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Tunable and rapid self-assembly of block copolymers
using mixed solvent vaporsT

Woon Ik Park,” Sheng Tong,b Yuzi Liu,” 11 Woong Jung,b Andreas Roelofs,” and
Seungbum Hong**

Pattern generation of well-controlled block copolymers (BCPs) with high Flory-Huggins interaction
parameter () is important for applications in sub-20 nm nanolithography. We used mixed solvents of
dimethylformamide (DMF) and toluene to control the morphology as well as the time to achieve the
targeted morphology via self-assembly of BCPs. By precisely controlling the volume ratio of DMF and
toluene, well-ordered line, honeycomb, circular hole, and lamellar nanostructures were obtained from a
cylinder-forming poly(styrene-b-2vinylpyridine) (PS-b-P2VP) BCP with high-y. Furthermore, a well-
aligned 12nm line pattern was successfully achieved in the guiding template within one minute by using

the mixed solvents. This practical method may also be applicable to self-assembly of other BCPs,

providing more opportunities for the next-generation sub-10 nm lithography applications.

Introduction

For the last several decades, the directed self-assembly (DSA) of
block copolymers (BCPs) has attracted much attention due to its
excellent ability to overcome the challenges of conventional
semiconductor manufacturing process.''® BCP which consists of
two or more immiscible polymeric blocks can spontaneously self-
assemble into well-organized nanostructures in the shape of dots,
lines, circular holes, and lamellac with sub-20 nm feature sizes
through a minimization of free energy. > > * '"2° Due to the great
pattern resolution, scalability, and cost-effectiveness, the BCP self-
assembly is one of the most promising candidates for next-

2124 several

generation lithography. However, there are still
challenges to be solved such as defects, controllability, and self-
assembly kinetics for wider applications of DSA.2" 2> 2° Hence,
many BCP research groups pay extensive efforts to resolve these
existing issues, > 22 23.25.27.2831

To produce well-aligned patterns, chain mobility of BCP is
increased mostly by thermal annealing or solvent vapor annealing.
Especially for BCPs with a high Flory-Huggins interaction

parameter (%), which can create patterns with a small pitch, solvent

This journal is © The Royal Society of Chemistry 2014

vapor annealing is required to offer better chain flexibility and
diffusivity.'> 3% The geometry of the self-assembled BCP is
variable generally depending on length of the chain and volume
fraction of BCP, and therefore the self-assembled BCP has a limited
set of morphologies for each kind of BCP.>**’ However, as we
previously reported,'® ** *® geometrical tunability of BCPs with
high-y can be easily achieved through solvent vapor annealing with
mixed solvent vapors composed of selectively swelling solvent
molecules for each block of the BCP. In spite of these important
advantages, solvent vapor annealing has a limitation in the self-
assembly kinetics for high-y BCPs. Recently, several BCP research
groups reported how to improve processing time up to a few minutes
for BCPs with high-y to obtain well-ordered nanostructures using
thermally-assisted solvent (solvothermal) annealing or microwave-
driven fast self-assembly processes.”> 2* 2" % Gotrik er al.
demonstrated fast formation of well-ordered BCP structures using
solvent annealing on the voltage-driven hot stage,”® while Park e al.
developed the self-assembly kinetics of solvent-induced BCP
formation by temperature on the hot plate.”> Zhang et al. reported
rapid defect annihilation of BCPs by application of microwave

annealing.> These results comprehensively showed that thermally-
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activated solvent vapors can enhance the BCP self-assembly
kinetics, showing smaller activation energy for chain diffusion.” *
These studies suggest that we need more useful and convenient
approach to realize rapid self-assembly of BCPs with high-y as well
as morphological controllability.

