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Controlling the microdomain orientation in block
copolymer thin films via cross-linkable random

copolymer neutral layer

Seyong Kim"*, Hyun Suk Wang"*, Youngson Choe?, Soo-Hyung Choi® and Joona Bang!

Block copolymer (BCP) thin films are capable of producing periodic nanoscale features that are hardly accessible by
conventional ‘top-down’ lithography. Such is the potential of BCP thin films that many research groups are intensively studying
this field. Notwithstanding their advantages, BCP thin films suffer from an inherent tendency to produce microdomains parallel
to the substrate due to selective wetting. To date, various approaches to induce perpendicular orientation have been reported
using surface neutralization, solvent annealing, external fields and nano-fillers. Of these approaches, surface neutralization using
random copolymers is the most widely used because of its straightforward and intuitive methodology. Surface neutralization
alleviates the preferential interaction of one block with the substrate, and thus selective wetting, which enables the formation of
microdomains perpendicular to the substrate. In this review, advances in surface neutralization are covered by introducing four
efficient cross-linkable random copolymers incorporated with benzocyclobutene, glycidyl methacrylate, azide and ketene

functional groups.
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INTRODUCTION
Block copolymer (BCP) self-assembly has been attracting considerable
attention as a simple route to overcome the limitations of
conventional ‘top-down’ lithography.' In particular, BCP thin films
can provide nanometer-scale scaffolds and templates for various
applications, such as nanolithography, microelectronics, nanoreactors
and separation membranes.>'> Compared with the conventional
‘top-down’ lithography, BCP lithography provides cost-effective and
simple access to nanoscale structures in the size regime of ~5nm to
~ 100 nm with considerably uniform spheres, cylinders, bicontinuous
gyroids, and lamellae by controlling the BCP molecular weight,
architecture, dispersity and segmental interactions, as well as the
volume fraction of each block.!>~18

One of the challenging issues for BCP lithography is controlling the
orientation of BCP microdomains on the substrate. In the case of
diffusion barriers or line transfer lithography, cylinders or lamellae
parallel to a substrate are required, while nanoporous membranes and
post-pattern transfer templates require perpendicularly oriented
microdomains. The orientation of BCP thin films is affected by
interfacial interactions between the BCP and the substrate or the
BCP and the free surface.>*!7-2% In most cases, one of the blocks
has preferential interactions with the substrate due to a lower

surface energy, causing the block to be positioned selectively at the
inter-material interface, thus inducing parallel orientation. For exam-
ple, when a thin film of polystyrene-block-poly(methyl methacrylate)
(P(S-b-MMA)) is fabricated on a silicon substrate, the microdomains
show orientations parallel to the substrate owing to the preferential
interaction between PMMA blocks and the silicon oxide layer.?>-?7
Accordingly, when an orientation perpendicular to the substrate is
desired, the preferential interactions should be overcome. A number of
strategies to control the orientation of microdomains—in particular,
cylinders and lamellae—have been demonstrated, such as surface

24,28-33 golvent annealing,”’35 the use of electric fields,3°

neutralization,
and topologically roughened surfaces.’”*® In addition, recent studies
have also taken into account the free surface behavior of block
copolymer thin films by incorporating removable top coats**? and
surface-tailored nanoparticles! > to control the microdomain orien-
tation of the BCP thin films. The advances in surface neutralization
have expanded the choice of BCPs for fabricating perpendicularly
oriented BCP thin films.

Among these approaches, the most widely used is neutralization of
the substrate using P(S-r-MMA) random copolymers to control the
polymer/substrate interaction. There have been numerous studies on
variations of this approach because of its simplicity and high
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reproducibility. Russell and Hawker first reported the approach using
hydroxy-terminated P(S-r-MMA) to form random copolymer brushes
on a silicon substrate as a neutral layer.2%?* They found that the
interfacial interactions between the random copolymer layer and both
blocks (that is, PS and PMMA) were balanced when the mole ratio of
styrene/MMA in the random copolymer was 58/42, leading to a
perpendicular orientation of the microstructures.*>*’ In addition,
based on this result, they demonstrated that the microdomain
orientation of the cylinder- or lamellae-forming P(S-b-MMA) was
affected by the film thickness, molecular weight and the composition
of the P(S-~-MMA).*® However, this approach is limited to substrates
with oxide layers and requires a long processing time to anchor
the hydroxy-terminated random copolymers to the oxide layer.
To overcome these limitations, generalized surface neutralization
approaches using a cross-linked random copolymer layer have been
developed.?833

In this review, we discuss recent progress on controlling the
orientation of BCP thin films, particularly in terms of a generalized
approach to surface modification via a robust and efficient cross-
linking strategy. We first present a random copolymer of styrene and
MMA with BCB incorporated along the backbone. The BCB-
functionalized P(S-7-BCB-r-MMA) can be thermally cross-linked to
provide a ‘random copolymer mat’ as a neutral layer. Then, we
describe more advanced types of random copolymers containing GMA
or azido groups that can be cross-linked by both heat and UV
irradiation. Last, a random copolymer with ketene-based chemistry
that has recently been developed is presented.

