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uring the past decade, much effort
Dhas been devoted to enhance the

areal density of bits for data storage
applications. Optical and e-beam lithogra-
phies have traditionally been used for fab-
ricating patterns with small feature sizes.
However, optical lithography has an intrin-
sic technological diffraction limit as to the
smallest feature size achievable."? E-beam
lithography, on the other hand, with excep-
tional spatial resolution, is a very promising
technique to achieve sub-100 nm patterns.
However, e-beam lithography is a high-cost,
serial writing process with too low through-
put for high-volume production.® Highly
parallel techniques, such as nanoimprint
lithography, have been developed that
overcome the cost and through-put impedi-
ments,* but they still require the fabrication
of a very costly master that must be pro-
duced by an alternative process.> Nonethe-
less, with a master in hand, nanoimprint
lithography will be the technique of choice
in the future for the large-scale fabrication
of nanoarrays or patterns of nanoscopic
elements.

The directed self-assembly (DSA) of block
copolymers (BCPs), a highly parallel process
where the orientation and placement of
BCP microdomains can be controlled by
topographical or chemical patterning of
surfaces,”~ " offers a simple, robust, and
rapid route to generate nanostructured ma-
terials. Moreover, features sized down to 3
nm have already been demonstrated with
the potential for extending this to even
smaller sizes, and as such, the limitation in
size scale has been overcome. Trench-pat-
terned substrates have been extensively
studied to control the lateral ordering of
the nanoscopic BCP microdomains in thin
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ABSTRACT We report the fabrication of ultradense circular nanolines of block copolymer (BCP)
microdomains over macroscopic areas. These lines were generated by the directed self-assembly
(DSA) of BCPs on the topographically patterned substrates, where the trenches with circular shape
are patterned on a flat substrate. The width of the trench and the distance between trenches are
varied for commensurability issues, and difference BCPs are used to demonstrate the generality of
this strategy. When a commensurability condition is satisfied, BCPs on the topographically patterned
substrates undergo a DSA with solvent annealing, resulting in a flat film with an areal density
amplification of the circular patterns over large areas. The methodology described here may provide
an easy approach to high densities of circularly shaped nanopatterns for data storage device
manufacturing.

KEYWORDS: block copolymer - solvent annealing - trench - areal density - circular
patterns

films 678107131316 However, there has been
little effort on generation of line patterns on
circular geometries over large areas, which
is of most relevance to industry.3 In addition,
most studies have focused on a geometry
where the depth of the trench (d,) was
larger than the center-to-center distance
between BCP microdomains in the bulk
(LZIB),Gfs”O*BJS’16 which limits the grain
size to the width of the trench (wy), as shown
in Figure 1A.

Recently, Russell and co-workers demon-
strated a DSA of BCPs using the faceted
substrates.'® The self-assembly of BCPs
was guided by the small amplitude ridges
of the facets rather than by a confinement
effect between facets. This DSA produced a
single grain of BCP microdomains over
macroscopic length scales. Here, by mi-
micking this faceted substrate, we use
shallow trenches in the form of a circle
to direct the self-assembly of BCPs. As
shown in Figure 1B, the depth of the
shallow circular trench (dy) is designed
to be much smaller than L, g. In addition,
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Figure 1. Graphical illustrations of (A) the conventional
trenches and (B) the shallow circular trenches prepared in
this work, where 1 is the width between trenches, w is the
width of the trench, d is the depth of the trench, and L, is
the center-to-center distance between BCP microdomains
in the bulk.
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Figure 2. Graphical illustrations and the SEM images of
three different kinds of circularly patterned areas, and the
magnifications of (A) inner (/59 go), (B) middle (M3 95), and (C)
outer (O34,121) rim regions. (D) Graphical illustrations for d,
Asctr and Wy

the width of the shallow circular trench (wy) and the
distance between the shallow circular trenches (1s.)
are varied to address commensurability issues. We
describe a simple method to obtain circular nanopat-
terns of BCPs with a well-defined orientation over
macroscopic areas using the shallow circular trenches
prepared in this study.

