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Abstract
The formation of highly ordered patterns of block copolymers (BCPs) with high χ is important for next-generation
lithography applications. We demonstrate here a surface-engineering methodology to enhance the self-assembly of poly
(styrene-b-dimethylsiloxane) (PS-b-PDMS) BCPs with high χ by employing a hydroxyl-terminated polystyrene (PS-OH)
brush. By precisely controlling the molecular weight (MW) and weight percent of PS-OH, well-ordered sub-20-nm BCP
patterns were obtained over a large area in a short annealing time (<10 min) with the use of guiding templates. We
systemically analyzed how the PS-OH brush affects the self-assembly kinetics of BCPs with various MWs and volume
fractions. Moreover, the transmission electron microscopy (TEM) results strongly support that the PS-modulated surface
plays an important role in the ordering of BCP patterns. We also achieved well-aligned 12 nm line and 18 nm dot patterns
within 3 min by means of binary solvent vapor annealing at a moderate temperature under the optimum PS-OH brush
conditions. These results provide a new platform for effective engineering and manipulation of the self-assembly of other
BCPs for advanced BCP nanotechnologies.

Introduction

Over the last several decades, the directed self-assembly
(DSA) of block copolymers (BCPs) has been intensively

studied as a promising methodology for next-generation
lithography due to its excellent pattern resolution, out-
standing scalability, simple process, and good cost effec-
tiveness [1–14]. BCPs, which consist of two or more
mutually immiscible polymeric components can sponta-
neously self-assemble into periodic patterns, for example,
dot, line, hole, and ring patterns, with small feature sizes
of 5–50 nm through minimization of the Gibbs free energy
[5, 8, 9, 12,14–19]. BCPs with a large Flory–Huggins
interaction parameter (χ), in particular, have many advan-
tages, including a low thermodynamic defect density,
excellent pattern resolution, and morphological tunability,
resulting from the large segregation strength (χN,
N= degree of polymerization) of the high-χ BCP [5, 9, 17,
20, 21]. However, high-χ BCPs show slow self-assembly
kinetics owing to the poor chain mobility, which decreases
exponentially in proportion to the value of χ [21–23]. For
this reason, high-χ BCPs typically require solvent vapor
annealing to provide sufficient mobility to the BCP chains
[24, 25]. In the literature, the efforts of many BCP research
groups to develop novel and simple annealing methods to
improve the self-assembly speed of high-χ BCPs are pre-
sented. These methods include thermally assisted solvent
annealing and immersion annealing [19, 23, 26–29].
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However, several critical issues remain unaddressed,
such as the long-range ordering, defect density, and con-
trollability, for a wider range of applications of high-χ BCPs
to DSA. Prior to the annealing of BCP thin films, the
substrate surface must be modified to obtain well-ordered
BCP patterns and to control the geometry or orientation of
the self-assembled BCP over the large area [6, 30]. Hence,
many research groups have investigated the brush process
to realize the formation of rapid and well-controlled patterns
of highly ordered nanostructures. In general, the substrate is
uniformly modified by a polymer brush treatment to pro-
mote the self-assembly of BCPs, such as homopolymers,
random copolymers, mixed homopolymers, and block
copolymers, showing a preference for one component of the
BCP or neutral characteristics for di-BCPs. Harrison et al.
[30] reported a PS brush process that involved anchoring
the hydroxyl terminus of the brushes to the native oxide of
the wafer, thereby modifying the affinity of the BCPs for the
substrate by changing the wetting conditions of the sub-
strate. Mansky et al. [31] found that the surface energy of
the substrate can be tuned by adjusting the composition of a
hydroxyl-terminated random copolymer to expedite the
orientation of the BCP pattern. Kim et al. also demonstrated
the controllability of the orientation of BCP microdomains
using a self-assembled monolayer (SAM) or random
copolymer brush, which can be grafted onto the substrate to
form a neutrally modified surface [32]. However, these
approaches are not suitable for high-χ BCPs, such as poly
(2-vinylpyridine-b-dimethylsiloxane) (P2VP-b-PDMS),
poly (styrene-b-dimethylsiloxane) (PS-b-PDMS), poly
(styrene-b-ethylene oxide) (PS-b-PEO), poly(styrene-b-2-
vinylpyridine) (PS-b-P2VP), poly(styrene-b-lactide) (PS-b-
PLA) or poly(isoprene-b-lactide) (PI-b-PLA) [6, 11, 17,
33–39], owing to the large difference in the surface energy
of each block. Related to this, Gu et al. recently suggested a
new approach to control the alignment of BCPs with high χ
using a surface modified with a hydroxyl-terminated BCP,
depending on the composition of the anchored BCP brushes
[40]. Despite these great efforts, there are remaining chal-
lenges to be addressed for actual applications of DSA in
industry. In particular, systematic studies and a fundamental
understanding of surface engineering to determine the self-
assembly kinetics of high-χ BCPs based on the solvent
annealing process are still lacking. Therefore, the systematic
demonstration of a synergistic enhancement effect on the
polymer chain mobility by both surface modification and
solvent plasticization would be helpful to improve the self-
assembly of high-χ BCPs.

