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such as photolithography [ 7–12 ]  or e-beam 
lithography, [ 13–16 ]  has been investigated. 
Among these, graphoepitaxy, which 
involves guiding BCP patterns with a 
topographical template, [ 7–14 ]  and chem-
oepitaxy, where the patterns are guided 
on chemical stripes with commensurable 
pattern periods, [ 15–17 ]  are generating a 
lot of interest in the semiconductor and 
advanced lithography fi elds. [ 18 ]  However, 
the narrow commensurability conditions 
between BCPs and the top-down pat-
terns, the complex patterning processes, 
line edge roughness problems, and the 
subtle interface neutralization conditions 
of the substrate are also issues that should 
be resolved to realize less defected and 
device-applicable patterns. 

 The directional alignment of BCP 
microdomains without the top-down 
process has also been studied, notably 
via alignment in coffee-stain microstruc-

tures, [ 19 ]  on saw-tooth patterns, [ 20 ]  in magnetic fi elds, [ 21,22 ]  and 
using shear fl ow. [ 23–29 ]  Among these approaches, shear align-
ment has long been used in bulk- or thick-fi lm block copolymer 
systems because the BCP microdomains readily orient parallel 
to the fl ow direction leading to the formation of macroscopic 
near-single-crystal textures. [ 23,24 ]  On the other hand, the use of 
shear alignment for thin fi lms is more complicated, with dif-
fi culties in achieving uniform shear and conformal contact, 
and avoiding delamination from the substrate. Angelescu et al. 
introduced elastomeric polydimethylsiloxane (PDMS) pads on 
BCP thin fi lms to resolve these issues and realized unidirection-
ally aligned single-layer cylindrical arrays of BCP microdomains 
over a large area, [ 25 ]  and Singh et al. further improved using 
cold zone annealing. [ 26 ]  Soft shearing with solvent annealing 
have also been used to align BCP microdomains. [ 28,29 ]  However, 
this shear alignment with pad displacement only produces a 
unidirectional alignment across the entire shear area, not the 
multidirectional or selective alignment at the specifi c part in a 
single unit. For the multidirectional alignment, fl owing nonsol-
vent liquid through a microfl uidic multidirectional channel on 
BCP fi lms has been shown to induce the directional alignment 
of microdomains, [ 27 ]  but inevitably, this approach is prone to 
fl uid leakage and BCP fi lm sweeping. 

 The concept of a top coat can be a solution for the directional 
alignment with controllable surface/interfacial tension of BCP 
fi lms. Recently, the top coat has been used for production of 
perpendicularly ordered BCP microdomains with a high aspect 
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  1.     Introduction 

 Self-assembly of block copolymers (BCPs) can be spontane-
ously phase-separated within copolymer chains and produce 
nanoscale periodic patterns fi ve to several hundred nano-
meters in length. [ 1,2 ]  Thus, BCP thin fi lms have studied inten-
sively as an advanced lithographic tool to realize cost-effective 
sub-20 nm device fabrication method. [ 3–6 ]  However, BCP self-
assembly is generally limited to the formation of randomly 
oriented fi ngerprint patterns, whereas better control of the 
orientation and directional alignment of microdomains would 
be desirable to form the more complex structures useful in 
devices. To achieve highly ordered and directionally controlled 
BCP patterns, the combination of the BCP self-assembly based 
bottom-up processes and conventional top-down approaches, 
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ratio, whereby the top surface energy difference between two 
blocks is neutralized. [ 30–32 ]  Our group also demonstrated the 
fully perpendicular orientation of polystyrene- block -polydi-
methylsiloxane (PS- b -PDMS) cylindrical microdomains, which 
has one of the largest surface energy differences between the 
two blocks, using a polyvinyl alcohol (PVA) top coat and solvent 
annealing. [ 33 ]  However, perpendicular orientation in the PVA/
PS- b -PDMS bilayer system was not achieved with conventional 
high temperature thermal annealing, dewetting of the hydro-
philic top coat on the BCP fi lm was obtained instead. Dewet-
ting involves the rupture of a thin liquid fi lm on the substrate 
leading to the formation of droplets. [ 34 ]  Indeed, during the 
dewetting process, the rim of the dewetting top coat moves to 
the undewetted region with a plug fl ow behavior that can exert 
a steady shear force on the underlying BCP fi lm. 