RESULTS AND DISCUSSION

Figure 2 shows schematics and scanning electron
microscope (SEM) images of a topographically pat-
terned substrate that contains three different kinds of
circularly patterned regions. The inner rim region
(129,80), the middle rim region (M3, ), and the outer
rim region (O34,121) have the same width of 500 um, but
each rim region has its own topography: l»9g0, M31.90,
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Figure 3. SFM height images of the defect-free faceted
substrate. (C) Cross sectional line scan from (B). SFM height
images of PS-b-PEO (M,, = 26.5 kg/mol) thin films with a
thickness of 38.0 nm on (A) /59 go, (B) 034,121, and (C) M34,99
after solvent annealing. The inset in (C) is the magnification
of (C). (D) Moiré patterns of a highly ordered PS-b-PEO thin
film on M3,,90. All the scale bars are 500 nm.

and 034127 have widths of 29, 31, and 34 nm with
distances between the trenches of 80,99, and 121 nm,
respectively. Thin films of cylinder-forming polysty-
rene-b-poly(ethylene oxide) (PS-b-PEO) (M, = 26.5 kg/
mol with a center-to-center domain spacing of the
solvent-annealed cylindrical PEO microdomains or-
iented normal to the surface (L;,,) = 32.3 nm) with a
film thickness of 38.0 nm (on a smooth flat surface)
were prepared on these circularly patterned substrates
and then exposed to THF and water to induce lateral
ordering of the PS-b-PEO.

Figure 3 shows scanning force microscopy (SFM)
images of PS-b-PEO thin films on /980, M37.99, and

voL.5 = No.4 = 2855-2860 = 2011 ACNJANC)

WWW.acsnano.org

2856



(nm)

Cylinders Merging Cylinders
perpendicular or parallel
to the Substrate Fusing to the Substrate

Figure 4. (A) Cross sectional line scan of a highly ordered
PS-b-PEO thin film on M3, g9 from Figure 3C. (B) Graphical
presentation of the proposed mechanism for the transfor-
mation of PEO microdomains from perpendicular to parallel
on M3, o9 as solvent annealing proceeds.

035,121 after solvent annealing. When the solvent
annealing was conducted on l5ggo (or O35 121), cylind-
rical PEO microdomains oriented parallel to the sub-
strate were randomly aligned, resulting in the classic
fingerprint-type patterns, as shown in Figure 3A and B.
This is quite similar to that seen for thin films solvent-
annealed on a flat Si substrate (see Figure S1 in the
Supporting Information for the SFM image of PS-b-PEO
thin film prepared on a flat Si substrate), indicating that
the circular trenches on l59go (or O35 121) did not guide
the self-assembly of PS-b-PEO effectively. However, the
solvent annealing of the PS-b-PEO thin film on M3; 9
resulted in a morphology of highly ordered and
aligned PEO microdomains oriented parallel to the
surface, as shown in Figure 3C. Moiré patterns were
used to directly characterize the orientation, grain size,
and dislocations in the arrays of BCP microdomains
(see Figure S2 in the Supporting Information for the
typical examples for Moiré patterns).'® Figure 3D
shows Moiré patterns of a highly ordered PS-b-PEO
thin film on M3 g9 measured by SFM. The line patterns
are evident, indicating the formation of a large single
grain with few dislocations or misorientations. This
result is independent of position over the entire area
of M3 99, Which demonstrates that the DSA of the PS-b-
PEO on the circular trenches significantly enhanced the
long-range lateral ordering. Since the depth of the
circular trench (8 nm) was much smaller than the
center-to-center distance between BCP microdomains,
the surface of the BCP films is flat over large areas.
Recently, we found that, when the cylinder-forming
PS-b-PEO thin films were solvent-annealed with THF
and water, arrays of hexagonally packed PEO micro-
domains oriented normal to the surface were obtained

HONG ET AL.

Parallel

500 nm

Figure 5. (A) SFM phase image of interfacial region be-
tween the remaining PS-b-PEO thin film and the underlying
substrate. (B) SFM phase image translated to the left from
(A) without any rotation of sample stage. The inset in (B) is
the magnification of the left side. All the scale bars are
500 nm.

