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ABSTRACT: The domain orientation and grain sizes in cylinder-forming 1500
poly(styrene-b-methyl methacrylate) (PS-b-PMMA) films were systematically ~ 1300 { ,5}o¢ J
investigated as a function of film thickness (32—640 nm), annealing tempera- 1100 § *190C R=0.996 ; +— -7
ture (190—230 °C), and wetting behavior of PS-b-PMMA on substrates. The _ 800 1 =

domain orientation at the film surface depended on film thickness as well as 5700 1

both the polymer—substrate and polymer—free surface boundary conditions. 500 { Y S
In thin films (thickness L < 3L,, where L, is the domain period of the block 300 1 -
copolymer), the polymer—substrate boundary condition dominated and 100

©230C
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determined the domain orientation of the block copolymer. At intermediate 0 2 4 & 8 1w 12 M
thicknesses (3L, < L < 6L,) the interplay of both boundary conditions usually

resulted in the formation of a mixed structure. In films with L > 6L, the two boundary conditions decoupled, and the polymer-free
surface interaction determined the domain orientation of cylinders near the film surface regardless of the chemistry of the underlying
substrate. The orientational correlation length (&) of grains of perpendicular cylinders at the surface increased with the increase of
annealing temperature for films of equal L. The grains coarsened at 210 and 230 °C, and the corresponding &’s scaled with annealing
time (t) according to a power law, § ~ 2, with ¢ = 0.28 £ 0.01. &s also increased linearly with L. In films annealed at 190 °C, the &’s
were nearly constant with increasing L. The technical significance of this work is that the surface domain pattern with a large & can be
achieved on the surface of thick films and the surface pattern can be successfully replicated by molecular transfer printing (MTP) to
create a chemical pattern with the same & without the use of lithographic tools.

LiLo

B INTRODUCTION

Block copolymers can spontaneously phase separate into well-
ordered, periodic structures with dimensions in the range
5—50 nm." In thin films, block copolymers usually have a much
richer range of morphologies than in bulk due to the boundary
conditions at both the substrate and free surface.”” '* The inter-
play between the polymer—substrate interaction and the polymer—
free surface interaction can also determine the domain orienta-
tion in films. Strongly preferential wetting of one block to the
substrate usually leads to the formation of a parallel orientation of
lamellar or cylindrical domains.'*~'” A perpendicular orientation
of block copolymer domains can be obtained near the substrate
region through careful control of the substrate chemistry by usin%
self-assembled monolayers,"®° random c%polymer brushes,”' >
binary homopolymer blend brushes,'® block cooligomer
brushes,”® or chemical nanopatterning.”'**” 73! The perpen-
dicular domains may propagate through the entire film thickness
if the surface energy () of both blocks of the block copolymer
are nearly equal, which can be the case with poly(styrene-b-
methyl methacrylate) (PS-b-PMMA) at certain combinations of
molecular weight (M,,) and annealing temperature ( T).>*** For
most block copolymers, the y values of the two blocks are
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sufficiently different to lead to the formation of a parallel
orientation of domains or a wetting layer at the free surface,
regardless of the substrate chemistry and the domain orientation
near the substrates.”> >* Even with PS-b-PMMA, the depen-
dence of ¥ on T and M,, can cause the y values of the PS and
PMMA blocks to be sufficiently different, leading to parallel
domains at the free surface of a PS-b-PMMA film.'”**”

A number of studies have been performed to examine the
domain orientation in relatively thicker films of PS-b-PMMA as a
function of the film thickness, L, and the interfacial energy
between the substrate and PS and PMMA blocks. Xu et al.
studied the domain orientation of lamellar-forming PS-b-PMMA
on both preferential and nonpreferential substrates by cross-
sectional transmission electron microscopy.17 On nonpreferen-
tial substrates, they observed a mixed structure with perpendi-
cular lamellae near the substrate region and parallel lamellae at
the free surfaces. When the PS-b-PMMA film was on a prefer-
ential substrate, a more complex 3-dimensional structure formed,
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with parallel lamellae near both interfaces and perpendicular
lamellae in the middle. In a study of PS-b-PMMA films on silicon
substrates, Zhang et al. observed the transition from parallel
cylinders to a mixture of parallel and perpendicular cylinders on
the surfaces of films as L was increased beyond ~3—4 times the
bulk row-to-row period, Lo.*® Suh et al. studied the effect of L
on the domain orientation in lamellae-forming PS-b-PMMA
films on organosilicate substrates with non-preferential and
weakly preferential wetting for PS and PMMA and observed
and modeled the oscillation between pergendicular and parallel
lamellar domains with the increase of L.*

Along with the orientation of block copolymer domains, it is
also important to understand the ordering of the domains.
Self-assembly of block copolymers typically results in the
formation of grains that can coarsen upon annealing. Efforts
have been made to quantify the size and §rowth of grains of
domains of block copolymers in thin films.">*%**~*? Harrison
et al. first studied the time evolution of stripe patterns of
cylindrical copolymers in thin films and found that the
correlation length (&) scaled with the annealing time ()
according to a power law, § ~ t¢, where ¢ = 0.25.">** Harrison
etal.*' and Vega et al.* also measured the &’s of spot patterns
from sphere-forming block copolymers in thin films. The spot
patterns also coarsened according to a power low (¢ ~ 0.25),
but with a different coarsening mechanism. In a closely related
study, Black et al. investigated the ordering kinetics of per-
pendicular cylinders in films with L = Ly, and the grain growth
followed the same power law (¢ ~ 0.25).** For perpendicular
lamellae, & did not change noticeably with annealing time
when L = Ly, but scaled as & ~ ' when L = 0.5L,.>° In all
cases, the ordering kinetics in thin films was much slower than
that in bulk (¢ &~ 1.05).**

