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speed, and simplicity of the process. [ 1–5 ]  
Although vertical orientation of lamellar 
and cylindrical nanodomains of block 
copolymers on a substrate is desirable, 
parallel orientation is usually obtained in 
a thin fi lm because of different affi nity 
between two block segments in a block 
copolymer toward the substrate and/or air. 
To induce vertical orientation, diverse pre- 
or post-treatments to neutralize the pref-
erential affi nity have been introduced in 
the literature, for instance, solvent vapor 
annealing, [ 6–9 ]  surface neutralization by 
random copolymer brush treatment, [ 10–12 ]  
blend system, [ 13 ]  graphoepitaxy, [ 14,15 ]  tem-
perature gradient, [ 16,17 ]  electric fi eld [ 18,19 ]  
or top coating. [ 20–22 ]  Among them, sol-
vent vapor annealing is one of the most 
powerful post-treatment methods for 
developing vertical orientation of block 
copolymer nanodomains. However, this 
method is diffi cult to apply for industrial 
applications owing to the use of solvents 
and the dewetting problem. To avoid 
using solvent, thermal annealing of block 
copolymer thin fi lms would be the most 
promising platform for commercializa-
tion of DSA due to easy and large scale 

process. However, to induce vertically oriented nanodomains, 
neutralization of a substrate by various surface modifi cations, 
for instance, functionalization with random copolymers, intro-
ducing rough substrates, employing graphene fi lms or nano-
particle monolayers, [ 11,13,23–25 ]  is still needed to tune interfacial 
interactions between a substrate and each block of the block 
copolymer. Therefore, a simple and cost-effective DSA process 
that does not require above-mentioned neutralization methods 
and solvent vapor annealing is demanded for the fabrication of 
vertically oriented nanodomains to compete with conventional 
top-down lithography. 

 Kramer and co-workers [ 26 ]  investigated the effect of 
block copolymer chain architecture on the orientation of 
nanodomains in relatively thick fi lms (600–800 nm) using 
poly(cyclohexylethylene)- block -poly(ethylene) (PCHE- b -PE) 
block copolymers. They found that PCHE- b -PE- b -PCHE tri-
block copolymer showed perpendicularly oriented nanodo-
mains by introducing lower surface energy block as the mid-
block, whereas PCHE- b -PE diblock copolymer exhibited parallel 
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  1.     Introduction 

 Directed self-assembly (DSA) of block copolymers has received 
a great attention on next generation nanolithography for 
microelectronics and data storage media due to low cost, high 
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orientation. The difference was explained by the self-consistent 
mean fi eld theory that for a small difference in the surface 
energy between two blocks, the entropy penalty associated 
with the midblock looping in the surface wetting layer for the 
parallel orientation is larger than the enthalpic penalty arising 
between two blocks. [ 27 ]  

 To maximize the entropy penalty as well as the introduction 
of an easily etchable block, for instance, poly(methyl meth-
acrylate) (PMMA), we designed 18 arm star-shaped poly(methyl 
methacrylate)- block -polystyrene copolymers ((PMMA- b -PS) 18 ), 
where PMMA and PS consist of core and shell. By using this 
star-shaped block copolymer, in this study, we introduce a novel 
self-neutralization method. Due to this unique molecular archi-
tecture, parallel orientation of nanodomains in a thin fi lm gives 
a huge entropic penalty, which fi nally overcomes the favorable 
interaction of a substrate and one of the blocks, resulting in 
vertical orientation of nanodomains. 

 By employing (PMMA- b -PS) 18  with two different PS volume 
fractions ( f  PS  of 0.60 and 0.78 corresponding to lamellar and 
PMMA cylindrical nanodomains), we were able to develop ver-
tically oriented lamellae and hexagonally packed cylinders on 
the substrate by spin-coating without using any pre- or post-
treatment. Although as-spun fi lm showed relatively poor spatial 
ordering of vertically aligned nanodomains, the spatial ordering 
was signifi cantly improved by thermal annealing for a short 
time (less than 30 min). The grazing-incidence small-angle 
X-ray scattering and scanning electron microscopy studies 
revealed that nanodomains were vertically aligned across the 
entire fi lm thickness. Moreover, vertically aligned lamellae or 
cylinders were achieved on diverse substrates including semi-
conductor (Si, SiO  x  ), metal (Au), PS and PMMA-brushed sub-
strates, and a fl exible polymer substrate of polyethylene naph-
thalate (PEN). This facile self-neutralization approach gives a 
new concept for fabrication of vertically oriented nanostruc-
tures, and it would greatly contribute toward commercialization 
of DSA.  