 In this paper, using this top-coat dewetting phenomenon at 
high temperatures, we demonstrate the formation of extremely 
straight and laterally ordered 10 nm-wide PS- b -PDMS cylin-
drical microdomains in thin fi lms. This top-coat dewetting of 
the PVA/BCP bilayer fi lms produces straight cylinders arranged 
radially in a regular sunburst-type pattern from the nucleation 
point to the end of dewetting front, at least 150 µm in length 
and 15 000:1 in aspect ratio. We examined the microdomain 
morphologies of BCP fi lms as a function of BCP fi lms and 
top coat thickness, and annealing temperature. Highly ordered 
BCP patterns were obtained for a wide range of shear rates, 
but diminished surface/interface effects at thicker BCP fi lms 
and higher polymer mobility lead to improved microdomain 
ordering. To explore the possibility of controlled multidirec-
tional alignment in specifi c areas, top-coat dewetting was com-
bined with imprinting to form topographical patterns on the 
top coat, whereby microdomains strongly aligned in the direc-
tion normal to the imprinted line-space patterns were produced 
in 80 µm wide trenches.  

  2.     Results and Discussion 

 The dewetting of the PVA top coat on PS- b -PDMS thin fi lms 
leads to the formation of highly aligned BCP microdomains in 
sunburst-type patterns under thermal annealing, as illustrated 
in  Figure    1  . Dewetting usually occurs when a polymeric fi lm 
is energetically unstable on the substrate and is suffi ciently 

mobile at temperatures above the glass transition temperature. 
A negative spreading coeffi cient,  S  =  γ  B  −  γ  A  −  γ  AB , where  γ  A , 
 γ  B , and  γ  AB  are, respectively, the surface tensions of the upper 
fi lm and the substrate, and the interfacial tension of the fi lm–
substrate interfaces, indicates that dewetting will occur. [ 34 ]  In 
this work, we prepared the bilayer fi lm using 40% hydrolyzed 
PVA (PVA40) as a top coat and 16k cylindrical PS- b -PDMS 
block copolymer fi lm as an underlayer. Since the surface ten-
sions of PVA40, PS, and PDMS are 42.4 mN m −1 , 40.7 mN m −1 , 
and 20.4 mN m −1 , and the interfacial tensions of PVA40-PS 
and PVA40-PDMS are 4.67 mN m −1  and 14.7 mN m −1 , respec-
tively, [ 33 ]  this bilayer system has a negative spreading coeffi cient 
with either the PS or PDMS substrate and top-coat dewetting 
should therefore occur at suffi ciently high temperatures. How-
ever, no dewetting was observed during the 2 h of thermal 
annealing for the PS- b -PDMS fi lms on pristine Si wafer because 
of its high surface tension (≈55.6 mN m −1 ).  

 During the early stages of top-coat dewetting, surface insta-
bilities lead to the nucleation of holes at certain points on the 
BCP fi lm, which then grow radially over time. The annealing 
temperature was typically 180 °C, which is much higher 
than the glass transition temperature ( T  g ) of PVA40 (67 °C, 
confi rmed by differential scanning calorimetry (DSC) in 
Figure S1, Supporting Information) and of PS- b -PDMS BCP 
( T  g,PS  ≈ 100 °C and  T  g,PDMS  ≈ −123 °C). [ 35 ]  Thus, during thermal 
annealing, dewetting of the top coat and self-assembly of the 
BCP occur simultaneously. In a conventional liquid/liquid 
dewetting system, the dewetted rim of the top coat advances 
via plug fl ow producing a steady shear fl ow in the thin liquid 
underlayer between this rim and the substrate. [ 34 ]  Therefore, 
steady dewetting-assisted shear fl ow of the BCP fi lm can align 
the cylindrical PS- b -PDMS microdomains along the direction of 
rim propagation, resulting in the formation within the dewetted 
holes of highly aligned BCP microdomains in sunburst-type 
patterns over several hundreds of micrometers. 

