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Directed self-assembly of vertically aligned block copolymer (BCP) thin films has been extensively

explored as one of the possible bottom-up routes for sub-10 nm patterning technology. To achieve a

vertical orientation, it has been imperative to incorporate neutralization layers to balance the interfacial

energy difference, which inevitably accompanies processing complexity. Here, a gradient random-

copolymer block copolymer system, poly[(styrene-gradient-pentafluorostyrene)-b-methyl methacrylate]

[P(S-g-PFS)-b-PMMA] BCP, which realizes universal vertical alignment of sub-10 nm block copolymer

lamellae without any top-coat and neutral brush layers, is demonstrated. The surface energy difference

between the block junction region and the tail of the gradient random-copolymer block provides a

strong energetic preference for vertical lamellae on almost any type of surface, which is well supported

by a thermodynamic model. Furthermore, we show that the gradient BCPs can be assembled on EUV

lithography patterns to enhance their aspect ratios. This strategy of encoding surface energy balance

could be potentially extended to a variety of other self-assembling systems, realizing universal

orientation-controllability of nanoscale objects.

Introduction

Patterning in the nanometre range can realize unusual physical
phenomena such as quantization-related indirect-to-direct band gap
conversion of semiconductors,1 plasmonic field enhancement,2,3

and so on.4,5 However, current ultrahigh-resolution patterning
accompanies at least one of the following key challenges:
large-scale manufacturability, cost-effectiveness, versatility,
and controllability. Among various nanopatterning technologies,
directed self-assembly (DSA) of block copolymers (BCPs) – one of
the most practical bottom-up solutions – provides advantages
of excellent resolution, scalability, and cost-effectiveness.6–17

In particular, for the realization of practical sub-10 nm DSA,
there have been enormous research efforts to develop BCP
systems with a sufficiently high Flory–Huggins interaction
parameter (w) to induce phase separation of short BCP chains,
such as PS-b-PDMS (L0 B 17 nm, cylinder),18 PS-b-PLA (L0 B
17.5 nm, lamellae),19 P2VP-b-PS-b-P2VP (L0 B 16.3 nm,
lamellae),20 PS-b-PPC (L0 B 17 nm, lamellae),21 PPC-b-PS-b-PPC
(L0 B 12.8 nm, lamellae),22 PMAPOSS-b-PTFEMA (L0 B 11 nm,
lamellae),23 and so on.24–26

In addition to high resolution, orienting lamellar BCP
morphologies to have a vertical alignment with respect to the
substrate is an important requirement to achieve a high aspect
ratio and a constant pattern width along the vertical
direction.27 The BCP orientation is determined by the energetic
competition between vertical and horizontal alignment of
lamellae microdomains, which is caused by the block-to-block
differences of interfacial energy (g) occurring at the air/polymer
and substrate/polymer interfaces.28,29 Thus, a neutral brush
that can provide interfacial energy balance between constituent
polymer blocks and the substrate is grafted to the substrate,
usually via spin-casting and cross-linking reactions.30 Previous
studies reported that the neutral brush composition should be
carefully controlled and managed because it critically affects
the BCP film thickness window for vertical alignment.28,31 Also,
a step-by-step analysis on the DSA processes revealed that a
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neutral brush formation step may contribute to additional
defect generation.32 However, despite these issues, grafting a
neutral brush layer has been widely used as an essential process
to achieve a vertical orientation of most BCPs, even for low-w
BCPs such as poly(styrene-b-methyl methacrylate) (PS-b-PMMA) –
the most widely studied BCP system.