The surface domain pattern with long-range order is desirable
for a number of applications. Solvent annealing,** grelphoepitaxy,6
and chemical nanopatterning” have been widely studied to
achieve nanostructures with long-range order. Recently, Ji et al.
developed an approach to preparing arrays of perpendicularly
oriented PS-b-PMMA cylinders with long-range orientational
order at the film surface on silicon substrates by a combination of
high annealing T" and large L* At such high annealing T (~210—
230 °C), y of PS and PMMA appeared to be nearly equal,*?
leading to the formation of perpendicular cylinders at the free
surface. The use of thick films eliminated any effect the substrate
could have had on the domain orientation near the film surface
region. In a related study, Han et al. reported the formation of
perpendicularly oriented cylinders on neutral surfaces in films
with L up to 900 nm.*” In thicker films, however, separate
cylinder formation events simultaneously occurred at the sub-
strate interface and the free surface, and the cylinders from each
surface propagated toward the middle of the film. As a result, two
propagation fronts merged within the film, and it is likely that
while the domains were perpendicular to the substrate, they were
not continuous throughout the film. To make better use of such
large grains on film surfaces, a pattern transfer strategy is needed;
however, the noncontinuity of domains in the thick film makes it
difficult to pattern transfer into the underlying substrate. Instead
of pattern transfer through the entire film thickness, molecular
transfer printing (MTP) could be used to replicate the domain
pattern present at the film surface to create a chemical pattern.*®
The replica chemical pattern could direct the assembly of a thin
film, a superior template for pattern transfer, of the same block

copolymer.

In the work presented here, we systematically studied the evolu-
tion of surface morphologies in cylinder-forming PS-b-PMMA
films as a function of the annealing temperature, film thickness,
and substrate chemistry. We also quantified the grain coarsening
of the polycrystalline grains of perpendicular cylinders with respect
to the annealing temperature, film thickness, and substrate chem-
istry. Finally, we demonstrated that we could fabricate hex-
agonal chemical patterns with large desirable & without
requiring advanced lithography tools by replicating the sur-
face domain patterns of thick films by MTP. The chemical
pattern was subsequently used to direct the assembly of a thin
film of block copolymer for pattern transfer into the under-
lying substrate.

B EXPERIMENTAL SECTION

Materials. Cylinder-forming PS-b-PMMA (C4621, M,, = 46—21
kg/mol, Ly = 31.5 nm (row-to-row), PDI = 1.06), hydroxyl-terminated
polystyrene (PS-OH, M, = 6 kg/mol, PDI = 1.05), and hydroxyl-
terminated poly(methyl methacrylate) (PMMA-OH, M,, = 6 kg/mol,
PDI = 1.05) were purchased from Polymer Source, Inc., and used as
received. Hydroxyl-terminated random copolymer poly(styrene-r-methyl
methacrylate) (PS--PMMA-OH) was synthesized by nitroxide-mediated
radical polymerization*” to contain 63 wt % styrene fraction (denoted as
63S), with M,, = 9.6 kg/mol and PDI = 1.20, as determined by 'H nuclear
magnetic resonance spectroscopy.

Sample Preparation. Silicon wafers were cleaned by oxygen
plasma treatment on a PE-200 Benchtop Plasma System (Plasma
Etch, Inc.) prior to use. PS-r-PMMA-modified substrates were
prepared by spin-coating a 1 wt % solution of 63S in toluene at
4000 rpm on silicon substrates, followed by annealing at 160 °C for
48 h under vacuum. Ungrafted 63S was removed by repeated
sonication in warm toluene. C4621 films with L ranging from
32 nm (~1L;,) to 630 nm (~20L,), as determined by a Rudolph
ellipsometer and a Filmetrics reflectometer, were deposited from
toluene solutions with concentrations of 1—9 wt % on bare silicon
and 63S-modified silicon substrates. Samples were annealed at 190,
210, or 230 °C for times (0.5 min—24 h) under vacuum or a nitrogen
atmosphere.