  2.     Results and Discussion 

 The synthesis and molecular characterization of two star-
shaped block copolymers with two different PS volume frac-
tions ( f  PS ) (STAR-LAM with  f  PS  = 0.60 and STAR-CYL with 
 f  PS  = 0.78 showing lamellar and cylindrical nanodomains, 
respectively) are described in Section 1 of the Supporting Infor-
mation. The domain spacing (L 0 ) of the lamellar and cylindrical 
nanodomains is 51 and 53 nm, respectively, measured by small 
angle X-ray scattering (Figure S4, Supporting Information). 

  2.1.     Vertically Oriented Nanodomains of Star-Shaped Block 
Copolymer by Surface-Neutralization 

 Vertical orientation of lamellar and cylindrical nanodo-
mains was induced during the spin-coating without thermal 
annealing, as shown in Figure S5, Supporting Information, but 
the spatial ordering of vertically aligned nanodomains was rela-
tively poor. But, by performing thermal annealing at 180 °C for 
a short time (10 min for cylinders and 30 min for lamellae), the 
spatial ordering of vertically oriented nanodomains was much 
improved and similar to that annealed at 180 °C for a long time 
(24 h). In this study, all thin fi lms were thermally annealed at 
180 °C for 24 h to ensure the equilibrium morphology of the 
nanodomains. 

  Figure    1   shows phase contrast atomic force microscopy 
(AFM) images for STAR-LAM and STAR-CYL on a pristine 
silicon wafer after the samples were annealed at 180 °C for 
24 h. The bright regions in AFM image represent PMMA nano-
domains. The fi nger-printed patterns clearly indicate that thin 
fi lms of STAR-LAM showed vertical orientation of lamellar nan-
odomains with various thicknesses (1.0–2.0 L 0 ) (Figure  1 a–d). 

  It was reported that PS- b -PMMA diblock copolymer with 
lamellae and cylinders can even show vertical orientation on 
a substrate without any treatment. [ 28–30 ]  This phenomenon, 
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 Figure 1.    Phase contrast AFM images of STAR-LAM ( f  PS  = 0.60) thin fi lm annealed at 180 °C for 24 h with various thicknesses: a) 1.0 L 0  (51 nm), 
b) 1.5 L 0  (76 nm), c) 1.7 L 0  (86 nm), d) 2.0 L 0  (100 nm). Phase contrast AFM images of STAR-CYL ( f  PS  = 0.78) thin fi lm annealed at 180 °C for 24 h 
with various thicknesses: e) 1.0 L 0  (53 nm), f) 1.5 L 0  (80 nm), g) 1.7 L 0  (90 nm), h) 3.0 L 0  (160 nm).
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however, was observed at a very limited thickness (for instance, 
close to 1.0 L 0  for silicon substrate with a native oxide). Fur-
thermore, we found that vertical orientation of lamellar and 
cylindrical nanodomains of PS- b -PMMA diblock copolymers 
were not achieved for various substrates such as PS-brushed 
substrates or gold substrates, which are preferential for the PS 
block, as shown in Figure S6, Supporting Information, even 
though the fi lm thickness is close to 1.5 L 0  which is the most 
appropriate thickness for the vertical orientation. 

 On the other hand, we obtained vertically oriented PMMA 
cylindrical nanodomains at various fi lm thicknesses (1.0–3.0 L 0 ), 
as shown in Figure  1 e–h. While the hexagonal packing of verti-
cally oriented cylindrical nanodomains is not perfect, we obtain 
much better hexagonal packing of cylindrical nanodomains 
once a lithographically patterned silicon template (the width 
of 150 nm and the depth of 50 nm) was employed to utilize 
graphoepitaxy of STAR-CYL within the trench (see Figure S7, 
Supporting Information). 