For high-w BCPs, which should be employed for sub-10 nm
pattern formation, the energetic instability of vertical lamellar
alignment is worsened due to more serious asymmetry of the
surface energy between blocks. Although there are already
known BCP pairs with a high w, we previously reported an
alternative way to modulate and fine-tune the w value of BCPs
through random copolymerization of one block using two
different monomers.33 To enhance the w of PS-b-PMMA
BCP, we can consider random copolymerization of the third
omponent (A) with styrene monomers to obtain a P(S-random-A)
(P(S-r-A)) block with a volume fraction of 0 r fA r 1. When
the P(S-r-A) block has lower surface energy than PS,
which would lead to an increase of w, the surface energy
difference (Dgair) between horizontally (g = ghor

air ) and vertically
(g = gver

air ) aligned P(S-r-A)-b-PMMA lamellae can be calculated as
follows:

Dgair ¼ ghorair � gverair

¼ gPS 1� fAð Þ þ gA fA �
gPMMA þ gPS 1� fAð Þ þ gA fAf g

2

(1)

where gPS, gPMMA, and gA refer to the surface energy of each
polymer block. In this model, we assumed that the volume
fraction of P(S-r-A) of the BCP is 0.5.30

As shown in Fig. 1a, a smaller gA and a larger fA, which are
necessary conditions for higher w, inevitably stabilize horizontal
lamellae, and there is no range for stable vertical lamellae of
high-w BCPs in the gA and fA parameter space. This thermo-
dynamic preference for horizontal orientation can be relieved via
additional treatments at the BCP/air interface, such as the
application of top-coat layers via solution-phase or vapour-
phase polymer deposition.25,29,34 However, these additional
steps may compromise the important advantages of DSA such
as high throughput, simplicity, and cost-effectiveness. Therefore,
it remains an important task to design a new BCP system that
simultaneously possesses a high w value and the capability
to stabilize the vertical alignment of BCP lamellae without
requiring a top-coat and neutral brush layers.

Here, we demonstrate a block copolymer system containing
a gradient random-copolymer block, which realizes universal
vertical alignment of sub-10 nm block copolymer lamellae
without any top-coat and neutral brush layers. The surface
energy difference between the block junction region and the
tail of the gradient random-copolymer block provides a strong
energetic preference for vertical lamellae on almost any type of
surface including bare and brush-treated Si wafer substrates,
which is well supported by a thermodynamic model.
Furthermore, we propose a new DSA technology using an
extreme ultraviolet (EUV) single exposure substrate. Although

the International Roadmap for Devices and Systems (IRDS) has
envisioned a combination of DSA and EUV as a prospective
candidate for advanced lithography, few research groups have
attempted to investigate this hybrid technique, despite its
potential to alleviate the following respective technical
limitations.35 Current DSA technology suffers from relatively
high defect density. This stems from the fact that it normally
involves a 3- or 5-fold density multiplication in order to overcome
the resolution limit of DUV optical lithography compared with the
BCP domain size. On the other hand, the low aspect ratio of EUV
photoresist (PR) patterns should be resolved for better pattern
transfer performance.

Results and discussion
Thermodynamic design of the block copolymers containing
gradient random block

For the design of a GRC-containing BCP, we fixed the overall
volume fraction of A in P(S-gradient-A) (P(S-g-A)) block (f avg

A )
and varied the local fraction of A along the chain. The GRC-
containing BCP with a local volume fraction of A on the tail

Fig. 1 Design of the block copolymers with gradient random block.
Schematics of vertical and horizontal lamellar orientations for P(S-r-A)-
b-PMMA and P(S-g-A)-b-PMMA, where A is an arbitrary hydrophobic
monomer with gA o gPS (40.7 mN m�1) o gPMMA (41.1 mN m�1).
(a) Mapping of the surface energy preference for vertical lamellae ((DgAir)
by changing the surface energy of A (gA, x-axis) and volume fraction of A
of the random copolymer block. (fA, y-axis). There are no parameter
regions that favor the vertical orientation of the BCP. (b–d) Mapping of
the surface energy preference for vertical lamellae (DgTop) by changing
the surface energy of the A monomer (gA, x-axis) and the volume
fraction of PPFS on the tail of the GRC block (f tail