Image Analysis. After thermal annealing, block copolymer films
were etched for 10 s in a Uniaxis 790 reactive ion etcher (Plasma-
Therm, Inc.) at 35 °C, SO0 W power, 10 mTorr pressure, and an
oxygen flow rate of 10 sccm to remove the PMMA block near film
surfaces. The etch rates were ~40 nm/min for PS and ~95 nm/min
for PMMA. Samples were then sputtered with a thin layer (~1 nm)
of Au to facilitate imaging by scanning electron microscopy (SEM,
LEO 1550 VP field-emission SEM with 1 kV accelerating voltage).
Five SEM images were taken from different areas on each sample.
The size of each image was 4.2 um X 5.6 um. The images were
processed using a Matlab program which performed four operations
on each image: image binarization, domain centroid localization,
defect exclusion, and calculation of the autocorrelation function
(ACF).*® The centers of PMMA domains in SEM images are located
through a set of “standard” image processing routines. Since the
background intensity and the image quality in our SEM images are
usually uniform, a simple thresholding technique was used to
convert the grayscale image to a binary image. The Otsu’s method
was then employed to minimize the intraclass variance of the fore-
ground and background pixels and automatically select the threshold
value.*” A Matlab built-in function was then used to convert the pixels
brighter than the threshold to “white pixels” and the pixels darker
than the threshold to “black pixels”. The orientational correlation
length & of the perpendicular cylinders was calculated by fitting the
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1.13L, 1.58L, 1.98L,

2.40L,

10.9L

Figure 1. Top-down SEM images of C4621 films with various thicknesses (1.13L,—10.9L,) annealed at different temperatures (230, 210, and 190 °C)
for 24 h on (a) silicon substrates and (b) 63S-modified silicon substrates. Green, brown, and red colors indicate defect-free perpendicular cylinders,
nearly defect-free perpendicular cylinders with few parallel cylinders, and perpendicular cylinders with large grains of parallel cylinders, respectively. The
rest of the images show either parallel cylinders or island structures, as seen in the change of brightness or morphology.

ACEF to an exponential function using

ACF = exp (—é) (1)

where r is the distance from the center domain in the ACF analysis.

Molecular Transfer Printing (MTP) and Pattern Transfer.
The MTP process was demonstrated and detailed in the paper by Ji
et al.* A schematic of the MTP process is shown in Figure 7a. A 300 nm
thick ternary blend film containing 90 wt % C4621, 7 wt % PS-OH, and 3
wt % PMMA-OH was deposited on a 63S-modified substrate and
annealed at 230 °C for 24 h. PS-OH and PMMA-OH served as inks
and were segregated into their respective PS and PMMA domains in PS-
b-PMMA block copolymers upon annealing. We intentionally chose a
300 nm thick ternary blend film as the master film since huge grains of
perpendicular cylinders could be obtained on the surface in films with
L>200nm (or 6L,) under 230 °C annealing. A 30 nm thick silicon oxide
layer was evaporated onto the surfaces of the ternary blend film using a
Telemark eBeam evaporator. An oxygen-plasma-cleaned silicon sub-
strate was placed in contact with the oxide surface. The sandwiched
structure was clamped by a parallel four-screw clamp and annealed at
160 °C for 24 h under vacuum. Upon annealing, PS-OH and PMMA-OH

reacted with the silanol groups on the surface of the replica substrate
through a dehydration reaction, replicating the domain pattern present
at the surface of the master film. The sandwiched structure was then
separated by dissolving block copolymers and unreacted homopolymers
by repeated sonication in chlorobenzene to create a replica chemical
pattern.*® The replica was then used to direct the assembly of a 30 nm
thick C4621 film that was annealed at 190 °C for 24 h. The PMMA
domains were removed by UV exposure (XL-1500 UV cross-linker,
Spectronics Corp., 4 = 254 nm, dose = 350 mJ/cm”) and acetic acid
washing (1 min). The brush layer was etched by an oxygen plasma in a
Unaxis 790 reactive ion etcher. Pattern transfer into the underlying
silicon oxide layer was performed using a C,H,F,/SF¢ plasma in a
Helicon high-density plasma tool.”°

B RESULTS

The effect of the substrate and free surface on the domain
orientation in C4621 films of various L (~1Ly—11L,) annealed at
different T (190—230 °C) for 24 h can be observed in the top-
down SEM images presented in Figure 1. Two different substrates
were used: an untreated silicon substrate with a layer of native
oxide which is preferentially wet by the PMMA block and a
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silicon substrate coated with 63S which is in the nonprefer-
ential composition range for cylinder-forming PS-b-PMMAs. The
effect of free surface on the surface domain orientation could be
effectively modulated by the annealin% temperature. At 190 °C,
PS has a slightly lower y than PMMA®” and prefers to reside at
the free surface of the film, while the y values for PS and PMMA
are nearly equal at 210—230 °C and the free surface is non-
preferential surface to both blocks in PS-b-PMMA.>"

Figure la shows SEM images of C4621 films that were
annealed at 190—230 °C on silicon substrates. In general, the
surface morphology progressed from parallel cylinders in
thinner films (L < 2.95L,) to perpendicular cylinders in thicker
films (L > 4.06L,) that were annealed at 230 °C. A complex
morphology transition happened in films with L < 2.95L,. Islands
(seen as regions of markedly different brightness in the SEMs)
formed with initial thicknesses of ~1.13L, and 2.40L,, but the
final thicknesses were quantized with L of ~2L, and 3L, on top
of the islands, respectively. The structures on islands were similar
to the parallel cylinders on films with initial thicknesses of 1.98L,
and 2.95Ly at which cylinders were parallel to the surface.
Perforated structures which were dissimilar to the parallel
cylinders in the film with L = 1.98L, formed in the film with
L = 1.58L, and the film was flat. For films where 3L < L < 6L,,
e.g, L = 4.06L, and 5.68L,, a mixture of parallel and perpendicular
cylinders formed at film surfaces and the percentage of perpen-
dicularly orientated cylinders increased with the increase of L.
The island (or hole) formation was also suppressed even when L
is not quantized. As L was increased beyond 5.68L, larger L and
higher annealing T both led to improved hexagonal order of
perpendicular cylinders on the film surface, as shown in the
representative film with L = 10.9L,. The morphologies of
C4621 films on untreated silicon substrates annealed at
210 °C were different from those at 230 °C in films with
L =1.13Lg and 1.58L( and the same as those at 230 °C in films
with L > 1.98L,. Perforated structures formed in the film at
L =1.13Ly while islands formed in the film at L = 1.58 L, with a
parallel cylinders on top of islands and perforated structures at
the lower regions.