 To confi rm whether vertically oriented lamellar and cylin-
drical nanodomains span the entire fi lm thickness, grazing-
incidence small-angle X-ray scattering (GISAXS) experiments 
were performed.  Figure    2  a,c shows GISAXS patterns of STAR-
LAM and STAR-CYL at an incident angle of 0.16°. As shown 
in Figure  2 a, sharp vertical streaks (Bragg rod) were observed 
at the fi rst-order refl ection ( q  xy  = 0.123 nm −1 ) which comes 
from lamellar nanodomains oriented normal to the surface 
across the entire thickness. In-plane scattering profi le extracted 
at  q  z  = 0.277 nm −1  shows higher-order peaks at the integers 

(2, 3, 4, and 5) of  q *, indicating that thin fi lm of STAR-LAM 
has lamellar nanodomains (Figure  2 b). We also observed from 
Figure  2 c sharp vertical streaks at the fi rst-order refl ection 
( q  xy  = 0.120 nm −1 ), indicating cylindrical nanodomains oriented 
normal to the surface. In-plane scattering profi le extracted at  q  z  
= 0.285 nm −1  in Figure  2 d shows higher-order peaks at √3 q *, 
√7 q *, indicating that thin fi lm of STAR-CYL has cylindrical 
nanodomains. 

   Figure    3  a gives cross-sectional scanning electron microscopy 
(SEM) images of STAR-LAM after the removal of PMMA block 
by UV-etching followed by acetic acid rinsing. Vertically ori-
ented PS lamellae are well maintained through the entire fi lm 
thickness after the removal of PMMA block. Also, vertically 
oriented cylindrical nanoporous structure was obtained from 
air surface to the bottom of the substrate after the removal of 
PMMA block (Figure  3 b). 

    2.2.     Vertical Orientation of (PMMA- b -PS) 18  
on Diverse Substrates 

 To demonstrate vertical orientation of (PMMA- b -PS) 18  on 
diverse substrates, both of PS and PMMA chains were grafted 
on a pristine silicon wafer by using hydroxy-terminated PS (PS-
OH) and PMMA (PMMA-OH). [ 31 ]  Vertically oriented lamellar 
and cylindrical nanodomains were obtained even on PS (and 
PMMA)-brushed silicon substrate (Figure S8, Supporting 
Information). 
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 Figure 2.    GISAXS patterns at an incident angle of 0.16° on pristine silicon wafer for a) STAR-LAM and c) STAR-CYL thin fi lms. The in-plane scans for 
b) STAR-LAM at  q  z  = 0.277 nm −1  and d) STAR-CYL at  q  z  = 0.285 nm −1 .
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 Finally, we used two other substrates: a fl exible polymer 
substrate and a gold-coated conducting substrate. Flexible sub-
strates are very important in wearable electronic devices. [ 32,33 ]  
Here, we chose PEN substrate with a good strength, modulus 
and high chemical hydrolytic resistance; thus, it would be one 
of the best candidates for fl exible integrated circuits. PEN sub-
strate was easily bent without breaking, as shown in  Figure    4  a. 
Figure  4 b,c is phase-contrast AFM images of STAR-LAM and 
STAR-CYL coated on PEN substrate. It is clearly shown that 
vertically oriented lamellar and cylindrical nanodomains were 
successfully obtained even after bending 10 times the PEN sub-
strate. It was also confi rmed that vertically oriented lamellar 
and cylindrical nanostructures were maintained from top to 
bottom after the removal of PMMA block by UV-etching on the 

PEN substrate (Figure S9, Supporting Information). Moreover, 
vertically oriented lamellar and cylindrical nanodomains are 
obtained on gold (Au) substrate, a representative conducting 
substrate, as shown in Figure  4 d,e. 