A , y-axis), when the overall
volume fraction of A in the P(S-g-A) block (f avg

A )) is (b) 0.25, (c) 0.5, and (d)
0.75. The blue region indicates the parameter space for stable vertical
alignment.
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(chain end) (f tail
A ) has a Dgair value as follows:

Dgair ¼ ghorair �gverair

¼ gPS 1� f tailA

� �
þgA f tailA �

gPMMAþ gPSð1� f
avg
A ÞþgA f

avg
A

� �

2

(2)

As shown in Fig. 1b–d, a positive value of Dgair can be realized
by low gA and f tail

A values, which simultaneously facilitates the
formation of vertical lamellae and increases w of the BCP. This
is contrary to the case of the BCP containing random-
polymerized block, P(S-r-A), where the increase of w destabilizes
vertical lamellae. This suggests a useful thermodynamic design
criterion that, in P(S-g-A), the A monomer should have surface
energy that is as low as possible and fA should be higher near
the block junction and lower around the tail of the GRC block.
Based on our calculations, we designed a poly[(styrene-gradient-
pentafluorostyrene)-b-methyl methacrylate] [P(S-g-PFS)-b-
PMMA] BCP, where the fraction of PFS with a lower surface
energy (22.6 mN m�1)36 than that (40.7 mN m�1) of PS is
controllably varied to systematically engineer the surface
energy difference between its block junction region and the
tail point of the P(S-g-PFS) block.

Synthesis of the block copolymers containing a gradient
random block

P(S-g-PFS)-b-PMMA was synthesized via reversible addition–
fragmentation chain transfer (RAFT) polymerization (Fig. 2a).
Styrene and PFS as monomers with a controlled mixing ratio
were simultaneously supplied to a vial containing PMMA to

induce spontaneous gradient polymerization due to the
difference in reactivity.37,38 As shown in Fig. 2b, the average
molar ratio of styrene and PFS changes with an increase of the
chain length. Because the NMR data only show the molar fraction
in the total BCP block, aliquots containing BCPs with different
chain lengths were collected during the copolymerization. The
average volume fraction of PFS ( fPFS(average)) near the block
junction ((normalized chain length of P(S-g-PFS) block) = 0.206)
was measured to be 69.6%, while at the end of the reaction
(normalized chain length = 1) fPFS (average) decreased to 48.3%.
The local fPFS of the end part of the gradient block (tail) was
estimated to be 17.9%, indicating successful synthesis of the GRC,
as designed above.

Synthesized BCPs are listed in Table 1. To simplify the
notation of BCPs with the GRC block, each BCP was denoted
in the form of Gx( y), where x refers to the volume fraction of
PFS in the GRC block and y refers to the molecular weight of the
BCP. The fPFS(average) and fPFS(interval) for the two different
BCPs, G0.48(54) and G0.74(22), are presented in Fig. 2c and d.
As the chain length increases, the average molar fraction of PFS
is decreased. The fPFS(interval) value was measured by each data
point of fPFS(average). For instance, in Fig. 2d, fPFS(average) =
86.9% (normalized chain length from 0 to 0.43), and
fPFS(average) = 79.8% (normalized chain length from 0 to
0.81). Upon calculation, fPFS(interval) = 71.3% (normalized
chain length from 0.43 to 0.81). Detailed NMR data used for
calculating the compositions are shown in Fig. S1 (ESI†).

Using Leibler’s mean field theory, the Flory–Huggins inter-
action parameter (w) of the synthesized BCPs was measured by
the bulk small angle X-ray scattering method.39 As shown in
Fig. 3, the w values of the BCPs increased as the average fraction
of PFS in the gradient random block increases. For example,
the w value (0.0671) of G0.74(22) is estimated to be substantially
higher than that (0.0324) of PS-b-PMMA.