Here we introduce a simple and novel surface mod-
ification method to enhance the self-assembly of BCPs with
high χ using a hydroxyl-terminated polystyrene homo-
polymer (PS-OH) (PS brush) based on the solvent annealing
system. In particular, we analyzed the effects of a PS brush

on the self-assembly kinetics of PS-b-PDMS BCPs with a
high χ (~0.26) depending on the molecular weight (MW)
and weight percent. The key roles of the PS brush with
regard to the defect density and self-assembly kinetics of
BCPs were rationally demonstrated based on physical
analyzes by thin film reflectometry, transmission electron
microscopy (TEM), energy-dispersive X-ray spectroscopy
(EDS), and scanning electron microscopy (SEM). In addi-
tion, we realized the rapid pattern formation of well-ordered
sub-20-nm BCP patterns by employing a binary solvent
mixture composed of toluene (a PS-preferential solvent) and
heptane (a PDMS-preferential solvent) under the optimized
PS brush conditions.

Materials and Methods

BCP self-assembly

To guide the self-assembly of the BCPs, Si substrates with
line/space trenches with a depth of 40 nm and a width of 1
μm were fabricated using KrF photolithography. After the
surface modification of the Si substrate by hydroxyl-
terminated PS or PDMS homopolymers at 150 °C for 2 h
in a vacuum oven, the substrates were washed with toluene
to remove any unreacted polymer residue. All BCPs (SD28
and SD56) and homopolymers (PS-OH and PDMS-OH) in
this study were purchased from Polymer Source Inc.
(Canada). PS-OH polymers with MWs of 1 kg per mol, 38
kg per mol, and 130 kg per mol were used to promote the
self-assembly of BCPs, showing good polydispersity
indexes (PDI=Mw/Mn, Mn: number average molecular
weight, Mw: weight average molecular weight) of 1.13,
1.09, and 1.07, respectively. The BCP solutions were spin-
coated and annealed by warm solvent vapors at an anneal-
ing temperature of 55 °C. For the SEM images, the BCP
samples were etched by CF4 plasma (etching time= 25 s,
gas flow rate= 30 sccm, working pressure= 15 mTorr, and
plasma source power= 60W) followed by O2 plasma
(etching time= 30 s, gas flow rate= 30 sccm, working
pressure= 15 mTorr, and plasma source power= 60W) to
obtain the oxidized PDMS nanostructures (SiOx), with an
RIE process after the annealing process.

Transmission electron microscopy analysis

All transmission electron microscopy (TEM) images of the
self-assembled PS-b-PDMS and PS-b-PFS microdomains
were taken before the two-step plasma treatment, showing
the PDMS or PFS microdomains in the PS matrix on the PS
brush. The cross-sectional TEM samples were prepared by a
mechanical polishing process, followed by ion milling with
Ar ions. A high-resolution TEM analysis was conducted
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using a JEOL JEM-ARM200F microscope operated at
200 kV.

Polymer film thickness measurement

The film thickness of the swollen BCP with/without PS
brushes was measured by a reflectometry system with a
wavelength range of 380–1050 nm (Filmetrics Inc., F20-
UV, USA) by employing the reflectance method, which can
measure the amount of light reflected from a polymer film.
To obtain the swelling ratio (SR) of the thin polymer film,
after measuring the initial and solvent-swollen thicknesses
of the film, the initial thickness was divided by the swollen
thickness.