    2.3.     Mechanism for Vertically Oriented Nanodomains 
of Star-Shaped Block Copolymer 

 Vertically aligned nandomains were maintained even for 
≈2.0 L 0  for STAR-LAM (Figure  1 d) and ≈3.0 L 0  for STAR-CYL 
(Figure  1 h). We consider why vertical orientation of nanodo-
mains in star-shaped block copolymer thin fi lm was obtained 
regardless of substrates. Here, inner (PMMA) and outer (PS) 
block chains of star-shaped block copolymer have preferential 
affi nity with substrate and air, respectively. Parallel orientation 
of nanodomains is preferential in thin fi lm of linear type block 
copolymer due to different affi nity between two block segments 
toward the substrate ( Figure    5  a,b). In this case, one of the 
block segments having preferential affi nity with the substrate 
is located at the substrate. However, the arrangement of star-
shaped block copolymer molecules on a substrate is dramati-
cally different from that of linear type block copolymer due to 
the existence of numerous covalently linked junction points. 

  Figure  5 c–f gives schematic self-assembly for lamellar and 
cylindrical nanodomains of star-shaped block copolymers 
on a substrate with 1.5 L 0  thickness. For the formation of 
parallel oriented lamellar nanodomains of star-shaped block 
copolymer, inner block chains must be in contact with sub-
strate due to the preferential affinity by arranging chains 
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 Figure 3.    Cross-sectional SEM images of a) STAR-LAM and b) STAR-CYL 
on silicon wafer with a native oxide layer after the removal of PMMA block 
by UV irradiation, followed by rinsing with acetic acid.

 Figure 4.    a) Photograph of bent PEN substrate. Phase contrast AFM images of b) STAR-LAM and c) STAR-CYL thin fi lms on PEN substrate after PEN 
was bent 10 times. Phase contrast AFM images of d) STAR-LAM and e) STAR-CYL thin fi lms on Au substrate.
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into one direction (Figure  5 c). In this case, to cover fully the 
substrate, the chains located far from the junction point are 
much more stretched compared to other chains located near 
the junction point, causing a large entropy loss. This entropy 
loss would be significantly greater than enthalpy gain by 
preferential interaction between one of block segments and 
the substrate, which is a dominant factor for linear diblock 
copolymer. 

 Therefore, the chains tethered at the junction point could 
aggregate along two directions parallel to the substrate sur-
face, resulting in vertical orientation, as shown in Figure  5 d. 
It is quite obvious that the chains for the vertical orientation 
are much less stretched compared to a parallel orientation. 
The reduced entropy loss arising from star-shaped molec-
ular architecture can play a key role as self-neutralization 
on a substrate, resulting in vertical orientation of lamellar 
nanodomains. 

 For the formation of parallel oriented cylindrical nano domains 
of star-shaped block copolymer, inner block chains must 
cover the substrate due to the preferential affi nity (Figure  5 e). 
Similarly to parallel oriented lamellar nanodomains of star-
shaped block copolymer, the chains located far from the junc-
tion point are much more stretched compared to other chains 
located near the junction point, causing a large entropy loss. 
Thus, each domain is piled up vertically on a substrate without 
stretching, resulting in vertical orientation (Figure  5 f). It is very 
interesting to fi nd the critical number of arms, via experiment 
or theory based on self-consistent fi eld theory, for inducing 
vertical orientation from parallel orientation, but it would be a 
future work.   

  3.     Conclusion 

 In conclusion, we were able to develop vertically oriented 
lamellar and cylindrical nanodomains by using 18 arm star-
shaped (PMMA- b -PS) 18  through controlling the molecular archi-
tecture. Without solvent annealing or neutralization process of 
a substrate, vertically oriented lamellar and cylindrical nano-
domains were successfully fabricated on various substrates, 
ranging from semiconductor (Si, SiO  x  ) to metal (Au), polymer 
brushed substrates, and a fl exible polymer substrate. GISAXS 
and SEM confi rmed that vertically oriented nanodomains span 
throughout the entire fi lm thickness. This novel self-neutraliza-
tion approach containing etchable PMMA block suggests a new 
concept for fabrication of vertically oriented nanostructures, and 
it would greatly contribute toward commercialization of DSA 
for next-generation integrated circuit and data storage media. It 
would be also very interesting whether the nanodomains in block 
copolymers having high χ such as polystyrene- bloc k-poly(4-vinyl 
pyridine) or polystyrene- block -poly(dimethyl siloxane) that could 
provide sub 10 nm spacing, could be aligned vertically by control-
ling molecular architecture, but this is also a future work.  