Self-assembly of the block copolymers containing gradient
random blocks

The orientation of the synthesized BCPs in a thin film state was
then investigated. Both BCPs, G0.48(54) and G0.58(58), were able
to form uniform vertical lamellae structures on a Si wafer via
short thermal annealing at 300 1C, as shown in Fig. 4. (Thermo-
gravimetric analysis (TGA) data of GRC-BCPs are provided in
Fig. S3 (ESI†), which indicate stability of the BCPs at 300 1C.)
Underlayer etching cross-SEM from Fig. 4d shows that the BCP
has sufficient etching selectivity.

Also, for forming a sub-10 nm perpendicular lamellar
morphology, BCPs containing a higher average fraction of
PFS (G0.74(26), and G0.74(22)) were used to secure sufficient
segregation strength for self-assembly. As shown in Fig. 4e
and f, the GRC-BCP showed a well-aligned sub-10 nm self-
assembled morphology. The structures were also analyzed by
grazing incidence small angle X-ray scattering (GISAXS),
supporting that the vertical lamellar structures were obtained
on a macroscopic area (see Fig. 4g for the line plot). As previous
studies have demonstrated, the microdomain sizes measured

Fig. 2 Synthesis of the GRC-containing BCPs. (a) Synthesis steps of the
BCPs with gradient random blocks. (b) Volume fraction of PFS with
different chain length. fPFS(interval) refers to the volume fraction of PFS
between each point of the chain. (c and d) Measured fPFS(average) and
fPFS(interval) for two BCPs – (c) G0.48(54) and (d) G0.74(22). The normalized
chain length refers to normalized number of repeating units in the P(PFS-
g-S) block from the PMMA-b-P(PFS-g-S) BCP.
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by GISAXS have slightly higher values than those measured by
bulk SAXS26,40 (see Table 1).

It should also be emphasized that the self-assembled
patterns (G0.48(54), G0.58(58), and G0.74(22) BCPs) presented in
Fig. 4 were aligned on the bare Si substrate without any coating

layer. This is contrary to the fact that, for most of the above-
mentioned BCPs used for perpendicular lamellar pattern
formation, a neutral brush layer with an optimum composition
is the key component.28,31 The achievement of the vertical
alignment for our GRC-BCP was a general phenomenon
regardless of the substrate. As shown in Fig. 5, all of the
samples showed a perpendicular lamellar structure on various
types of surfaces including PS and PMMA brush-coated Si
wafers irrespective of their selectivity to one block in the BCP.
More detailed self-assembly data for various P(S-g-PFS)-b-
PMMA and PS-b-PMMA BCPs with different thicknesses and
modified surfaces are provided in Fig. S5–S8 (ESI†).

Self-assembly and pattern transfer of GRC-BCPs on the EUV
pattern

We now show that GRC-BCPs can be well integrated with EUV
photoresist patterns. It was reported that thin EUV resists
undergo pattern-transfer issues,41,42 which can be resolved via
enhancing the aspect ratio via forming GRC-BCP patterns on
thin EUV resist patterns. With the aim of combining these two
techniques, PR patterns fabricated via EUV single exposure

Table 1 Synthesis results of the block copolymers

Sample

Block copolymer (homopolymer)
PS: PPFSe 1/2 L 0

f (nm)

Mn
d (kDa) Mw/Mn (Average molar fraction) By bulk SAXS By GISAXS

G0.48(54)a P(S-g-PFS)243-b-PMMA197
c 53.8 (19.7) 1.18 (1.12) 0.59 : 0.41 14.1 15.4

G0.58(58) P(S-g-PFS)258-b-PMMA197 58.3 (19.7) 1.14 (1.12) 0.50 : 0.50 15.5 17.3
G0.74(26) P(S-g-PFS)110-b-PMMA80 26.2 (8.01) 1.13 (1.08) 0.32 : 0.68 8.73 9.95
G0.74(22) P(S-g-PFS)93-b-PMMA66 21.8 (6.66) 1.13 (1.10) 0.33 : 0.67 8.17 9.11
R0.07(45)b P(S-r-PFS)208-b-PMMA217 44.1 (21.7) 1.21 (1.18) 0.95 : 0.05 16.0 16.9
R0.13(43) P(S-r-PFS)185-b-PMMA217 44.8 (21.7) 1.21 (1.18) 0.90 : 0.10 15.5 15.7
R0.23(44) P(S-r-PFS)181-b-PMMA217 43.5 (21.7) 1.17 (1.18) 0.82 : 0.18 13.9 —