BCB-BASED CROSS-LINKABLE RANDOM COPOLYMER
As a pioneering work on the general surface neutralization, the Russell
and Hawker groups developed a cross-linkable random copolymer

(d) P(S-r-(S-MA)-r-MMA)

thermal or photo

crosslinking

containing the thermally cross-linkable BCB unit shown in Figure 1a,
P(S-r-BCB-r-MMA), which can generate a cross-linked neutral layer
on various substrates and effectively modify the interfacial interactions
between the BCP thin film and the substrate.?®?° Because the previous
study reported that a 0.58 molar composition of styrene in
P(S-~-MMA) gives a neutral layer,”>?> the molar composition of
styrene, BCB and MMA in the random copolymer was adjusted to
0.56, 0.02 and 0.42, respectively, owing to the structural similarity
between BCB and styrene. The synthesized P(S-r-BCB-r-MMA)
random copolymer had M, =35kgmol ! with D=1.18 (where D
indicates the dispersity, defined as D = M,,/M,,), which corresponds to
an average of seven BCB units per chain. The BCB cross-linking on a
silicon wafer proved to be efficient, producing a cross-linked ultrathin
film ~ 10 nm in thickness after heating at 250 °C for 10 min under a
nitrogen atmosphere. The cross-linking efficiency was confirmed by a
constant film thickness even after rinsing with toluene, a good solvent.

The effect of the cross-linked film thickness on the surface energy
was also studied by homopolymer dewetting tests. Thin films of
PS and PMMA homopolymers were coated onto the cross-linked
P(S-r-BCB-r-MMA) films and subsequently thermally annealed to
dewet the homopolymer films. From the contact angles of dewetted PS
and PMMA on the random copolymer layer, it was confirmed that the
interfacial interactions between PS/PMMA and the random copolymer
layers are balanced. Consequently, P(S-b-MMA) (M,, =88 kg mol 1,
D =1.03, and fpg (the volume fraction of PS in the BCP) =0.72) were
spin casted onto silicon wafers that were coated with various
thicknesses of a P(S-r-BCB-r-MMA) random copolymer layer and
were thermally annealed at 170 °C for 24 h under vacuum. As shown
in Figure 2, when the thickness of the cross-linked P(S-r-BCB-r-
MMA) film is larger than ~ 5.5 nm, perpendicularly oriented cylinders
of the P(S-b-MMA) were observed. This indicated that cross-linked

BCP thin film

. nnealin
coating anneating

Perpendicularly oriented BCP thin film

Figure 1 Schematic illustration of the substrate neutralization with various cross-linkable random copolymers for the perpendicular orientation of a
P(S-b-MMA) thin film. BCP, block copolymer; GMA, glycidyl methacrylate; P(S-b-MMA), polystyrene-block-poly(methyl methacrylate); r, random.
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Figure 2 Phase images measured by scanning probe microscopy (SPM) of cylinder-forming P(S-b-MMA) thin films on cross-linked P(S-r-BCB-r-MMA) random
copolymer mats with various thicknesses. Reprinted with permission from Ryu et al.2° Copyright 2007, American Chemical Society. BCB, benzocyclobutene;

P(S-b-MMA), polystyrene-block-poly(methyl methacrylate); r, random.