  4.     Experimental Section 
  Synthesis of (PMMA-b-PS) 18  : Lamellae-forming (STAR-LAM) and 

cylinder-forming (STAR-CYL) star-shaped block copolymers were 
synthesized by atom transfer radical polymerization (ATRP) (see 
Section 1 in the Supporting Information). [ 34 ]  Briefl y, 18 hydroxy groups 
on α-cyclodextrin (α-CD) were replaced by bromine groups (Br-CD) 
through the esterifi cation with 2-bromoisobutyryl bromide [ 35 ]  to be used 
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 Figure 5.    Chain arrangement of linear diblock copolymer on a substrate with thickness of 1.5 L 0  for a) lamellar and b) cylindrical nanodomains. Chain 
arrangement of lamellar nanodomains of star-shaped block copolymer on a substrate with thickness of 1.5 L 0  for c) parallel and d) vertical orientations. 
Chain arrangement of cylindrical nanodomains of star-shaped block copolymer on a substrate for e) parallel and f) vertical orientations.
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as an initiator. Atom transfer radical polymerization (ATRP) of methyl 
methacrylate (MMA), followed by styrene (St), was performed at 90 °C 
after degassing by three freeze-thaw cycles to synthesize (PMMA- b -PS) 18  
with copper bromide (I) (CuBr) and 2,2′-bipyridiyl (bip) as catalyst. The 
molar ratio of MMA (or St):Br-CD (or CD-(PMMA) 18 ):CuBr:bip = 500:1:1:2. 
The molecular weight of polymers was controlled by reaction time. 

  Thin Film Preparation : All thin fi lms were prepared by spin-coating of 
1.0–2.0 wt% toluene solution of STAR-LAM and STAR-CYL by changing 
rotating speed (rpm) to adjust fi lm thickness on a pristine silicon wafer, 
PS or PMMA-brushed silicon wafer, and PEN substrate. Gold (Au) 
substrate was prepared via sputtering 10 nm Ti on a silicon substrate, 
followed by thermal evaporation of 100 nm Au. Lithographically 
patterned silicon template (trench) was prepared by conventional deep 
UV lithography and plasma etching techniques. [ 36 ]  Finally, all the fi lms 
were dried in a vacuum at room temperature and then annealed at 
180 °C with various time from 0 to 30 min. 

  Characterization of Thin Film : Surface morphology and cross-sectional 
structure of thin fi lm were observed by atomic force microscopy in the 
tapping mode (AFM, Veeco DI Dimension 3100 with Nanoscope V), 
fi eld-emission scanning electron microscopy (SEM, Hitachi, S4800) 
operating at 3 kV. Cross-sectional SEM image for thin fi lms was obtained 
after UV irradiation followed by rinsing with acetic acid (UV-etching) to 
remove the PMMA block. GISAXS experiments were performed at room 
temperature on beam line 3C at the Pohang Accelerator Laboratory 
(PAL) (Korea) to investigate the morphology of thin fi lm through the 
entire thickness. The operating wavelength was 0.15 nm and a sample-
to-detector distance was 3 m. The incident angle (α i ) was set at 0.16°, 
which is above the critical angle (0.14°) of (PMMA- b -PS) 18  thin fi lm. 

 SAXS experiments were performed at room temperature on beam 
line 4C at the Pohang Accelerator Laboratory (PAL) (Korea), with a 
wavelength of 0.1608 nm. The sample-to-detector distance was 3 m. 
Sample was annealed at 180 °C for 24 h, followed by rapid quenching to 
liquid nitrogen. Thickness of the sample was 1.0 mm and the exposure 
time was 10 s.  
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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