PPFS20-b-PMMA68 10.7 (6.85) 1.15 (1.13) 0 : 1.00 Disordered

a For Gx( y), x refers to the average volume fraction of PFS in P(S-g-PFS), and y refers to the molecular weight of the BCP. b For Rx( y), x refers to the average
volume fraction of PFS in P(S-r-PFS), and y refers to the molecular weight of the BCP. c For P(S-g-PFS)A-b-PMMAB and P(S-r-PFS)A-b-PMMAB, A and B refer
to the number of repeating units of each block. d Calculated molecular weight of BCP by molecular weight of PMMA by GPC and molar ratio of each
block by NMR. e Calculated by NMR. f L0 was calculated by the equation L0 = 2p/q, where q is the first diffraction peak of SAXS measurement.

Fig. 3 Bulk small angle X-ray scattering (SAXS) analysis of the BCPs. (a)
Bulk SAXS data of GRC-containing BCPs at room temperature. (b) Com-
parison of the Flory–Huggins interaction parameter (w) value of BCPs. The
detailed calculation procedure of w is provided in Fig. S2 (ESI†).

Fig. 4 Self-assembly of the GRC-containing BCPs on a Si substrate with native oxide. (a and b) G0.48(54) BCP and (c and d) G0.58(58) BCP with different
thicknesses. (Annealing conditions: 300 1C for 10 min.) (e and f) Self-assembly of sub-10 nm BCPs. (Annealing conditions: 200 1C for 1 hour.) Cyan-
coloured image inset refers to the GISAXS 2D image corresponding to each sample. The cross-SEM images of G0.58(58) and G0.74(22) were obtained by
plasma etching accompanied by silicon underlayer etching. (Underlayer etching conditions: 13.56 MHz inductively coupled plasma with 15 mTorr (Ar: 70
sccm, He: 100 sccm), 30 W (source), and 15 W (bias), and 10 mTorr (Ar: 40 sccm, Cl2 : 40 sccm), 100 W (source), and 50 W (bias).) (g) 1D plots of GISAXS
spectra for various GRC-BCPs. Detailed information on GISAXS spectra with various incidence angles is presented in Fig. S4 (ESI†).
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were used as a bottom guide pattern for BCP assembly. Two
GRC-BCPs – G0.48(54) and G0.58(58) – which have a similar pitch
compared with that (28 to 34 nm) of the EUV pattern were used.
A well-defined line/space pattern was successfully formed when
the domain size of the GRC-BCP matched the EUV pattern pitch
(Fig. 6a). In addition, compared with the EUV PR pattern alone,
there is a significant enhancement of the aspect ratio. As shown
in cross-SEM images in Fig. 6b, the BCP structure has a much
higher thickness than that of the EUV PR patterns.

Moreover, in order to check whether the BCPs were
uniformly assembled on a macroscopic area, we conducted
GISAXS analysis by perpendicularly aligning the X-ray propagation
direction with the BCP/EUV grating patterns. In this configu-
ration, no diffraction peak would appear when the X-ray beam
spot is located on a perfectly aligned line/space pattern, while
misaligned patterns can result in diffraction spots.43 As shown in
Fig. S9 (ESI†), the 2D GISAXS image of the EUV patterns with

34 nm pitch, which was obtained with the pitch-matched BCP/
EUV integrated pattern, does not present any diffraction peaks,
indicating that the BCP pattern is uniformly aligned with the EUV
pattern. Conversely, the GISAXS image for the BCPs assembled on
a pitch-mismatched EUV pattern (32 nm) demonstrates a small
first-order peak, which is consistent with the corresponding SEM
image that shows defects.