Here, we introduce a simple and practical pathway involving
tunable and rapid self-assembly of BCPs with high-y parameter. We
systematically investigated how two mixed solvents can affect the
morphology of BCPs in the solvent vapor annealing system,
showing wide tunability (cylinder-to-lamella morphology transition)
from a cylinder-forming poly(styrene-b-2vinylpyridine) (PS-b-
P2VP) BCP with high-y (~0.18)*' and ultrafast self-assembly
kinetics of the BCPs. Uniformly controlled honeycomb
nanostructures arranged in six-fold symmetry were effectively
obtained by optimizing the volume ratio of the mixed solvents. We
also demonstrated how self-assembled pattern formation with a good
order can be accomplished within one minute in the guiding

templates using annealing of mixed solvent vapors.

a
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Results and discussions

Fig. 1 presents morphology transitions of the cylinder-forming
PS-b-P2VP BCP using mixed solvents of dimethylformamide
(DMF) and toluene. To control the BCP morphology, we selected
two organic solvents of DMF and toluene, which are preferential for
P2VP and PS blocks, respectively. As shown in Fig. 1a, volumetric
fraction of the BCP is variable depending on the volume ratio
between DMF and toluene (Vpyp/Vror). When Vpyp/Vrop ratio
increases, effective volume fraction of P2VP block (fPe{JP) is
increased due to the selective swelling of P2VP by DMF during
solvent annealing, leading to the morphological change from
cylinder to lamella as shown in Figs. 1a-b. Fig. 1c shows the various
self-assembled gold nanostructures of PS-b-P2VP (SV42) BCP with
a molecular weight (MW) of 42 kg/mol and P2VP volume fraction
of fpoyp= 25%. For SV42 BCP, while well-ordered line pattern was
formed when it was exposed to the pure toluene vapor (Vpye/VroL =
0), hexagonally perforated lamellar (HPL) pattern was obtained
when annealed at Vpyp/VoL = 0.71. The morphology underwent a

considerable change as the fraction of DMF increased further

(Vome/V1or> 1), leading to the morphology transition to lamella

(Fig. lc, right).

Fig. 1 Schematic of the self-assembled cylinder-forming PS-b-P2VP BCP using mixed solvents of DMF and toluene. (a) Effective volume

fraction ( fPe{JP) increases in proportion to the Vpyr/Vror. (b) Morphological change from cylinder to lamella depending on the increase of
fpave- (¢) SEM images for Au line (left), HPL (middle), and lamella (right) nanostructures.
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Fig. S1 shows the morphology evolution of the P2VP

microdomain from HPL to lamella structure, as the fraction of DMF

or f;{{P increases. Lamellar morphology began to appear at
Vomre/VroL = 1.0. When the BCP film was annealed at high volume
ratio (Vpmr/Vror> 2), lamellar structure was obtained over the large
area (Fig. S1d). These results suggest that self-assembly using mixed
solvents can be a suitable and useful method to control the BCP
morphology for BCPs with high-y, showing wide morphological
tunability.

In order to control the shape of circular hole in the HPL
morphology, we precisely controlled the Vpyp/Vrop ratio. Fig. 2a
presents the evolution of the P2VP with holes uniformly arranged in
a six-fold symmetry depending on the Vpyp/VioL ratio. While
toluene vapor preferentially swells the PS block, DMF vapor
selectively swells the P2VP block. When SV42 BCP was annealed at
Vome/Vror = 0.71, conventional HPL structure with circular holes
was formed with an average diameter of 38nm, center-to-center
distance of 46 nm, and minimum line-width of 9.6 nm, respectively
(Fig. 2a, top). However, after the BCP was annealed at the higher
toluene or lower DMF portion (Vpyr/VroL = 0.62), the circular hole
changed to the hexagon hole, which forms the basis of a honeycomb

network as shown in the middle of Fig. 2a. It should be noted that

Vomr/Vror=0:71
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the stretching energy of P2VP domain prefers a more uniform line
thickness, leading to the formation of hexagonal hole structure.* For
the discrete formation of the P2VP network, it is likely due to the
excessive swelling of PS block, resulting from the high vapor
pressure during solvent annealing process. The honeycomb network
has narrower line-width (4.8 nm), while the center-to-center distance
was the same as 38 nm regardless of the Vpy/Vrop ratio in the ratio
of 0.5 — 0.71. At Vppme/VroL = 0.5, the line width of the honeycomb
was shrunk to 2 — 3 nm, showing well-organized honeycomb
nanostructures with uniform hexagonal holes (Fig. 2a, bottom). For
the discrete formation of the P2VP network, it is likely due to the
high vapor pressure during solvent annealing process. Fig. 2b shows
that honeycombs structures can be formed over the large area. Here,
it should be noted that high-y BCP can be successfully tuned by
precisely controlling selective-swelling of each block. Moreover, the
self-assembled nanostructures from PS-b-P2VP can form various
metal or metal-oxide nanostructures (Pt, gold, Co, Fe, and so on) by
selectively incorporating metal ions into P2VP block,* resulting in
CoO, and FeO, nanostructures as shown in Fig. S2. Thus, this
approach maybe extendable to device applications such as
nonvolatile solar and batteries.