Measurement of defect density

The self-assembled SiOx patterns were observed by using
field emission scanning electron microscopy (FE-SEM,
Hitachi S-4800) operated with an acceleration voltage of
8 kV, emission current of 8 µA, and a working distance of 4
mm. We analyzed the SEM images of a cylinder-forming

BCP pattern. We manually counted the number of defects
(junctions and terminal points) using ImageJ software,
according to the typical method as previously reported [26].

Results

Si-containing PS-b-PDMS BCPs are widely used for
nanolithography and nanodevice applications owing to both
the high-χ value and the highly etch-resistant PDMS block.
PDMS preferentially segregates on top of the PS-b-PDMS
BCP (air/polymer interface) to reduce the total surface
energy after an annealing process due to the large difference
in the surface energy between the PDMS (γ= 19.9 mN/m)
and the PS (γ= 40.7 mN/m) [41]. To explain the role of the
surface chemistry, Fig. 1a shows cross-sectional TEM
morphologies of self-assembled BCPs with different
polymer-surface interfaces when using a PS brush and a
PDMS brush (PDMS-OH). A sphere-forming PS-b-PDMS
with a MW of 56 kg per mol (SD56, fPDMS= 18.0%) was
used for TEM analysis. When the PS brush was used, it (left
image) can be homogeneously blended with the PS matrix,

Fig. 1 Cross-sectional TEM morphologies of BCPs and conceptual
illustrations of surface modification by the PS brush. a Comparison of
self-assembled SD56 microdomains using different surface modifica-
tions with PS (left) and PDMS (right) brushes. b Conceptual
description of the effect of the PS thickness on the ordering of self-

assembled PS-b-PDMS BCPs after surface modification by the PS
brush. The optimum thickness (h2) of the PS wetting layer can enhance
BCP self-assembly, resulting in a well-ordered pattern after a short
annealing time (Color figure online)
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whereas a PDMS surface layer (right image) was observed
at the bottom (or on the surface of the substrate) when a
PDMS brush (PDMS-OH) instead of the PS brush was
used. The substrate coated with the PDMS brush often
shows a non-uniform and irregular interface between the
bottom PDMS layer and the substrate, as shown in Fig. 1a
(right) and Supplementary Fig. S1 in Supporting Informa-
tion. It is likely that PDMS, as the minority block of the di-
BCP, can preferentially wet the substrate [30]. In addition,
oxidized PDMS (ox-PDMS, SiOx) directly formed on the
bottom electrode coated with the PDMS brush, which
shows resistive switching behavior and can be a dis-
advantage in electronic device applications [42]. Thus, the
PS brush, as the majority block of the di-BCP, shows a
physically uniform surface, which can be beneficial for BCP
lithography and device applications. Figure 1b shows con-
ceptual illustrations of the ordering of self-assembled PS-b-
PDMS BCPs after surface modification by the PS brush. To
expedite the self-assembly of PS-b-PDMS BCPs, we
manipulated the thickness of the PS wetting layer by pre-
cisely controlling the MW and weight percent of the PS-OH

homopolymer. In general, the thickness of the PS brush
increases in proportion with the MW or weight percent,
affecting the ordering of the self-assembled BCPs and their
annealing time. The optimum thickness (h2) of the PS
wetting layer can enhance the BCP self-assembly, resulting
in a highly ordered nanostructure after a short annealing
time. On the other hand, an insufficient and excessively
thick PS layer (h3 and h1) disturbs the self-assembly of
BCPs, resulting in poorly ordered BCP patterns.