The morphologies observed in a third set of C4621 films on
untreated silicon substrates annealed at 190 °C in Figure la
followed the same general trend with L that was observed in the
films annealed at 210 and 230 °C. As L was increased, the surface
morphology transitioned from islands (1.13L,) to perforated
structures (1.58L) to parallel cylinders (1.98Ly) to islands (2.40L)
to mixed parallel and perpendicular cylinders (2.95L;). In
addition to the improved order at T = 210 and 230 °C in the
thickest films, there were a few noticeable differences between
the films annealed at 190 °C and those annealed at 210 and
230 °C. First, the island structure observed in the film with
L = 1.13L, annealed at 190 °C was similar to the perforated
structure in the film with L = 1.58L, instead of that in the film
with L = 1.98L annealed at 210 and 230 °C. Second, the islands
in the film with L = 2.40L, had a mixture of perpendicular and
parallel cylinders, unlike the parallel cylinders observed in the
same thickness film annealed at 210 and 230 °C. In addition,
when L > 2.95L,, parallel (or maybe capped perpendicular
cylinders) and perpendicular cylinders coexisted on the film
surfaces in the samples annealed at 190 °C. The fraction of
parallel cylinders decreased with film thicknesses and stayed
nearly constant when L > 5.68L,.

The domain structures at C4621 film surfaces on 63S-modified
silicon substrates were different from those on silicon substrates

a)

surface

Figure 2. (a) Cross-section SEM image of a 300 nm thick C4621 film
on the silicon substrate. (b) Top-down SEM images of the 300 nm thick
C4621 film after different oxygen plasma etching times (1—3 min). The
perpendicular cylinders preserved after 1 min etching, and the structures
in 2 and 3 min etching might be due to the tilting of cylinder domains.

in films thinner than 5.68L, but there was no difference in the
surface structure on both substrates when the film was thicker
than 5.68L. On the 63S-modified silicon substrates, a perpendi-
cular orientation of hexagonal cylinders formed in the film with
L =1.13L, at 230 °C (Figure 1b). With increasing L, the surface
morphologies transitioned from islands (1.58L) to parallel cylin-
ders (1.98L,) and then to perforated island structures (2.40L,).
At L = 1.58L,, parallel cylinders formed on low regions
while perpendicular cylinders formed on islands in the film. At
L = 2.40L,, parallel cylinders formed at the transition regions
with perforated structures at both high and low regions in the
film. When the film was thicker than 2.95L,, the formation of
perpendicular cylinders was always observed. Two sets of C4621
films on 63S-modified silicon substrates were also annealed at
210 and 190 °C (Figure 1b). A perpendicular orientation of
cylinders formed at surfaces in films annealed at 210 °C regard-
less of the film thickness. For films annealed at 190 °C, perpen-
dicular cylinders formed in films with L < 2.40L,. A mix of
perpendicular and parallel cylinders (or looping structures) was
observed on film surfaces when L > 2.95L,. The percentage of
parallel cylinders decreased with the increase of L and stayed
nearly constant when L > 5.68L,,.

The domain orientation within a film on the silicon substrate
was revealed by both the top-down SEM analysis of the films after
progressive oxygen plasma etching steps and cross-sectional
SEM analysis.*® The film thickness that we used was 300 nm
(9.52Ly). At such thickness the substrate and surface effect
decoupled. The films was annealed at 230 °C for 24 h. The
perpendicularly oriented cylinders did not propagate through the
entire film thickness from the top-down SEM analysis of the
etched samples (Figure 2b). The fact that the cylinders did not
propagate through the entire film thickness was also evidenced
in SEM images of films after progress removal of top layers. After
1 min of etching the perpendicular cylinders were still well-
ordered, but after 2 min of etching, a number of defect
structures appeared that could have been caused by tilted
cylinders. The number of such defect structures increased as
the etch was continued for another 1 min. These results agreed
with the cross-sectional SEM image (Figure 2a), in which
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30 min

Figure 3. Assembly dynamics of (a) 95 nm thick (3.02L,) and (b) 340 nm thick (~10.8L,) C4621 films on silicon and 63S-modified substrates at
230 °C. Samples were annealed for 0.5—30 min under a nitrogen atmosphere.

approximately 2—3 layers of parallel cylinders were observed
near the silicon substrates.