memories, cells,

Fig. 2 Morphology control of the self-assembled hole structures (a) Precisely controlled hole structures from hole (top) to honeycomb
(middle & bottom) depending on Vpye/Vror, (b) SEM image of self-assembled honeycomb structure formed over the large area.

This journal is © The Royal Society of Chemistry 2014
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We also investigated how mixed solvents of P2VP-preferential
solvent (pyridine) and PS-preferential solvent (toluene) affect the
self-assembly kinetics of PS-b-P2VP BCPs. In general, it is known
that high-y BCP shows slower self-assembly kinetics due to
considerable decrease in the chain diffusivity with increase in .
However, rapid and uniform pattern generation can be achieved via
mixed solvent vapors treatments, which can provide better chain
mobility than one solvent vapor annealing. While it took 90 minutes
to get well-ordered line structures when pure toluene vapor was used
for annealing SV42 BCP (Fig. S3), well-aligned pattern with a line-
width of 12 nm was successfully accomplished within 10 minutes
over the large area by annealing in the mixed solvents of pyridine

and toluene (Vpyr/VroL =1) as shown in Fig. 3a and Fig. S4. Defect

RSCPublishing

density of the self-assembled line structures decreases depending on
the annealing time as shown Fig. 3c. Figs. 3b and 3d show how the
volume ratio of pyridine and toluene (Vpyr/Vror) influences the
ordering of the line patterns at a fixed annealing time of 10 minutes.
As Vpyr/VroL ratio increases, the defect density dramatically
decreases, showing highly-ordered line structures at Vpyr/VroL = 1.
The reason for this is likely that the chain mobility of P2VP block
can be kinetically disturbed by pure toluene vapor, because toluene
is more preferential for PS block and therefore, chain mobility of
P2VP block can be improved by adding P2VP-preferential solvent

(pyridine or DMF) to toluene, which leads to a smaller activation

barrier for chain diffusion.*>
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Fig. 3 Fast self-assembly kinetics for SV42 BCP. (a) Time evolution of self-assembled morphologies at Vpyr/Vror = 1, (b) Self-assembled
morphologies at different Vpyr/Vyoy ratio and fixed annealing time of 10 min, (c) Defect density curve vs. annealing time at fixed at

Vpyr/VroL = 1, (d) Defect density curve vs. Vpyr/Vrop ratio.
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The self-assembly time to obtain well-ordered structures can be
further reduced for narrower guiding templates when annealed at
mixed solvents of pyridine and toluene. Well-ordered 12-nm-line
and ring structures in the line trench with a 300-nm-width (Fig. 4a,
left) and circular hole-trench with 300-nm-diameter (Fig. 4a, right)
were achieved within one minute of annealing time. This mixed
solvents-induced rapid self-assembly of BCP is also applicable for
other BCP with different MWs. For the PS-b-P2VP (SV34) with
smaller MW of 34 kg/mol, we also explored the effect of mixed
solvents (pyridine and toluene) on self-assembly kinetics. Fig. 4b
(left) and Fig. S5 demonstrate that we can achieve highly-ordered 6-
nm-line structures by adding pyridine solvent to toluene, showing
fast self-assembly of SV34 BCP in a wide mixing range of
Vpyr/VroL = 0.2 — 2.0 at a fixed annealing time of 5 min. This
indicates that even a small portion of pyridine can significantly
affect the self-assembly kinetics for smaller MW of BCP, lowering
activation energy for chain diffusion.*® *” Furthermore, we also
found that another solvent (DMF) which swells preferentially P2VP
can speed up BCP self-assembly as shown in Fig. 4b (right). These
results show that mixed solvents annealing using two solvents which
consist of two preferentially swelling solvents for each block are
greatly effective for achieving the fast self-assembly of BCPs via
incorporation of preferential solvents into BCPs. In addition, it is
also emphasized that this approach may be extensively utilized for
diverse triblock BCPs (tri-BCPs) as well as diblock BCPs (di-BCPs)
with high- X  such as poly(styrene-b-lactide) (PS-b-PLA),
poly(styrene-b-ethylene oxide) (PS-b-PEO), poly(2vinylpyridine-b-
dimethylsiloxane) (P2VP-b-PDMS), and poly(dimethylsiloxane-b-
styrene) (PDMS-b-PS).