P(S-r-BCB-r-MMA) films of at least 5.5 nm can effectively mediate
interfacial interactions between P(S-b-MMA) and the substrate.
However, as the thickness of the P(S--BCB--MMA) film decreases
below 5.5nm, the fraction of parallel cylindrical microdomains
increases. Furthermore, it was also demonstrated that the
P(S-m-BCB-r-MMA) cross-linked layer can be successfully applied to
various substrates, such as Au, Al, Si3N,, Kapton and polyethylene
terephthalate.?®

GMA-BASED CROSS-LINKABLE RANDOM COPOLYMER

Although the BCB-based cross-linking chemistry is very effective, this
approach suffers from the fact that the BCB monomer is not
commercially available and requires a high cross-linking temperature.
As an alternative, Gopalan and colleagues used two random copolymer
brushes containing acryloyl or glycidyl groups and demonstrated that
they can be cross-linked by UV irradiation with the aid of a
photoinitiator or a photoacid generator; the resultant material acted
as a neutral layer for P(S-b-MMA).> Later, they systematically
investigated a cross-linkable random copolymer of GMA incorporated
with styrene and MMA, P(S--GMA-r-MMA) (Figure 1b), as a
function of different styrene (50-70 mol%) and GMA fractions (1-
4mol%).3! The various P(S-r-GMA-r-MMA) random copolymers
were coated onto a silicon wafer and thermally annealed at either 160
or 230 °C under nitrogenous conditions. They found that P(S-r-GMA-
r-MMA) thin films required cross-linking times of 3 h at 160 °C and
60 min at 230 °C, regardless of the molecular weight or the GMA
content. In addition, the cross-linking efficiency, as determined by the

difference in film thickness before and after the rinsing step, increases
as the mole fraction of GMA in the random copolymer increases from
1 to 4 mol%. Furthermore, random copolymers with higher molecular
weights and equimolar GMA content showed faster cross-linking
kinetics and slightly thicker final film thicknesses than those
with lower molecular weights. After the cross-linking test, they
systematically ~characterized the compositional ranges of the
P(S-~-GMA--MMA) random copolymer layers for perpendicular
orientation of three kinds of P(S-b-MMA) BCPs: symmetric
P(S-b-MMA) (M, =104kgmol ™!, D=1.09, fps=0.53), asymmetric
PMMA cylinder-forming P(S-b-MMA) (M, =71.4 kg mol~ !, D =1.06,
frs=0.73) and asymmetric PS cylinder-forming P(S-b-MMA)
(M, =70.7 kg mol ~ 1 p=1.07, frs=0.31), as shown in Figure 3.
Furthermore, they compared the effective minimum thickness of the
cross-linked neutral layers when the mole fraction of GMA was varied
from 1 to 4 mol%. In the case of P(S---GMA-r-MMA) with 1 mol% of
GMA, the minimum effective thickness for inducing the perpendicular
orientation of the BCP thin films was ~ 6 nm. In contrast, even 2.3 nm
of a P(S-r-GMA-r-MMA) layer with 4 mol% of GMA could induce
perpendicularly oriented microdomains. This result indicates that
P(S-r-GMA-r-MMA) with 4 mol% of GMA can effectively prevent the
interpenetration of the BCP and thus prevent preferential interfacial
interactions with the substrate.

AZIDO-BASED CROSS-LINKABLE RANDOM COPOLYMER
In addition to BCB- and GMA-based cross-linking chemistries, the
azido group was incorporated into P(S--MMA) by Bang et al®
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Figure 3 Top view SEM images of BCP thin films: (a) lamellae-forming P(S-6-MMA), (b) PMMA cylinder-forming P(S-b-MMA) and (c) PS cylinder-forming
P(S-b-MMA). Black scale bars are 200 nm. Reprinted with permission from Han et al.3! Copyright 2010, American Chemical Society. BCP, block copolymer;
P(S-b-MMA), polystyrene-block-poly(methyl methacrylate); SEM, scanning electron microscope.

The azido group can be easily introduced by nucleophilic displacement
of alkyl halides from commercially available monomers, such as
4-vinylbenzyl chloride, and activated by either heat or UV irradiation.
As shown in Figure lc, they synthesized azide-based random
copolymer, P(S-7-(S-N3)--MMA), containing 3 mol% azide (Nj)
units along the backbone via reversible addition fragmentation
chain transfer polymerization of styrene, MMA and 4-vinylbenzyl
chloride. The azido group has the following advantages: chemical
stability before activation and easy handling under ambient conditions.
On the basis of the neutral composition of a P(S-r-MMA) random
copolymer,??~* the composition of PMMA in the random copolymer
was fixed at 42 mol% and the others at a total of 58 mol% because
the azido unit has a chemical structure similar to styrene. In addition,
the molecular weight of P(S-r-(S-Nj3)-~-MMA) was controlled
over a range of 20-100kgmol~! to observe its effects on the
cross-linking efficiency and density. To prepare the neutralized
surface, toluene solutions of P(S-7-(S-N3)-r-MMA) were spin casted
onto silicon wafers to give ~11-nm-thick films. The films were
then exposed to UV irradiation (41=254 nm) under vacuum to
photoinduce cross-linking. It should be noted that irradiation with
a UV wavelength of 1=254nm can cause photo-degradation of
the PMMA block in the P(S-b-MMA) thin films. However, in the
case of the P(S--MMA) random copolymer, photo-degradation
of the PMMA blocks is efficiently retarded by a small fraction of
PS in the random copolymer because the main photo-absorbing
species in the P(S--MMA) is PS, which has a screening effect.*
Regardless of UV intensity, it was found that the thickness of
the cross-linked layers, after washing with a good solvent, reached a
constant value of 9-10 nm after 5 min of UV irradiation. This pointed
to the high cross-linking efficiency of the azido group and a fast and
facile reaction, which is comparable to BCB and GMA cross-linking