  Figure    2  a shows an optical microscopy (OM) image of a 
dewetted PVA top coat (300 nm area) on a 150 nm thick PS-
 b -PDMS fi lm after 2 h of annealing at 180 °C. The top coat 
was fully dewetted within several minutes to an hour, with the 
formation of cellular patterns and droplets. The average hole 
diameter was approximately 400 µm. Different colored areas 
are observed in the BCP fi lms within the dewetted holes, indi-
cating quantized differences in thickness originating from the 
parallel orientation of microdomains with incommensurable 
fi lm thicknesses (in other words, to hole/island structures). 
Using scanning electron microscopy (SEM), we investigated 
the morphology of the BCP fi lm in specifi c areas taken in eight 
directions ±50 µm away from the dewetting nucleation point 
(Figure  2 j), as shown in Figure  2 b–i. 10 nm wide BCP cylin-
drical microdomains are uniformly aligned in a single direction 
over a 5 µm × 5 µm in each area and the cylinder alignments of 
each area in eight directions are entirely heading for the nuclea-
tion point. Orientational color maps obtained from the SEM 
images in the insets of Figure  2 b–i show different monotone 
colors for each area, demonstrating visually the arrangement 
of the cylinders at specifi c angles according to the sunburst 
pattern. This directional alignment formed whole thickness 
range of the fi lms, which was confi rmed by cross-section SEM 
image in the inset of Figure  2 j. Randomly oriented parallel BCP 
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 Figure 1.    Schematic illustration of the production of highly aligned sun-
burst-patterned block copolymer (BCP) microdomains by top-coat dewet-
ting of PS- b -PDMS thin fi lms at annealing temperatures above the glass 
transition temperature.
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microdomain cylinders are observed in the region wetted by the 
PVA droplet.  

 We also examined the BCP morphologies 100 µm (Figure  2 k) 
and 150 µm (Figure  2 l) away from the nucleation point in the 
same direction as for Figure  2 f. The images and the corresponding 
color maps reveal highly aligned BCP microdomains whose ori-
entation is independent of the distance from the nucleation point. 
This result indicates that the directional alignment of 10 nm-wide 
line patterns proceeds from the nucleation point to the rim of 
dewetted top coat, over a distance of at least 150 µm and with an 
aspect ratio of 15 000:1. Furthermore, by controlling the direction 
of the top-coat dewetting front, the alignment of the BCP micro-
domains can be micromanaged in specifi c areas. 

 BCP fi lm thicknesses are always critical in determining the 
orientation of the microdomains and their commensurability 
with the BCP domain period because of the confl ict between 
the bulk properties of BCPs and top/bottom surface interface 
effects. Furthermore, BCP fi lm thickness is directly related to 
the shear rate ( γ  =  υ / h , where  υ  is the velocity of the dewetting 
front and  h  is the thickness of the BCP underlayer). The effect 
of 50–500 nm-thick BCP fi lms on the degree of orientational 
order of the BCP microdomains was examined for a single top 
coat thickness (300 nm) and annealing temperature (180 °C). As 
shown in the SEM images and the corresponding color maps of 
 Figure    3  a–f, directional but less ordered and wavy line patterns are 
obtained with 50 nm and 100 nm-thick fi lms, while with 150 nm 
or thicker fi lms the resulting line patterns are almost perfectly 

straight. To quantify the alignment of the BCP line patterns, we 
defi ne an orientational order parameter ( ψ ) [ 36 ] 