at the early stage of solvent annealing. With further
solvent annealing, these PEO microdomains began to
merge with each other, transforming the morphology
into PEO microdomains oriented parallel to the
surface.?® Theoretically, the center-to-center distance
between PEO microdomains oriented parallel to the
surface of M3q 99 (L5)1) should equal L, , (the center-to-
center distance between the solvent-annealed cylind-
rical PEO microdomains oriented normal to the
surface). However, when the SFM image of line pat-
terns of PS-b-PEO on Ms; 99 is cross-sectioned, as
shown in Figure 4A, L, is found to be 31 nm, which
is close to L, , (the center-to-center domain spacing of
the solvent-annealed cylindrical PEO microdomains
oriented normal to the surface), not L, ,. This suggests
that hexagonally packed PEO microdomains oriented
normal to the surface of M3, 99 merge along the (1 0)
planes (see Figure S3 in the Supporting Information for
the direction of merging). However, the fused PEO
microdomains are in a compressed state, where the
elastic penalty arising from incommensurability is
compensated by the interaction between trench and
polymer, as well as that between solvent vapor and
selective block. Figure 4B shows a schematic diagram
of the mechanism underpinning the transformation in
the orientation of the cylindrical PEO microdomains
from perpendicular to parallel to M3, 99 as solvent
annealing proceeds.

The distance between the circular trenches on M3 o9
(99 nm) is commensurate with L, ,. Here, a section of
the PS-b-PEO thin film on Ms;99 was removed by
dichloromethane, and the interfacial region between
the remaining PS-b-PEO thin film and the exposed
underlying substrate was investigated. Figure 5A
shows the SFM image from this interfacial region,
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Figure 6. (A) Superposition of the line patterns (SFM image)
from PS-b-PEO on the line patterns (SEM image) from M go.
(B) Magnification of the white dotted box in (A). (C) Sche-
matic diagram representing the areal density multiplication
of circular patterns by a factor of 3.

where the line patterns on the underlying substrate are
seen. When the line patterns are cross-sectioned (see
Figure S4 in the Supporting Information for the cross-
sectional image of Figure 5A), it is seen that the exposed
line patterns originate with the M3, o9 substrate. When
the sample stage was translated, the line patterns from
the PS-b-PEO thin film were observed. They were slightly
damaged during the solvent treatment, as shown in
Figure 5B. It should be noted that the sample stage was
only translated with no rotation so as to directly com-
pare the orientation of the line patterns from Figure 5A
and B (see Figure S5 in the Supporting Information for
the translation of sample stage). When the line patterns
of M3 g9 in Figure 5A and those of PS-b-PEQ in Figure 5B
are compared, it is seen that they are parallel to each
other, as indicated in Figure 5. This demonstrates that
the cylindrical PEO microdomains are ordered and
oriented along the direction of circular patterns of
Ms34,69. Previously, Ruiz et al. reported a directed block
copolymer assembly method for feature density multi-
plication using lithographically defined chemically
prepatterned surfaces,' and Bita et al. studied a topo-
graphical graphoexpitaxy technique for BCPs using two-
dimensional periodic templates patterned with
nanoposts.®? In this study, it is also found that L; on
M3, o9 is three times smaller than the distance between
trenches on Mz o9, effectively tripling the areal density
of the circular trench, as shown in Figure 6. All of these
results indicate that the circular trenches on M3, g9 can
guide the self-assembly of PS-b-PEO along the direction
of circular patterns of Ms; 99 Over macroscopic areas.
However, in the case of lggy Or 034121, Since the
distance between circular trenches is not commensu-
rate with L, ,, the trench patterns on lggo (Or O34121)
could not effectively guide the self-assembly of PS-b-
PEO, resulting in the fingerprint patterns, as shown in
Figure 3A and B. Table 1 summarizes the results of the
self-assembly of PS-b-PEO on 59,50, M31,90, and Oz4,121.

HONG ET AL.

TABLE 1. Summary of the Results of the Self-Assembly of
PS-b-PEO on 55,80, M31,90, and O33,12;

long-range
D We” Ween/L1 ° Jsenllrg lateral ordering
hogo  2.79 (~integer) 0.89 (~integer) 2.49 (s~integer) failed
Ms199  3.19 (~integer)  0.95 (integer) 3.04 (integer) successful
03411 3.90 (~integer)  1.04 (integer) 3.72 (Finteger) failed

“Distance between shallow circular trenches. ® Width of shallow dircular trench.
¢ Center-to-center domain spacing of cylindrical PEO microdomains in bulk.

500 nm

500 AT

Figure 7. SFM height images of a PS-b-P2VP (M,, = 34.0 kg/
mol) thin film with a thickness of 36.5 nm on (A) /59,50 and (B)
nonpatterned surface after solvent annealing. All the scale
bars are 500 nm.