Polymer Journal

chemistries. To confirm whether P(S-r-(S-N3)--MMA) cross-linked
layers effectively control the interfacial interactions with the substrates,
cylinder-forming P(S-b-MMA) (M,=76kgmol !, D=1.06) was
spin coated onto these cross-linked layers and subsequently
thermally annealed at 170 °C for 12 h. In this experiment, the UV
exposure time to prepare the P(S-r-(S-N3)-r-MMA) cross-linked layer
was varied up to 30 min. As shown in Figure 4a, with a short UV
exposure, the P(S-b-MMA) BCP thin film showed perpendicularly
oriented cylindrical microdomains with excellent ordering. However,
as the UV exposure time increases, the BCP thin film shows significant
defects, which are attributable to side reactions of the random
copolymer layer induced by the longer UV exposure time. In addition
to UV cross-linking, the azido group can be cross-linked by heat;
thus, the random copolymer-coated substrates were thermally
annealed at 250 °C under a flow of nitrogen. No decrease in the final
film thickness was observed even after 1 min of thermal annealing,
which is similar to the BCB system. In addition, the thermally
cross-linked random copolymer layer could effectively neutralize
the substrate, and therefore, perpendicularly oriented cylindrical
microdomains of P(S-b-MMA) were successfully induced. Because
the azide group can be cross-linked by UV irradiation, the
P(S-7-(S-N3)--MMA) random copolymer could be applied in
conjunction with ‘top-down’ lithography, leading to a patterned
neutral layer. Both cylinder-forming P(S-b-MMA) and lamellae-
forming P(S-b-MMA) (M, =45kgmol ™!, D=1.07) were coated on
the patterned layer. As a result, a perpendicularly oriented micro-
structure was observed on the UV exposed area (neutral layer), while a
parallel orientation including a ‘hole and island’ structure can be seen
on the unexposed area where the neutral layer was washed away
(Figures 4b and c).
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Figure 4 (a) Variation of cross-linked P(S-r~(S-N3)--MMA) film thicknesses as a function of UV irradiation time at two different UV intensities with
the representative AFM phase images of cylinder-forming P(S-b-MMA) thin films; (b) cylinder and (c) lamellae-forming P(S-b-MMA) thin films on the
patterned random copolymer layer. Reprinted with permission from Bang et al.32 Copyright 2007, Wiley. AFM, atomic force microscopy; P(S-b-MMA),

polystyrene-block-poly(methyl methacrylate); r, random.

KETENE-BASED CROSS-LINKABLE RANDOM COPOLYMER

Although the azide-based random copolymer exhibits a facile and
rapid cross-linking chemistry, it still suffers from multiple post-
polymerization steps, unwanted surface defects after long irradiation
times, and limited covalent adhesion to the underlying substrate.
To overcome these issues, Meldrum’s acidso-incorporated random
copolymers have been introduced for surface neutralization.’?

Recently, several studies using Meldrum’s acid as a building block
for thermal access to the valuable ketene functional group have been
reported.’’™>> These studies demonstrated that ketene chemistry
can provide not only cross-linking via dimerization but also functio-
nalization via nucleophilic addition and covalent bonding to the
substrate. Ketene chemistry is therefore suitable for fabricating a cross-
linkable random copolymer that covalently attaches to the substrate. A