We then show that the EUV-BCP hybrid pattern was
transferred to the Si substrate via reactive ion etching. After
selectively removing the PMMA block using O2/Ar plasma, the
Bosch process was conducted to etch Si.44 Fig. 7a shows that,
after 3 cycles of SF6 and C4F8 plasma treatment, the Si substrate
was successfully etched. In contrast, EUV PR patterns did not
serve as a sufficiently robust etch mask for the same Bosch
etching cycles (see Fig. S10, ESI†). The Bosch-etched sample
also presented the existence of the residual polymer on the Si
line patterns. Thus, O2 plasma etching was performed to
eliminate the residual polymer layer, achieving well-defined
and clean Si patterns as demonstrated in Fig. 7b. To characterize
the pattern quality of the Si gratings, we performed image
analysis (Fig. 7c), which reveals that the transferred pattern
has a small line edge and width roughness values (LER =
1.66 nm, LWR = 1.43 nm).

Thermodynamic calculation of self-assembly of the block
copolymers containing gradient random blocks

The GRC-containing BCP is expected to have a strong
preference to form a perpendicular lamellar morphology than
the horizontal morphology due to lower total surface energy
originating from its unique chain structure, which was
expected in the surface-energy difference map in Fig. 1. To
visualize the perpendicular lamellar morphology window,
the free energy of BCP thin film is calculated in Fig. 8 for
both P(S-r-PFS)-b-PMMA and P(S-g-PFS)-b-PMMA. The free
energy difference between vertical (Fver) and horizontal (Fhor)

Fig. 5 Self-assembly of the block copolymers on various substrates. (a–c)
G0.74(22) BCP was spin-coated to 40 nm thickness and self-assembled at
200 1C for 1 hour. (d–f) G0.58(58) BCP was spin-coated to 40 nm thickness
and self-assembled at 300 1C for 20 min. In the glass template (f), osmium
coating was conducted in order to secure electric conductivity.

Fig. 6 1x directed self-assembly by EUV single exposure substrate. (a)
EUV-guided self-assembly result of G0.48(54) and G0.58(58). (Conditions:
40 nm BCP thickness, 300 1C, 20 min.) (b) Comparison of SEM images with
the EUV PR and EUV-guided BCP structure. Upper right inserts refer to the
cross-SEM image of each pattern.

Fig. 7 Pattern transfer of EUV-BCP hybrid structures. (a) Top and cross-
view SEM images of the pattern after repeating three Bosch cycles 1. SF6,
110 W (source)/60 W (bias) 30 s, 2. C4F8 (100 W (source)/40 W (bias) 30 s)
to etch Si, using the BCP/EUV patterns as an etch mask. (b) Si patterns after
polymer removal (O2, 150 W (source)/10 W (bias), 20 s). (c) Pattern quality
analysis. (LER = 1.66 � 0.89 (nm), LWR = 1.43 � 0.44 (nm).) Detailed image
data for the SEM image used for roughness characterization are listed in
Fig. S11 (ESI†).
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lamellar phases compared with the free energy of bulk BCP (F0)
can be calculated as:

Fhor � Fver

F0
¼ Dgsub þ Dgair

3dgBCP
þ d3 þ 2m3

3dm2
� 1 (3)

where gBCP is the interfacial energy between two blocks of the
BCPs, gsub is the interfacial energy between the substrate and
polymer, d is the thickness of the BCP film (unit of bulk
periodicity L0), and m is the number of periodic layers of the
horizontal film (for the symmetric case, m = n and for the
asymmetric case, m = n + 1/2, where n is an integer).27,28,45