 
ψ θ θ= −cos[2( )]0    

 where  θ  is the local orientational angle of the line and  θ  0  is the 
angle of the dewetting front direction. The orientational order 
parameters calculated for the 50 nm, 100 nm, and ≥150 nm-
thick fi lms are ≈0.93, ≈0.96, and ≈0.975, respectively, the latter 
value being close to that obtained for perfectly straight line pat-
terns (Figure  3 g). Under these bilayer dewetting conditions, 
the dewetting front progressed at approximately 220 nm s −1 , as 
measured using an optical microscope equipped with a digital 
camera, while the calculated shear rates ranged from 4.4 s −1  to 
0.44 s −1 . In contrast with previous studies of BCP shear align-
ment, [ 25,36,37 ]  the aligning shear rates are more than one order 
of magnitude below the suggested threshold. Furthermore, 
thinner BCP fi lms and higher shear rates lead to less ordered 
cylindrical patterns than those obtained with thicker fi lms 
and less shearing. We think that this straight alignment of 
BCP fi lms obtained even at relatively low shear rates is mainly 
due to the high mobility of low molecular weight PS- b -PDMS 
( M  w  ≈16 kg mol −1 ) BCP. The lower degree of alignment of 
the microdomains obtained with the thinner BCP fi lms may 
also be the result of a substrate pinning effect that originates 
from the strong interaction between the BCP chains and the 
hydroxyl-terminated native oxide surface. [ 9,38 ]   
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 Figure 2.    a) Optical images of a dewetted PVA top coat (300 nm thick) on a PS- b -PDMS fi lm (150 nm thick) after thermal treatment at 180 °C for 
2 h. b–i) Scanning electron images of block copolymer microdomains taken in eight regions 50 µm apart surrounding the dewetting nucleation point. 
j) Scanning electron image of the nucleation point on a block copolymer fi lm after top-coat dewetting and (inset) cross-sectioned image of dewetted 
BCP fi lms. Scanning electron images of block copolymer microdomains k) 100 µm and l) 150 µm away from the dewetting nucleation point. The insets 
show orientational color map images obtained from the corresponding images.
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 The temperature of thermal annealing can affect not only 
the mobility and alignment of the BCP microdomains, but also 
the dewetting behavior of the top coat and the velocity of the 
dewetting front.  Figure    4   shows OM and SEM images of PVA/
BCP (300/150 nm thick), bilayer fi lms obtained after annealing 
for 2 h at different temperatures, as well as the orientational 
order parameters and dewetting velocities measured as a func-
tion of the annealing temperature. As the annealing tempera-
ture increases, so do the mobility the polymers in the bilayer 

fi lms and the dewetting velocity. At 120 °C and 140 °C, slightly 
higher than the  T  g  of PS, because the BCP fi lms are not suffi -
ciently mobile and the dewetting velocity is also very low 
(≈10 nm s −1  and ≈45 nm s −1 , respectively), the BCP micro-
domains were not fully aligned along the shear direc-
tion. Higher annealing temperatures (160 °C and 180 °C) 
ensure that the BCP microdomains are suffi ciently mobile 
and induce rapid top-coat dewetting, resulting in extremely 
straight alignment ( ψ  > 0.975) along the dewetting direction. 
According to the threshold shear rate of BCP alignment from 
Nikoubashman et al., [ 37 ]  our dewetting-induced shear align-
ment are above the threshold condition at all temperatures. 
However, because our dewetting-induced shear is not actually 
a steady shear but rather a one-time, tsunami-like process, the 
rest of the annealing time (2 h) is devoted to defect annihi-
lation and morphological improvement of sheared micro-
domains. This explains why the fi lms treated at higher tem-
peratures have straighter and more ordered microdomains. 
Further increases in annealing temperature lead, however, 
to poorer alignment. At 200 °C indeed, which is already over 
the melting temperature of partially hydrolyzed PVA, the PVA 
liquid simultaneously migrates on entire BCP fi lm, leading to 
spinodal decomposition. This reduced microscale direction-
ality of the fl ow results in a lower degree of directional align-
ment of the BCP microdomains compared with the situation 
at 160 °C or 180 °C.  