All of samples shown in Figures 1 and 2 were annealed for
24h. To probe the assembly dynamics of the surface morphology
of the C4621 films, the surface of the films on both silicon and
63S-modified silicon substrates were imaged after annealing at
230 °C for times ranging from 0.5 to 30 min (Figure 3). Figure 3a
shows the SEM images of the surface of 95 nm thick (~3.02L,)
films. Phase separation occurred within 0.5 min of annealing and
both parallel and perpendicular cylinders coexisted on film
surfaces that were annealed for 0.5—5 min. The percentage of
perpendicular cylinders increased with annealing time over the
first S min. There was no obvious difference in morphologies
between the substrates in the first 5 min of annealing. For
samples annealed for 10 min, there were fewer parallel cylinders
on the 63S-modified silicon substrate than on the silicon sub-
strate. After 30 min of annealing, the parallel cylinders comple-
tely disappeared in the film on the 63S-modified silicon substrate,
while both parallel and perpendicular cylinders coexisted and
huge grains of parallel cylinders formed on the film surface on the
silicon substrate. Two sets of 340 nm thick films (10.8L,) on
silicon and 63S-modified silicon substrates were also compared
(Figure 3b). The percentage of perpendicular cylinders increased
with the annealing time and the parallel cylinders completely
disappeared after 30 min annealing on both substrates. For the
thick films annealed for 30 min, there was no obvious difference
between the SEM images of the films on the untreated silicon
substrate and on the 63S-modified silicon substrate.

Close inspection of the top-down SEM images revealed that
some of the grains were up to 2—5 xm in diameter, or as large as
10—20 um” in area, in thick films that were annealed at 210 and

230 °C. The hexagonal arrays of cylinders had different grain
orientations at the surface of the films, with defects that were
identified as pairs of pentagons and heptagons and coded in blue
and red, respectively, in the Voronoi plot shown in Figure 4a.
Both isolated and conjugated pairs of pentagons and heptagons
were observed, and the conjugated defects formed the grain
boundaries. To better understand the effect of film thickness and
annealing temperature on the grain sizes, two large SEM images
(4.2 um X 5.6 um) that were from a 300 nm thick film annealed
at 230 °C and a 50 nm thick film annealed at 190 °C for 24 h and
their respective Voronoi plots are compared in Figures S1—S4.
The Voronoi plots showed that these two images apparently had
different grain sizes. To quantify the grain size of films, § was
calculated with eq 1. A representative fitting of ACF is shown in
Figure 4b.

The &s of C4621 films on both silicon and 63S-modified
silicon substrates that were annealed at 230 °C for 1.5 h are
summarized in Figure Sa. 1.5 h was enough for the substrate
effect to propagate through the film with L < 6L,. & increased
linearly with the film thickness up to at least 20L, for films on
63S-modified substrates. For films with thickness of 20L, or
more, the standard deviation of the calculated & was large due to
the large grains and limited image size of the SEMs. As a result,
we could not conclude that § continued to follow the linear trend
atlarge L. Perpendicular cylinders with large grain sizes were also
obtained on silicon substrates in films with L > 6L,. &’s (at 230 °C
for 1.5 h) on silicon substrates also had a linear thickness
dependence but were slightly smaller than those on 63S-mod-
ified substrates of same thicknesses.

The annealing temperature also affected the grain sizes.
Figure Sb shows the &’s of three sets of C4621 films on
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Figure 4. (a) Voronoi plot of a representative SEM image of a 300 nm
thick C4621 film annealed at 230 °C for 6 h on a 63S-modified silicon
substrate. Pairs of pentagons (blue) and heptagons (red) are identified
as defects and conjugated defects form the grain boundary. (b) Expo-
nential fitting of the ACF of the perpendicular cylinders in the 300 nm
thick C4621 film. £ was calculated to be ~689 nm.

63S-modified substrates that were annealed at 230, 210, and
190 °C for 24 h. & increased linearly with the film thickness at
210 and 230 °C. For samples annealed at 190 °C, however, § was
almost constant across the thickness range that we studied.

The time evolution of & for C4621 films on 63S-modified
substrates was also investigated, with L ranging from 2L, to 11Lj,.
The samples were annealed at 230 °C for 1.5, 3, 6, 12, and 24 h.
As can be seen in Figure 6a, § once again increased linearly with
L at different t (1.5—12 h). The relationship between & and t at
different L are plotted in Figure 6b. & scaled with annealing time ¢
as & ~ t? with ¢ = 0.28 & 0.01 for the six thicknesses that were
studied, which is also consistent with the cylinder- and sphere-
forming systems.'>3%40~*

l DISCUSSION

Effect of Surfaces and Film Thickness on Surface Mor-
phology. The morphology on the surface of C4621 films can be
understood in terms of the competition between the effects of
the substrate interface and the free surface, which are mediated
by the thickness of the film. The best example of the competition
of these two effects can be seen in the SEM images of the films

a) ]
900 {4 *230C 1.5hon63S
©230C 1.5h on Si £=20.67*(L/L}+177.0
4 2=(). 97 -
700 | R 09{2{ i
£ 500 /L Rl
= ] b ;}’ : §=27.174LIL,)+165.2
] LEF R?=0.948
0] 44
1 '
100 L o
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L/Lo
b) 1500
an ] "EREThe @B ) asa
210C24hon 638~ iigoos
1100 { ©190C 24h on 635
900 e .
E .- :
5 700 1 ,,+ S £=55.14%(L/L,)+261.0
¥ L R?=0.956
500 1 '
1
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100 ———T— T —— —T
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Figure S. (a) Orientational correlation length (&) of perpendicular
cylinders vs the thickness (L/L,) of C4621 films on silicon (solid circles)
and 63S-modified silicon (open circles) substrates at 230 °C for 1.5 h.
(b) & vs the normalized film thickness (L/L,) on 63S-modified silicon
substrates at 230 °C (solid square), 210 °C (open diamond), and 190 °C
(open square) for 24 h.