For P(S-r-PFS)-b-PMMA, Dgair is always negative, as shown in
Fig. 1a, which results in the negative value of (Fhor � Fver)/F0, as
shown in Fig. 8a. Although for most thickness ranges horizontal
lamellae have higher bulk elastic energy compared to the vertical
lamellar structure, this energy difference is not large enough
to compensate the surface energy difference of the system.
In contrast, for the P(S-g-PFS)-b-PMMA, Dgair can be positive
when chains near the block junction point have lower surface
energy than the tail of the GRC block by reducing the local

volume fraction of PFS of the tail (f tail
PFS), which corresponds to

the surface-segregating segment in the horizontal lamellar
morphology. This preference for vertical orientation is satisfied
even by the extremely selective bottom brush (PMMA). Although
the PMMA-brush-treated substrate prefers the horizontal
lamellar formation, stronger energetic preference at the top
surface predicts the formation of vertical lamellae. As a result,
as f tail

PFS is reduced, more stable vertical alignment is predicted by
the higher positive values of (Fhor � Fver)/F0, as shown in Fig. 8b.
Free energy calculation results for universal formation of vertical
lamellae above the PS brush are also provided in Fig. S12 (ESI†).

The vertical lamellar BCP thickness windows are compared
for the various BCPs containing different chain compositions.
P(S-r-PFS)-b-PMMA with a very small and varied content of PFS
( fPFS = 0.07–0.23) was additionally synthesized. (ESI,† Fig. S13
shows that the slope of the gradient could be controlled by the
polymerization rate.) As shown in Fig. 8c, P(S-r-PFS)-b-PMMA
showed a narrow thickness window (green) for vertical align-
ment even in the presence of a neutral brush layer. Finally, the
thickness window disappeared for fPFS = 0.23 (detailed data of
the self-assembled pattern are shown in Fig. S14–S16, ESI†).
However, for the GRC-containing BCP, even for a significantly
higher fPFS of 0.58, its perpendicular lamellar morphology was
obtained for the wide thickness range even without a neutral
brush. These results experimentally validate the design criter-
ion and thermodynamic calculation model presented above.

Conclusions

This study developed a P(S-g-PFS)-b-PMMA BCP based on a
gradient random-copolymer block, which can self-assemble
into vertical lamellar patterns with a sub-10 nm width without
using a top-coat layer and a neutral brush. A thermodynamic
model predicted that the incorporation of a low-surface-energy
unit in a block and its gradual compositional change can
realize strong preference for the vertical orientation of the
BCP as opposed to horizontal lamellae, which are usually
observed for conventional BCPs. Our experimental observations
verified that a P(S-g-PFS)-b-PMMA BCP favours its vertical
orientation regardless of the underlying surface and film
thickness. Therefore, the new BCP system containing a GRC
block reported here is believed to open new possibilities for the
sub-10 nm patterning technology due to complete liberation
from neutral brush and top-coat layers and universal formation
of vertical patterns on diverse substrates.

Experimental section
Materials

Benzene (Aldrich, anhydrous, 99.8%), chlorobenzene (Aldrich,
anhydrous, 99.8%), propylene glycol monomethyl ether acetate
(PGMEA, Aldrich, 499.5%), 4-cyano-4-(phenylcarbonothioylthio)
pentanoic acid (Aldrich, 497%), PMMA-OH (Polymer Source,
30 k), and PS-OH (Polymer Source, 38 k) were used as received.
Methyl methacrylate (MMA, Aldrich, 99%), styrene (Aldrich,

Fig. 8 Analysis of the vertical alignment capability of the GRC-containing
BCPs. (a) Illustrations of the BCPs with a random block on a neutral brush.
Dgair and DgBot were calculated for three different orientations, vertical
lamellae (left), symmetric horizontal lamellae (middle), and asymmetric
horizontal lamellae (right). Differences of BCP thin-film free energies
between the vertical and horizontal lamellar orientations (Fhor � Fver)/F0

as a function of thickness d (unit of L0) of BCPs with random blocks, which
have different volume fractions of PFS. (b) Schematics and (Fhor � Fver)/F0