First, to explore the influence of the thickness of the PS
brush on BCP self-assembly, we measured the swelling
ratio (SR= swollen thickness/initial thickness) of cylinder-
forming PS-b-PDMS with a MW of 28 kg per mol (SD28,
fPDMS= 32.1%) and various MWs of the PS brush annealed
with pure toluene. All of the PS-OH polymers were dis-
solved in toluene at 2 wt% and spin-coated onto a guiding
template, which were then annealed in a vacuum oven at
150 °C for 2 h and washed with toluene. The SR of the
SD28 BCP thin film increased in proportion to the MW of
the PS-OH homopolymer, as shown in Fig. 2a. This is likely
attributed to the incorporation of toluene molecules into the
SD28 and PS layer film, depending on the MW of the PS
brush or the thickness of PS residue. The SR curve of the PS
brush with a MW of 130 kg per mol (S130) shows a slightly
higher value (~1.21) than that (~1.20) of the PS brush with a
MW of 38 kg per mol (S38). The SR curve of SD28
modified with a PS brush with a small MW of 1 kg per mol
(S1) shows a smaller SR value (~1.16) than those of the S38
and S130 brushes, resulting from the non-uniform brush
coverage, as shown in Supplementary Fig. S2b. The SR
curve of the BCP thin film without any surface modification
(bare Si) displays a low SR value (~1.12). These results
clearly show that the PS layer anchored to the surface of the
substrate is swollen by toluene (solubility parameter of
toluene, δTol= 18.3 MPa1/2), which is a good solvent for PS
polymers.

Figure 2b shows the self-assembled SD28 morphologies
for PS brushes with different MWs at a fixed annealing time
of 10 min. SD28 on a substrate treated with a S1 polymer
brush shows a disordered structure with dots, in-plane lines,
and holes, similar to the result without brush treatment
(Supplementary Fig. S5). Supplementary Fig. S3 shows the
time evolution of the self-assembled SD28 formed on the
S1 brush, showing poorly ordered line structures. However,
when the S1 brush had a higher weight percentage (10 wt
%), the ordering of SD28 was improved, as shown in
Supplementary Fig. S3c. These results imply that the
thickness of the PS residue affects the PS-b-PDMS BCP
ordering, and therefore, an unreasonably short PS chain
length can cause the disordering of PS-b-PDMS BCPs, even
though the grafting density is sufficiently high. SD28
modified with a S130 brush forms an entangled line pattern,
showing a poorly ordered structure even after a long

Fig. 2 Controlled self-assembly of PS-b-PDMS BCPs by engineering
the molecular weight of the PS brush at 2.0 wt%. a Measurement of
the swelling ratios (SRs) of SD28 BCPs depending on the MW of the
PS brush. The annealing time was fixed at 10 min, while the MW was
varied. b Self-assembled SD28 morphologies for different MWs of the
PS brush (Color figure online)
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annealing time (60 min), as shown in Fig. 2b, Supplemen-
tary Fig. S3. This result suggests that BCPs treated by PS-
OH with an excessively large MW (S130) can disrupt BCP
self-assembly, despite the sufficient swelling of the BCP.
On the other hand, the S38 brush successfully formed a
well-ordered line pattern. The ordering of the self-
assembled BCP patterns after surface modification clearly
shows a relation between the defect density (D) and
annealing time (t), which is expressed as D ~ t−n. As shown
in Fig. 3a, the reduction in the defect density for the S38
brush is much steeper than those of the S1 and S130 bru-
shes. The time-decay exponent (n) for the S1, S38, and
S130 brushes was estimated to be 1.08, 3.15, and 0.60,
respectively, indicating that surface modification with the
S38 brush can significantly reduce the defect density or
increase the ordering of SD28 BCPs. Similarly, the sphere-
forming SD56 BCP shows a similar trend for the defect
density, forming a well-organized 20-nm dot pattern when
using the S38 brush after annealing for 7 min (Fig. 3b).

These results suggest that the use of PS-OH (S38) with
similar chain lengths and a majority of PS blocks of PS-b-
PDMS BCPs (e.g., SD28 and SD56) may be more favorable
for the ordering of BCP microdomains than using PS-OH
with extremely long PS chains (e.g., S130).

The image on the left in Fig. 4a shows a cross-sectional
schematic diagram of a cylinder-forming PS-b-PDMS BCP
thin film formed on a PS-modified substrate, indicating the
distance between the top PDMS and the PDMS micro-
domain (a), the height of the PDMS microdomain (b), the
distance between the PDMS microdomain and the substrate
(c), and the thickness of the PS brush residue (d). The
images on the right in Fig. 3a present the cross-sectional
TEM morphologies of self-assembled SD28 BCPs on a
guiding template surface-treated with PS brushes with