 The hole size and dewetting velocity can be controlled by 
varying the top coat thickness without altering the BCP fi lm 
conditions. The hole diameter, dewetting velocity, and the 
degree of alignment of BCP microdomains in PVA/BCP 
(150 nm thick) bilayer fi lms with 50–500 nm thick top coats 
are shown in  Figure    5   after thermal annealing at 180 °C. 
Optical and SEM images showing the appearance and microdo-
main alignment of these samples are presented in Figures S2 
and S3, Supporting Information. With thicker top coats, sur-
face undulation and instability of top coat are diffi cult to ini-
tiate the nucleation of dewetting, leading to larger dewetting 
holes and longer directional alignment of the BCP microdo-
mains, up to 250 µm with a 500 nm-thick top coat. Also, the 
dewetting velocity decreases gradually, from ≈370 nm s −1  to 
≈40 nm s −1 , because the very low viscosity of PVA at 180 °C 
leads to inertial dewetting regime. [ 39 ]  However, the alignment 
of the BCP microdomains remains substantial ( ψ  > 0.95) for 
all top-coat thicknesses, with shear rates ranging from 3.3 s −1  
to 0.33 s −1 . The orientational order parameter increases slightly 
from 50 nm to 200 nm thickness, and decreases thereafter. We 
surmise that the rim width, which is equivalent to the effec-
tive shearing region, is slightly too narrow with the thinner top 
coats for perfectly aligned BCP microdomains, while the low 
shear rates could explain the marginal decrease in alignment 
measured for the thicker fi lms.  

 To investigate whether patterns other than sunburst-type 
alignment could be obtained, a micropatterned top coat was 
used to control the dewetting direction and thereby the direc-
tionality of microdomain alignment.  Figure    6  a illustrates the 
top coat micropattern imprinting process used to align the BCP 
microdomains in a single direction. First, we imprinted the 
PVA/BCP bilayer fi lms with 80 µm/30 µm line-space pattern 
molds by thermal imprinting at 100 °C and 2 MPa for a 40 min. 
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 Figure 3.    Scanning electron images of the block copolymer alignments 
obtained with a) 50 nm, b) 100 nm, c) 150 nm, d) 200 nm, e) 300 nm, and 
f) 500 nm-thick block copolymer fi lms covered with a 300 nm-thick PVA 
top coat and annealed for 2 h at 180 °C. The insets show orientational 
color map images from the corresponding images. g) Orientational order 
parameters of the aligned microdomains as a function of block copolymer 
(BCP) fi lm thickness.
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Topographical patterns are formed on the imprinted top coat/
BCP, as shown in Figure  6 b. During thermal annealing at 180 °C, 
dewetting occurs in the trenches with the dewetting front moving 
unidirectionally toward the edges of the pattern (Figure  6 c). 
Thereby, the BCP microdomains in the dewetted area exhibit 
unidirectional and extremely straight alignment perpendicular 
to the line-space micropatterns. As can be seen in Figure  6 d–f, 
highly ordered ( ψ  ≥ 0.99) and unidirectional alignment (the 
color maps are identical) is confi rmed in three different loca-
tions 30 µm apart in the dewetted trench. These results there-
fore indicate that this patterned top coat affords direction-con-
trolled dewetting in specifi c microscale areas, and can therefore 
be used to prepare complex and precise sub-10 nm line patterns 
such as integrated circuits and FinFET structures.   

  3.     Conclusion 

 In this study, extremely straight and highly ordered 10 nm-wide 
PS- b -PDMS cylindrical microdomains were created in thin 
fi lms by dewetting the top coat under thermal annealing to 

engage shear fl ow in the BCP underlayer. Sunburst-type pat-
terns are formed around the nucleation point and continue to 
the rim of the dewetted top coat, over a distance of 150 µm and 
with an aspect ratio of 15 000:1. The microdomain morpholo-
gies were investigated fi rst, as a function of BCP fi lm thick-
ness to better understand the surface/interface effect; second, 
as a function of annealing temperature to study the effect of 
top coat/BCP mobility; and third, as a function of top coat 
thickness to evaluate the effect of different shear rate. Highly 
ordered BCP patterns were obtained for a wide range of shear 
rates, but other than at the highest temperature (200 °C), 
the reduced surface/interface effect and high mobility at higher 
temperatures resulted in improved microdomain ordering. We 
also devised a micropatterned top-coat system that provides 
directional dewetting and unidirectional alignment of BCP pat-
terns in specifi c areas. This approach—facilitated by the use 
of sub-10 nm-diameter low molecular weight BCPs—allows 
the facile deposition of complex directional nanopatterns and 
can be applied to the directed self-assembly of next-generation 
sub-7 nm semiconductors and FinFET structures.  
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 Figure 4.    Optical and (inset) scanning electron images of 300 nm-thick top coats on 150 nm-thick block copolymer fi lms annealed at a) 120 °C, 
b) 140 °C, c) 160 °C, d) 180 °C, and e) 200 °C for 2 h. f) Average velocity of the dewetting top front and orientational order parameter of the block 
copolymer fi lms as a function of the annealing temperature.
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  4.     Experimental Section 
  Preparation of Block Copolymer/Top Coat Bilayer : Polystyrene- block -