as a function of d of GRC-containing BCPs on PMMA brushes with
different f tail

PFS values. For the calculation of DgAir, the volume fractions of
PMMA and P(S-g-PFS) blocks were considered. (c) Map of the thickness
window of vertical lamellar patterns as a function of thickness
with different BCPs. Each colour denotes vertical (green), vertical and
horizontal (yellow), and horizontal (red) lamellar patterns, respectively.
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499%), and 2,3,4,5,6-pentafluorostyrene (PFS, Aldrich, 99%)
were used after removal of the inhibitor by inhibitor remover
(Aldrich). 2,20-Azobisisobutyronitrile (AIBN, Aldrich, 98%) and
1,10-azobis(cyclohexanecarbonitrile) (ACHN, Aldrich, 98%) were
recrystallized from hexane at �20 1C.

Characterization

Molecular weight and polydispersity index (PDI) of the block
copolymers (BCPs) were measured using a high performance
gel permeation chromatography (GPC, Waters 1515) system
with three columns (Styragel HR 2.5, HR 4.5, and HR 5.5).
The refractive index was measured with a flow of 1.0 mL min�1

of tetrahydrofuran (THF) at 40 1C, and the data were calibrated
by the Empower 3 Personal single system software. 1H nuclear
magnetic resonance (NMR, AVANCE-400, Bruker) analysis
was performed at room temperature using CDCl3 as a solvent.
Field-emission scanning electron microscopy (FE-SEM, Hitachi
S-4800) with an acceleration voltage of 12 kV and a working
distance of 5.0 mm was used to observe the self-assembled
morphology of the block copolymers. Also, in order to evaluate
the roughness of the self-assembled pattern after pattern
transfer, the SuMMIT program (Lithometrix) was used. Small
angle X-ray scattering (SAXS) analysis was performed at Pohang
accelerator laboratory (PAL, 4C) with a wavelength of 1.18 Å and
a sample to detector distance (SDD) of 4 m. More detailed
information of the PAC-4C beamline can be found in Kim
et al.46 Also, grazing-incidence small angle X-ray scattering
(GISAXS) analysis was performed at PAL-9A with a wavelength
of 1.18 Å and an SDD of 2.8 m with an incidence angle of 0.121.

Synthesis of P(S-g-PFS)-b-PMMA

P(S-g-PFS)-b-PMMA was synthesized via the reversible addition–
fragmentation chain transfer (RAFT) polymerization. 4-Cyano-
4-(phenylcarbonothioylthio)pentanoic acid (0.172 mmol) was
used as a RAFT chain transfer agent (CTA), and AIBN
(0.112 mmol), MMA (94.94 mmol), and benzene (9 mL) were
added into a vial. After bubbling argon gas to eliminate water
and oxygen for 30 min, the vial was moved to an 80 1C oil bath
and reacted for 1 h. The obtained PMMA macro CTA was
precipitated using methanol and dried under a vacuum. Block
copolymerization was also conducted collectively with PMMA
macro CTA (0.019 mmol), ACHN (0.026 mol), styrene, and PFS
with a designated ratio, and chlorobenzene (6 mL). After the
bubbling process, the vial was moved to a 100 1C oil bath and
reacted for 2 h. The synthesized polymers were characterized
by 1H NMR (400 MHz, CDCl3): d = 7.25–6.25 (5H, CHC of
benzene ring), 3.58 (3H, COOCH3), 2.9–2.1 (1H, CH2CHC5F5),
1.80 (2H, CH2CHC5F5), and 1.52 (3H, CH2CH). To determine
the molar ratio between styrene and PFS, d = 7.25–6.25 (styrene)
and d = 2.9–2.1 (PFS) were used.

Thin film preparation

The synthesized BCP solutions with PGMEA were spin-coated at
1500 rpm on bare silicon wafers. The BCP films were self-
assembled by thermal annealing, under a reduced pressure
(400 mTorr) with purged N2 gas (100 sccm). The self-assembled

polymer films were etched by reactive ion etching (RIE) using
oxygen plasma (60 W, 30 sccm, 15 mTorr).
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