Finally, we used different BCPs to demonstrate the
generality of this strategy. Thin films of cylinder-forming
PS-b-P2VP (M,, = 34.0 kg/mol; with a center-to-center
domain spacing of the solvent-annealed cylindrical
P2VP microdomains oriented normal to the surface =
27.2 nm) with a thickness of 36.5 nm (on a smooth flat
surface) were prepared on the circularly patterned
substrates and then solvent-annealed with THF and
water. Highly ordered and oriented PS-b-P2VP micro-
domains were obtained on /59 go With the amplification
of the areal density of the circular trench by a factor of
3, while fingerprint patterns were found on the non-
patterned surface, as shown in Figure 7. This under-
scores the generality of the strategy for different BCPs
and indicates that commensurability is the only con-
dition that needs to be satisfied to amplify the areal
density of the pattern. By translating the sample, multi-
ple measurements were taken from three different
areas, as shown in Figure 8, which shows that the
lateral ordering is independent of position over the
entire area of lgg0, and the direction of the line
patterns of l,9go is parallel to that of PS-b-P2VP. It
should also be noted that, since the depth of the
shallow circular trench (8 nm) was designed to be
much smaller than the center-to-center distance be-
tween BCP microdomains in the bulk, the surface of the
BCPs are flat over large areas. In general, cylindrical
microdomains oriented parallel to the surface could
not be as ideal as lamellar microdomains oriented
perpendicular to the surface for data storage device
fabrications due to lower etching contrast issues aris-
ing from their limited aspect ratio. However, etching
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Figure 8. OM images and SFM height images of a PS-b-P2VP (M,, = 34.0 kg/mol) thin film with a thickness of 36.5 nm on /59 go.
Three different areas are randomly selected from the annealed BCP thin film.

resistance of cylindrical microdomains can be signifi-
cantly improved if BCP thin films are reconstructed and
backfilled with Si-containing materials, and backfilled
parts are converted into inorganic materials upon UV
exposure.? In addition, it has been reported that BCPs
contacting pyridine groups or ether groups can be
complexed with metal ions, and the complexed block
can be converted into inorganic materials upon UV
exposure,>* which can also overcome poor etching
characteristics of cylindrical microdomains.

CONCLUSIONS

In summary, we have demonstrated the DSA of BCPs
to produce ultradense circular arrays of nanoscopic

EXPERIMENTAL SECTION

Topographically Patterned Substrates. Si (100) wafers capped
with a 2 nm native oxide layer were cleaned with oxygen ash.
A 50 nm thick film of EB resist (ZEP520A) was spin-coated
onto a Si substrate and baked at 180 °C for 3 min. The
ZEP520A was then patterned using a rotary-stage electron
beam system at 50 keV, creating the circumferential line
patterns with various pitches. After development, an oxygen
plasma process (30 W, 2 mTorr, 30 sccm) is used to clean the
resist residue at the bottom of the trenches. Then a CF,
reactive-ion etch (80 W, 20 mTorr, 30 sccm CF4, 30 sccm Ar)
was used to transfer the line pattern into the underlying Si
substrate at depths of 8 nm.

Solvent Annealing. Thin films of BCPs were prepared by spin-
coating the solutions of PS-b-PEO (M, = 26.5 kg/mol; purchased
from Polymer Source) and benzene or the solutions of PS-b-
P2VP (M,, = 34.0 kg/mol; purchased from Polymer Source) and
toluene onto the topographically patterned substrates, where
the film thickness was controlled by adjusting the concentra-
tion of solution and the speed of spin-coating. Solvent

HONG ET AL.

elements. BCPs on the topographically patterned sub-
strates undergo a DSA with solvent annealing, result-
ingin a flat BCP film with an areal density multiplication
of the circular patterns over large areas. We have
shown an amplification of pattern by a factor of 3,
but, on the basis of the results of commensurability
studies, a much larger amplification could be also
achieved. The methodology described here may pro-
vide an easy approach to high densities of circularly
shaped nanopatterns that can, in turn, be used to
generate a topographic pattern to orient BCP micro-
domains normal to the surface, as seen with faceted
surfaces, which is of interest for data storage device
manufacturing.

annealing was performed in THF and water vapor environment:
a preswelling of the BCP polymer film in water vapor was
performed to prevent dewetting during the solvent annealing,
followed by a solvent annealing in THF and water vapor to
prepare well-developed nanostructures.

Characterization. The surface topographies of PS-b-PEO thin
films on the topographically patterned substrate were imaged
by scanning force microscopy (Digital Instruments, Nanoscope IIl)
in the tapping mode.
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