poly(dimethylsiloxane) ( M w   ≈11- b -5 kg mol −1 , PDI ≈1.08) purchased 
from Polymersource, Inc. and 40% hydrolyzed polyvinyl alcohol 
( M w   ≈72 kg mol −1 ), which contains 60% unhydrolyzed polyvinyl acetate 
(PVAc), was purchased from Polyscience, Inc. and used as the top coat 
material. 1–7 wt% of PS- b -PDMS solution in cyclohexane was spin-
coated at 4000 rpm onto UV/Ozone cleaned Si wafer. The BCP fi lms 
were dried in vacuum at 60 °C for 2 h. Then 1–10 wt% of PVA solution in 
methanol was spin-coated again at 8000 rpm onto previously deposited 
BCP fi lms. The bilayer fi lms were dried again in vacuum oven at room 
temperature for 2 h. 

  Top Coat Dewetting and Imaging : To occur the dewetting of top coat, 
the bilayer fi lms were thermally annealed in vacuum oven for 2 h from 120 
to 200 °C. When we measured the velocity of dewetting front, the fi lms 
were annealed at nitrogen atmosphere for in situ optical observation. 
The morphology of dewetted fi lms were fi rst observed using optical 
microscope (Nikon, Eclipse E400POL), then the fi lms were immersed 
and rinsed with methanol to remove dewetted PVA top coat. To observe 
the alignment of BCP microdomains more easily, the fi lms were etched 
and formed topographical patterns with 3 s of CF 4  (50 W, 15 sccm) 
and subsequent 20 s of O 2  (90 W, 10 sccm) reactive ion etching (RIE) 
process. The obtained topographical BCP patterns were microscopically 
examined using fi eld emission-scanning electron microscopy (FE-SEM, 
JEOL LSM-6701F). The orientational color maps and order parameters 
were obtained from the image analysis (OrientationJ, macro plug-in of 
ImageJ) based on at least fi ve SEM images. 

  Directional Dewetting with Imprinting : We fi rst made PDMS mold 
from 80 µm mesa and 30 µm trench line-space template patterns with 
15 µm step-height. The PDMS prepolymer (Dow corning corporation, 
SYLGARD 184) were poured to template patterns and cured at 60 °C in 
vacuum condition for 12 h. The transferred PDMS pattern was used as 
an imprinting mold. The imprinting was executed at 2 MPa and 100 °C 
for 40 min with manmade imprinting machine. The patterned bilayer 
fi lms were thermal annealed with previously described condition for the 
directional dewetting.  
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 Figure 6.    a) Schematic diagram highlighting top-coat micropattern-induced directional dewetting and the resulting alignment of block copolymer micro-
domains in a specifi c area. Optical images of imprinted double layer top coat/block copolymer fi lms b) before and c) after dewetting. d–f) Scanning elec-
tron images and (inset) the corresponding orientational color maps of block copolymer microdomains obtained in the dewetted regions marked in c).

 Figure 5.    a) Average velocity of the dewetting top front and the average 
hole diameter in the top coat as a function of top-coat thickness for block 
copolymer fi lms dewetted at 180 °C. b) Orientational order parameters of 
the microdomains in 150 nm-thick block copolymer fi lms as a function 
of top-coat thickness.
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