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Rapid pattern-formation of SV42 in the narrow trenches and
sub-10 nm line structures of SV34. (a) Well-ordered 12-nm-line
patterns from SV42 formed within 1 minute at Vpyr/VyoL = 1 in the
narrow trench. Trench width = 300 nm (left) & diameter = 250 nm
(right), (b) 6-nm-line structures formed for 5 min at Vpyr/Vror = 0.2
(left) and Vpye/VroL = 0.71 (right).

Methods

Self-assembly of block copolymers: Periodically lithography-
patterned Si substrates with line and space trenches or circular holes
were used as templates to guide the self-assembly of block
copolymers (BCPs). The surface of the Si substrates was uniformly
hydroxy-functionalized in order to promote self-assembly of BCPs.
Hydroxy-terminated PS homopolymer with a molecular weight of 41
kg/mol dissolved in toluene was spin-coated on the Si substrates and
annealed at 150 °C for 2 — 3 hours, and then washed with toluene.
PS-b-P2VP BCPs dissolved in toluene were spin-coated on the PS-
brush-treated Si substrates and annealed by appropriate solvent
vapors. In order to explore the morphological transition and self-
assembly kinetics of a PS-5-P2VP BCP (MW = 42 kg/mol), we used
BCP solutions with two different weight percentages (1.0 wt% & 1.2
wt%) when spin-coating the solutions. More specifically, we used
the BCP solution with 1.0 wt% to induce the morphological
transition (cylinder-hole-lamella), whereas we used the BCP solution

with 1.2 wt% to explain the self-assembly kinetics. The reason we

Nanoscale, 2014, 00, 1-3 | 5
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chose the BCP with 1.2 wt% for self-assembly kinetics study was
because line structure is formed in the space region, while mesh or
hole structure is created on the mesa region (Fig. S7). A stainless
steel chamber (10 mL) with filled with a solvent or solvent mixture
(6 mL) at the bottom was used for the annealing of BCPs. All the
annealing process was conducted on the hot plate with a fixed
temperature of 65°C to accelerate the kinetics of self-assembly. The
annealed samples were immersed in the desired aqueous metal salt
solution with hydrogen chloride (aq.) in the glass petri dish for 1
hour and washed by deionized water and then dried by blow with
nitrogen gas. The BCP films were then etched by O, plasma at 30
scem (gas flow rate), 10 m Torr (working pressure), 30 W (source
power) for 30 sec to get the desired nanostructures using reactive ion
etching (RIE) system in the Center for Nanoscale Materials (CNM)
at Argonne National Laboratory. The small particles formed after O,
plasma treatment were derived from metal incorporation (long
immersion time of 1.5 hours). When the immersion time was

optimized (30 minutes), the residual particles were not observed.

Conclusions

In summary, we have developed a tunable and rapid BCP self-
assembly process using mixed solvent vapor annealing. Various
nanostructures such as line, honeycomb, hole, and lamellar patterns
were obtained from one cylinder-forming PS-5-P2VP BCP by
precisely controlling the volume ratio of DMF and toluene. Pattern
formation of 12-nm-width line was also effectively achieved within
one minute via a mixed solvents treatment. This approach is
expected to be extendable to other BCPs with different molecular
and various mixture-solvent

weights and volume fraction,

annealing systems.
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