annealed at 210—230 °C on untreated silicon substrates. The
untreated silicon prefers to be wet by PMMA, leading to the
formation of parallel cylinders. At ~210—230 °C, y for PS and
PMMA are nearly equal,”® such that the free surface functions as
a neutral surface for PS and PMMA, providing the thermody-
namic driving force for the formation of perpendicularly orien-
tated cylinders. For films thinner than 3L, the substrate—
polymer interaction was dominant, usually leading to the forma-
tion of parallel cylinders. At the intermediate thickness range
(3Ly < L < 6L,), neither the substrate interface nor the free
surface dominated, resulting in the formation of both parallel and
perpendicular cylinders on the film surfaces. When L > 6L, both
the smoothness of the film as well as the well-ordered, perpendi-
cular cylinders at the surface provided evidence that the polymer—
surface interaction was dominant at the free surface. It appeared
that perpendicular cylinders nucleated at the free surface, and
then propagated from the surface toward the substrate, as seen in
Figure 2a. Similar interface-dependent nucleation events were
observed in the assembly of lamellar-forming PS-b-PMMA'” and
poly(styrene-b-2-vinylpyridine) (PS-b-P2VP).**

In addition to the competition between the effects of the
substrate interface and the free surface, islands formed in the films
with L between 1.13L, and 2.40L,, for films annealed on untreated
silicon substrates. In these films, parallel half-cylinders formed on
the film surfaces in regions of the film where the local film
thickness was approximately equal to nL,, where n is an integer.
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Figure 6. (a) Orientational correlation length (&) vs the thickness of
C4621 films at different annealing times (1.5—24 h) at 230 °C on 63S-
modified substrates. (b) Plot of § vs the annealing time (1.5—24 h) at
different film thicknesses. The data were reproduced from (a), and the
error bars were omitted for clarity. £ scales with time according to a
power law (& ~ t?, ¢ = 0.28 & 0.01).

For example, the thicknesses on top of the islands were ~2L, and
3L, for the films with L of 1.13L( and 2.40L,, respectively, and
the structures on top of islands were parallel cylinders, similar
to the structures on films with thicknesses of 1.98L, and
2.95Ly at 230 °C. In the film with L = 1.58L,, that was annealed
at 210 °C, islands with parallel cylinders formed with a
thickness of ~2L, similar to the structures in films with L =
1.98L, while perforated structures formed at the lower region.
The formation of islands was caused by the incommensur-
ability of L and Ly.>*** The perforated structures were due to
the complicated interaction between films and the substrate.

The surface morphologies formed in the C4621 films annealed
at 190 °C on untreated silicon substrates as well as the films
annealed on 63S-treated silicon substrates can also be under-
stood in terms of the competing effects of the substrate interface
and the free surface. In those cases, however, the effect of the free
surface and the substrate interface were not as opposed as in the
case of the films annealed at 210 and 230 °C on untreated silicon
substrates. In the case of the films annealed at 190 °C on
untreated silicon substrates, y for PS and PMMA are slightly
different, such that there is not as strong of a driving force to form
perpendicular cylinders at the free surface. Indeed, the difference
in y between PS and PMMA at 190 °C may be large enough to
result in the formation of defects, such as loops or parallel
structures, even on the surface of thicker films. Zhang et al.
observed a similar transition from parallel cylinders to mixed

parallel and perpendicular cylinders at ~3.7L, using a lower
molecular weight PS-b-PMMA at 184 °C.** In the case of the
films annealed on 63S-treated silicon substrates, the nonpre-
ferential interface created by the 63S treatment leads to the
formation of perpendicular cylinders at the interface. As a
result, for the films annealed at 210 and 230 °C, the free
surface and interface are both driving the PS-b-PMMA to form
perpendicular cylinders, usually resulting in the formation of
perpendicular cylinders at the free surface at all values of L.

There were two exceptions to the formation of cylinders at the
free surface of C4621 films on 63S-treated silicon substrates,
independent of L. First, for the films annealed at 190 °C, the same
types of loop or parallel structures appeared when L > ~3L, as
were seen in films with L > ~4L, that were annealed on
untreated silicon substrates. As was probably the case for the
thicker films on untreated silicon substrates, it is likely that the
difference in y between PS and PMMA at 190 °C was large
enough to result in the formation of defects.

