preferential)
stripes. Owing to the Si-ARC layer, a symmetric (1:1 L/S ratio)
stripe pattern of a photoresist with the pattern period of 143 nm
could be successfully prepared on a brush-treated substrate
surface, exactly replicating a photomask pattern. The symmetric
photoresist pattern was transformed into a highly asymmetric
line-and-space pattern by a thermal flow process performed at
150  C for 40 s (Fig. 2c). This L/S ratio tuning method, which
relies upon the thermoplastic deformation of a polymeric
photoresist at an elevated temperature, is widely utilized in the
commercial device manufacturing process for a narrow contact
hole or narrow space formation.30 The asymmetric topographic
pattern of the photoresist was replicated into a chemical pattern
of the underlying polymer brush imaging layer by selective O2
reactive ion etching (RIE).
Fig. 3 presents the nanoscale morphologies of various block
copolymer blend films assembled on the chemically patterned
substrates. Single or multiple arrays of vertical cylinders were
assembled along the underlying surface patterns (Fig. 3a–c). The
schematic illustration of the assembled morphology (Fig. 3e)
describes that the linear registry of vertical cylinder array is
enforced by the surface parallel cylinders assembled along the
PMMA preferential stripes of the surface pattern.31 Between two
neighboring surface parallel cylinders, vertical cylinder arrays
were assembled along the neutral part of surface pattern. Despite
the high energy penalty arising from the non-parallel arrangement of cylinders, this morphology consisting of an alternate
vertical cylinder array and parallel cylinder is the equilibrium
morphology for the cylinder forming block copolymers assembled on asymmetric neutral/preferential stripe patterns.31 In this
thin film morphology, the orientation of cylinders was dominantly determined by block copolymer film-substrate interfacial
energy such that surface perpendicular cylinder arrays were
assembled along the neutral stripe of surface pattern, while the
surface parallel cylinder was assembled along the PMMA preferential stripe of the surface pattern. In the plane view SEM
images, a weak trace of the single surface parallel cylinder is
This journal is ª The Royal Society of Chemistry 2010

Fig. 3 (a)–(c) Plane view SEM images of multiple patterned block
copolymer blend films assembled along chemically stripe patterned
surfaces (143 nm pitch). (a) Single, (b) double, and (c) triple arrays of
vertical cylinders were assembled as the cylinder layer period decreased
with a blend composition (see Table 1). Note that the AFM image shown
in (d) does not show any trace of surface parallel cylinders assembled at
the bottom of the blend film. (e) A schematic illustration of double
cylinder array morphology. The cross-hatched and transparent parts of
the bottom surface correspond to polar and neutral surfaces, respectively.

observed between the vertical cylinder arrays. In contrast, the
AFM image, shown in Fig. 3d, does not exhibit any trace of the
surface parallel cylinder at the top surface of the block copolymer
film (see ESI,† Fig. S2). This directed assembly of block copolymers into a complex morphology composed of orthogonally
arranged cylinders enables the facile production of linear arrays
of sub-20 nm-scale nanoholes or nanoposts, which are generally
considered extremely challenging to produce by means of
conventional ArF lithography.
The ordering of the multiple patterned morphology was
crucially dependent upon the ratio of the underlying surface
chemical pattern period (Ls) to the cylinder layer spacing of
block copolymer blends (Ll). As noted in Table 1, a highly
ordered double or triple cylinder array was created provided that
Ls/Ll was 3.09 or 3.93, respectively, which is close to the integer
value of 3 or 4. In contrast, the poorly ordered single layer
Soft Matter, 2010, 6, 120–125 | 123
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of this approach by employing the block copolymers with smaller
self-assembled pattern dimensions36 and advanced photolithography, such as immersion lithography and EUV projection
lithography, would contribute to the continued shrinkage of
critical device dimensions.
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Notes and references
cylinder array had a non-integer Ls/Ll value of 2.35. Further
optimization of the widths of the neutral and oxidized stripes of
the surface pattern and its commensurability with the cylinder
layer spacing of the block copolymer self-assembled morphology
is anticipated to promote the defect-free ordering of various
multiple patterned morphologies.
The block copolymer multiple patterned morphology could be
replicated into a linear metal nanodot or silica nanopillar array
by selective deposition or selective etching.32,33 Firstly, a multiple
patterned block copolymer thin film was exposed to UV radiation to selectively degrade the PMMA cylinders and crosslink the
PS matrix. The degraded PMMA cylinders were completely
removed by O2 plasma etching. The remaining nanoporous PS
layer was used as a deposition mask. Fig. 4a shows the double
array of aluminium (Al) nanodots prepared by selective deposition of 10 nm Al through a PS mask and the subsequent lift-off.
A well-ordered double array of Al nanodots that exactly replicated the double cylinder array morphology in a block copolymer thin film was produced over a large area (see ESI,† Fig. S3).
The average diameter of metal nanodots and their neighboring
center-to-center distance were 26 and 54 nm, respectively.
Interestingly, the surface parallel cylinder morphology assembled at the bottom of the block copolymer film did not leave any
trace in the pattern-transferred morphology. The metal nanodot
array could be further utilized as an etching mask for the
underlying silica ARC layer. Fig. 4b and 4c show the double
array of silica nanopillars prepared by CF4 RIE. Al metal dots
successfully played the role of an etching mask such that a double
array of silica pillars whose average height ranged from 30 to
50 nm could be created over a large area.

Conclusions
By integrating block copolymer assembly into a resolution
enhancement technique for conventional ArF lithography,
highly ordered linear arrays of a sub-20 nm scale cylinder
morphology could be created, and subsequently pattern-transferred into a nanodot or nanopillar array. We anticipate that
further engineering of this approach for diverse pattern shapes
and dimensions would afford various nanopatterned components for memory34 and photonic35 devices by means of
conventional ArF lithography. Moreover, further scaling down
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