Fig. 3 Comparison of the defect density for various MWs of the PS
brush, and the similar MW effect for sphere-forming SD56 BCPs. a
Graph of the defect density vs. annealing time for SD28 BCPs
depending on the MW of the PS brush at 2.0 wt%. b Self-assembled
SD56 morphologies at different MWs of the PS brush with a fixed
annealing time of 7 min. The inset in the SEM images displays the fast
Fourier transforms (FFTs) of each self-assembled morphology (Color
figure online)

Fig. 4 Analyzes of the self-assembled cylinder-forming SD28 BCP
morphologies after engineering the film thickness of the PS brush. All
TEM images show the cross-sectional morphologies of the SD28
BCPs. a (Left) Cross-sectional schematic diagram of a cylinder-
forming PS-b-PDMS BCP thin film formed on the PS-modified sub-
strate, which indicates the distances between the top PDMS and the
PDMS microdomain. (Right) Cross-sectional TEM morphologies of
the self-assembled SD28 BCPs on a guiding template surface-treated
with PS brushes with different MWs (S1, S38, and S130). b (Left)
Analysis graph of the thickness for the TEM data of a. (Right) Cross-
sectional SEM images show self-assembled SD28 line patterns with
different MWs of the PS brush after etching by an RIE system (Color
figure online)
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different MWs (S1, S38, and S130), showing the different
film thickness before the selective removal of the PS block
of the BCP. The total film thickness (=a+b+c) or the
thickness of the PS brush residue (d ≅ c−a) increases in
proportion to the PS chain length, which depends on the
MW of the PS homopolymer, as shown in Fig. 4a (right)
and Fig. 4b. The cross-sectional SEM images in Fig. 4b
shows self-assembled SD28 line patterns after etching with
CF4 plasma followed by O2 plasma treatment using an ion
reactive etching (RIE) system; these images also show a
similar dependency on the MW of the PS brush

(corresponding to the results before dry etching). The S1
brush shows a very small PS brush height (d= ~1 nm) due
to its short chain length and poor surface coverage, which
was expected. When the S38 brush is used, the TEM and
SEM morphologies show an optimized height of ~3 nm,
with sharper and more well-defined PDMS microdomains
than those of the S1 brush, stemming from the formation of
perfectly ordered PDMS cylinders. SD28 treated with the
S130 brush has a thicker PS layer (~9 nm) owing to its
longer chain length than those of S1 and S38. To obtain a
well-ordered BCP pattern with the S130 brush, a thinner

Fig. 5 Elemental mapping of the
self-assembled SD28 bilayer
cylinders on the S38 brush. a
Cross-sectional TEM and EDS
elemental mapping images for
highly ordered bilayer cylinders
of SD28 at 1.2 wt% on the S38
brush. b Qualitative analysis of
each element of the self-
assembled SD28 sample,
showing line profiles of the O,
C, Si, and Pt atoms. Pt was
deposited only to fabricate the
TEM samples (Color figure
online)
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film thickness of the BCP may be required. Figure 5a shows
cross-sectional TEM and EDS elemental mapping images of
highly ordered SD28 bilayer cylinders on the S38 brush
obtained with a thick BCP film (1.2 wt%) layer when
annealed under the optimum annealing conditions. The high
density of Si and O in the PDMS block and the excellent
ordering of the SD28 cylinders provides extremely high
elemental contrast. Although many research groups had
difficulty measuring the oxygen and carbon content in the
BCPs by EDS analysis, we successfully obtained the EDS
elemental mapping data for the double density of cylinder
structures induced by the S38 brush, distinctly showing O and
C in the images from the qualitative analysis, as demonstrated
in the bottom of Fig. 5a (left and middle) and Fig. 5b.
Therefore, we emphasize that clear Si, O, and C mapping
results are valuable in the fields of microscopy and polymers.