The second exception is the formation of islands, parallel
cylinders, and perforated structures in the films annealed at
230 °C when L = 1.58L,, 1.98L,, and 2.40L,, respectively. The
formation of these structures may have been caused by changes
in the interfacial energy of the 63S-treated substrate with the
block copolymer. Just as temperature affects the surface energies
of the blocks of a copolymer, it also may affect the interaction
between the blocks and the substrate. At a higher temperature,
one block may be able to wet the substrate or to penetrate the
end-grafted random copolymer brush layer to interact with the
underlying silicon substrate. This would effectively change
the interfacial energy between each block and the 63S brush,
resulting in the formation of different surface morphologies in
films thinner than 3L, as shown in Figure 1b. Within such a
range of L, as discussed above, the polymer—substrate interac-
tion determined the domain orientation. For the films annealed
at 230 °C, the interaction was apparently sufficiently preferential
to drive the formation of parallel domains or island structures. At
210 and 190 °C, the interactions appear to have been sufficiently
balanced, such that the substrate was nonpreferential toward
either block.* In a different ap]zaroach, instead of changin§ the
annealing temperature, In et al,, > Ham et al,> Jietal, 625 and
Han et al.*' systematically investigated the effect of polymer—
substrate interfacial energies on the domain orientation of block
copolymer thin films by changing the brush composition. They
found that perpendicular orientation of domains was only
achieved on brushes with certain composition ranges, on which
the interfacial interactions were nearly equal at the specific
annealing temperature.

The dynamic study (Figure 3) showed that two independent
nucleation events simultaneously occurred at the polymer—
substrate and polymer—free surface interfaces. For annealing times
less than 10 min, the surface morphologies of the films were only
the result of surface nucleation, and the morphology primarily
consisted of perpendicular cylinders. After 10 min of annealing,
the substrate effect propagated through the film thickness and
affected the surface domain orientation. Huge grains of parallel
cylinders, for example in the film with L = 95 nm (3.02L,),
formed on the surface of the film on untreated silicon substrates
due to the strong preferential wetting of PMMA on silicon sub-
strates. The dynamic study also confirmed that the surface mor-
phologies were only determined by the polymer—free surface
interaction in thicker films. In the thicker film with L = 340 nm
(10.8Ly), whether the substrate was untreated silicon or
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Figure 7. (a) Schematic of MTP from a cylinder-forming ternary blend film and pattern transfer into the underlying silicon oxide substrate by RIE. (b, c)
SEM images of a 300 nm thick blend film on a 63S-modified substrate and a 30 nm thick PS-b-PMMA film on the MTP replica after the removal of
PMMA blocks by UV exposure and acetic acid washing, respectively. Au (~1 nm) was sputtered on the film surfaces to facilitate SEM imaging in (b) and
(). (d) Top-down and cross-section (45° tilted) SEM images of the silicon oxide pattern after RIE using PS as the etch mask.

63S-treated silicon substrates had no effect on the surface
morphology after 10 min of annealing.

Quantification of Grain Sizes on Film Surfaces. We ob-
served that & increased linearly with L on both silicon and 63S-
treated silicon substrates (Figure S). Analogous to Harrison
et al’s observation of sphere-forming block copolymer films,*"
the dominant coarsening process may also be the collapse of
small grains into the grain boundaries of larger grains for our
cylinder-forming system. The rotation of small grains could be
the main pathway to merge with large grains and the possibility of
rotating perpendicular cylinders is linearly proportional to the
length of cylinders, which may be used to explain the linear
correlation between & and L. Another plausible explanation
could be that the chain mobility at film surfaces depends on the
film thickness. In a thin film, an attractive substrate will increase
the T, near the substrate.>*>> The increase of T, restricts
the polymer chain segmental mobility and results in a reduced
diffusion coefficient of polymer chains. Within the film the
substrate effect gradually decays, and the chain mobility increases,
as the distance from the substrate interface increases. Zheng
et al.> experimentally observed a similar asymmetric diffusion
coefficient profile in thin films on silicon substrates. The diffusion
rate at the free surface was faster than that near the substrate
interface. As a result, a thicker film should have faster ordering
kinetics at film surfaces than a thinner one. In our studies, this
effect should lead to a larger & in the films with greater L. Within
the thickness range that we studied, the decay of the substrate
effect may also be proportional to L, which would explain the
linear dependence of & on L. Although it is experimentally
difficult to probe the grain size within a film at different distances
from the substrate, it is highly possible that the grain size within
the film may be a function of the distance away from the substrate.
In analogous work, the grain size of perpendicular lamellae also
increased with the film thickness, but scaled with L>**, slower
than our cylinder-forming block copolymer system.>”

There is a slight difference in & between C4621 films of equal L
annealed on untreated silicon and 63S-treated silicon substrates,

which may be explained by the presence of 2—3 layers of parallel
cylinders near the untreated silicon substrates (Figure 2a). The
parallel cylinders would reduce the effective thickness of the
perpendicular cylinders, as shown in Figure 2a. Considering that
& is only a function of the thickness of perpendicular cylinders, if
we shifted the plot of §’s on silicon substrates left by 3L, it almost
overlapped with the plot of §’s on 63S-modified silicon substrates
(not shown). Harrison et al. reported similar substrate effect that
the & of parallel cylinders on PS substrates was larger than that on
bare silicon substrates because the brush layer mitigated the
substrate pinning.*®

There was a notable difference in the effect of annealing
temperature on &, as seen in Figure Sb. While it was not sur-
prising that for films with the same L, an increase of annealing T'
led to alarger &, i.e., £(230 °C) > £(210 °C) > £(190 °C), it was
interesting that £ varied linearly with L for annealing at 230 and
210 °C but was constant with L for annealing at 190 °C. It is likely
that the lack of variation of & with L when annealed at 190 °C was
caused by the same phenomena that caused the formation of
parallel cylinders or loop defects on film surfaces. We believe
both effects were likely caused by a slight difference in the y of PS
and PMMA at 190 °C.