Polymer Journal
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Meldrum’s acid-containing comonomer (S-MA) can be easily synthe-
sized by a one-step reaction from two commercial reactants, 5-methyl
Meldrum’s acid and 4-vinylbenzyl chloride. P(S-r-(S-MA)-r-MMA)
(M, =20-30 kg mol ™!, P=1.2) random copolymers containing 3, 5
and 10 mol% of S-MA synthesized via reversible addition fragmenta-
tion chain transfer polymerization were systematically investigated by
varying factors such as the concentration of S-MA in the random
copolymer, cross-linking temperature and cross-linking time to
optimize the performance of the neutralization layer. As shown in
Figure 1d, because of the similarity in chemical structure between
styrene and the S-MA unit, the composition of styrene and S-MA
in the random copolymer was kept at 55 mol%, and MMA composed
the remaining percentage, 45 mol%. The random copolymers were
spin casted onto silicon wafers, providing random copolymer thin
films with a thickness of 11.5-13 nm, and subsequently were cross-
linked at various temperatures over a period of 1 h. To confirm the
surface  neutralization, lamellae-forming  P(S-b-MMA)  BCP
(M,=74kgmol ™!, fps=0.54) was spin casted onto the substrate
coated with the cross-linked random copolymer layer. When the
random copolymer layers were thermally cross-linked at 200 °C, the
microdomains of P(S-b-MMA) were mixed with parallel and perpen-
dicular orientations on the random copolymer layer, regardless of the
mole fraction of S-MA in P(S-r-(S-MA)-r-MMA). This demonstrated
that a 200 °C cross-linking temperature was insufficient to produce an
effective neutral layer. However, as shown in Figure 5, when the cross-
linking temperature was increased up to 230 or 250 °C and annealed
for less than 1 min, perpendicularly oriented microdomains of the P

16

(S-b-MMA) BCP were developed regardless of the S-MA concentra-
tion. Owing to the covalent bonding of the random copolymer to the
substrate via nucleophilic addition of ketene to silanol groups on the
wafer surface, the thickness of the cross-linked layer did not change
even after sonication for 1h in benzene, a good solvent. In addition,
there were no changes in the lateral ordering of P(S-b-MMA) on the
sonicated P(S-r-(S-MA)-r-MMA) random copolymer layer. In
contrast, the thickness of the azido-based random copolymer is
reduced when the film was sonicated for less than 1 min,
resulting in a mixed orientation of parallel and perpendicular
microdomains in the subsequently coated P(S-b-MMA) thin film
layer. These results demonstrate that a ketene-based cross-linking
approach for fabricating a neutral layer provides enhanced neutraliza-
tion performance with great adhesion compared with the previous
systems. Furthermore, the applicability of this system is highlighted by
the fact that it can be applied to other surfaces such as Al,03.33!

CONCLUSIONS

In this review, we discussed recent developments in the orientation
control of BCP thin films using cross-linkable random copolymers for
surface neutralization. Cross-linkable random copolymers can form
ultrathin layers on various substrates and neutralize the substrates to
fabricate perpendicularly oriented BCP microstructures. First, the
BCB-based random copolymer was used as a thermally cross-linked
neutral layer to produce perpendicularly oriented P(S-b-MMA) BCP
microdomains. The BCB-based random copolymer was shown to
produce cross-linked films on various substrates and allowed control
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Figure 5 Cross-linked thickness of P(S-r-(S-MA)-~MMA) thin films as a function of cross-linking time and representative AFM images of the overlying
lamellae-forming P(S-b-MMA) after cross-linking at (a) 230 and (b) 250 °C; P(S-r-(S-MA)--MMA) layers in the AFM images contained 3 mol% of S-MA
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polystyrene-block-poly(methyl methacrylate); r, random.
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of interfacial interactions with a good cross-linking efficiency.
However, drawbacks of the BCB cross-linkable monomer are that it
is commercially unavailable and difficult to synthesize. Then, GMA
and azido groups were used as cross-linkers in P(S-r-MMA) random
copolymers for surface neutralization. Compared with the BCB-based
system, both of these cross-linkable groups are commercially available
and provide facile cross-linking conditions using either heat or UV
irradiation with the aid of a photoinitiator or a photoacid generator. In
particular, the azide group can be cross-linked by heat or UV exposure
without the aid of any additional photoinitiators, allowing patterned
neutral layers by UV lithography. Recently, random copolymers using
ketene chemistry were developed, which produce an effective neutral
layer and exhibit excellent adhesion within a very short thermal cross-
linking time. These studies provide a simple route for controlling the
microdomain orientation of BCP thin films via surface neutralization
with various cross-linkable random copolymers and offer significant
promise as a platform for the further development of BCP lithography.
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