We also investigated the effects of the thickness or
weight percent of the S38 polymer on the self-assembly of
SD28 BCP. Figure 6a shows the SR curves of SD28 with
various weight percentages (0.1–6.0 wt%) of the S38 brush,
showing a proportional increase in the SR value with an
increase in the weight percent. As described above, it is also
likely, in this case as well, that the residual PS layer beneath
the BCP film can be swollen by PS-preferential toluene

vapor. At an extremely low weight percent of 0.1 wt%, the
SR has a very low value (~1.13) due to its poor coverage of
the surface, similar to the result with the S1 brush (Sup-
plementary Figs. S2, S4a). SD28 on S38 at 0.1 wt% formed
a poorly ordered line pattern with many defects at an
annealing time of 10 min (Fig. 6b, top left image). After a
long annealing time (30 min), a disordered pattern with film
damage or dewetting caused by toluene vapor was
observed, as shown in Supplementary Fig. S4b (upper
image). On the other hand, using the S38 brush at 6.0 wt%
results in high swelling of the film (~1.24) and a relatively
well-ordered line pattern (bottom right image in Fig. 6b and
bottom image in Supplementary Fig. S4b). The SD28 BCP
treated with 1.0 wt% and 2.0 wt% S38 showed relatively
high SRs of ~1.19 and ~1.2, respectively (Fig. 6a), which
resulted in well-ordered patterns (top right and bottom left
images in Fig. 6b). These results are likely due to the uni-
formly covered surface after the brush process (Supple-
mentary Fig. S4). Supplementary Fig. 6c shows a graph of
the line width and pattern period when using S38 at various
weight percentages, resulting in no noticeable differences in
the dimensions of the SD28 patterns. We also achieved the
pattern formation of highly ordered 12-nm line (SD28) and
18-nm dot (SD56) patterns at annealing times of 8 min and

Fig. 6 Controlled self-assembly of PS-b-PDMS BCPs by modifying
the weight percent of the S38 polymer. a Comparison of the swelling
ratios of the SD28 thin film depending on the weight percent of the
S38 brush with pure toluene vapor. The graph shows the proportional
increase in the SR value with an increase in the weight percent. b SEM

images of self-assembled SD28 patterns with various weight percen-
tages when annealed in toluene vapor at a fixed annealing time of 10
min. c Graph of the line width and pattern period of b. d Self-
assembled SD28 and SD56 patterns when using 1 wt% S38 brush. The
inset images are FFTs of each SEM image (Color figure online)
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5 min, respectively, under the optimum PS brush conditions
(1 wt% S38) (Fig. 6d). Figure S6 in Supporting Information
displays the time evolution of the self-assembled SD56 for
the S1 and S130 brushes, showing poorly ordered patterns
compared to the S38 brush. These results strongly support
that the MW of the PS brush affects the ordering of the self-
assembled BCPs.

Finally, we realized the ultra-rapid pattern formation of
BCPs by employing a binary solvent annealing method
under the optimum PS brush conditions. A binary solvent
mixture composed of a PS-preferential solvent (toluene) and
a PDMS-preferential solvent (heptane) for PDMS-b-PS
BCPs can induce extremely rapid self-assembly kinetics, as
we previously reported. As shown in Fig. 7, the generation
of well-ordered periodic line and dot (0.6 wt% SD28 and
SD56) patterns was accomplished within a very short
annealing time of 3 min with a mixture of heptane and
toluene at a heptane-to-toluene mixing ratio of 0.2 (VHep/
VTol= 0.2). Moreover, a highly ordered bilayer line pattern
(1.2 wt% SD28) was successfully obtained in 8 min. It
should also be noted that the ordering and annealing time of
the self-assembled BCP can be further reduced by adopting
narrower guiding templates based on this combination of
surface modification and binary solvent annealing.

Conclusions

In summary, we introduced a facile and practical surface-
engineering method to increase the self-assembly kinetics of
PS-b-PDMS BCPs with high χ by employing a hydroxyl-
terminated PS homopolymer. We systematically showed
how well-ordered sub-20-nm BCP patterns can be obtained
with the guiding templates in a short annealing time (<10
min) by precisely controlling the molecular weight and
weight percent (or film thickness) of the PS brush. The
TEM, EDS elemental mapping, and SEM results clearly
indicate that the PS-modified surface plays a key role in the

rapid and convenient formation of well-ordered BCPs,
indicating the optimum conditions of the PS brush. In
addition, we successfully achieved ultra-fast pattern for-
mation (<3 min) of highly ordered sub-20-nm BCPs using a
binary solvent annealing method under the optimum PS
brush conditions. This approach is expected to be extended
to various high-χ BCPs, providing new opportunities to
effectively modulate BCP self-assembly for next-generation
sub-10-nm lithography applications.
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