Two aspects of the dependence of & on t are worthy of addi-
tional discussion. First, the & ~ t? relationship that we observed,
with ¢ = 0.28 £ 0.01, was similar to the t dependence for grain
sizes observed in thin films containing spherical or cylindrical
domains, in which ¢ = 0.25."%3%*°"* We should note that the
0.25 dependence stated in the literature applied to different block
copolymers, annealing T, and L. Second, the defect densities
decreased quickly within the first 30 min of annealing and did not
change noticeably with continued annealing from 1.5 to 24 h in
films of equal L. After 1.5 h of annealing, the number of isolated
defect pairs decreased during the annealing process; isolated
pairs may have fused to form conjugated pairs at the grain
boundary. The different behaviors in the first 30 min of annealing
and the latter stages of annealing suggest that there may have
been different defect annihilation mechanisms occurring during
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these two annealing stages. Similarly, Dai et al. also observed two
stages of order formation in bulk materials.**

The activation energy (E,) for grain coarsening was roughly
estimated assuming that & follows the Arrhenius equation, § =
Age B/RT where A, is the coefficient and R is the ideal gas
constant. By comparing the &’s of same thicknesses in Figure Sb
annealed at 230 and 210 °C, E, was roughly estimated to be
~35—43 kJ/mol. E, of grain coarsening for parallel cylinders of a
different block copolymer was estimated to be ~50 kJ/mol,
according to the kinetics data reported by Harrison et al,"> close
to the value of our system.

Replication of Domain Patterns by MTP and Pattern
Transfer. The difficulty of using thick PS-b-PMMA films as
templates for pattern transfer to an underlying substrate may
preclude the potential use of the thick PS-b-PMMA films. How-
ever, MTP provides a method to use the patterns formed on the
surface of a thick film to fabricate chemical patterns that can
direct the assembly of thin films of block copolymers that could
more readily serve as etch masks. The results presented in
Figure 7 confirm the efficacy of the MTP technique. A schematic
of the MTP process performed with thick films and subsequent
pattern transfer into a silicon oxide substrate is shown in Figure 7a.*®
A 300 nm thick ternary blend film was deposited on the 63S-
modified substrate and annealed to form hexagonal arrays of
cylinders on the substrate. The ternary blend consists of 90 wt %
C4621 and two homopolymer inks, 7 wt % PS-OH and 3 wt %
PMMA-OH. The self-assembled cylinders had a & of ~1 um
(Figure 7b). During MTP, the homopolymers grafted onto the
surface of the replica substrate, reflecting the domain pattern that
was on the surface of the self-assembled ternary blend. After
MTP and separation, the replica was used to direct the assembly
of a 30 nm thick film of the same blend to hexagonal arrays of
perpendicular cylinders. & of the assembled perpendicular cylin-
ders on the replica was calculated to be ~1 ym, the same as the §
of the starting thick film (Figure 7c). For the sake of comparison,
the & of a 30 nm thick PS-b-PMMA film that was self-assembled
on a neutral brush was only ~200 nm. After directed assembly of
the blend film on the MTP replica, the PMMA domains were
removed, and the PS matrix was used as an etch mask for pattern
transfer into the underlying silicon oxide substrate.>® Figure 7d
shows the top-down and cross-section SEM images of the silicon
oxide pattern, indicating the efficient pattern transfer into the
30 nm thick silicon oxide layer. The oxide pattern also had the
same & as the starting ternary blend template and the MTP
replica. The combination of MTP with an initial surface pattern
formed in a thick film of block copolymer also demonstrates a
route for generating chemical nanopatterns that does not require
advanced lithography.

B CONCLUSIONS

We demonstrated a facile approach to fabricating hexagonal
arrays of perpendicularly oriented cylinders with long-range
orientational order by a combined use of high annealing
temperatures and large film thicknesses. Our dynamics study
proved that independent nucleation events occurred at the
polymer—substrate and the polymer—free surface interfaces.
We also determined that the surface morphologies were only
determined by the polymer—free surface interaction when the
film was thicker than a threshold thickness. The technological
implication of this approach is that large grain sizes of hexa-
gonal arrays could be easily fabricated without the use of

advanced lithographic tools. These patterns could be repli-
cated to make chemical patterns via MTP. The replica pat-
terns in turn could direct the assembly of a thin film of block
copolymer for a pattern transfer operation into the underlying
substrate, providing a means to fabricate hexagonal arrays
of chemical patterns with long-range order for a variety of
applications, such as bit patterned media, nanodot memory,
and plasmonics.
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B NOTE ADDED AFTER ASAP PUBLICATION

This article posted ASAP on April 29, 2011. Figure 1 has been
revised. The correct version posted on May 4, 2011.
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