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We propose a facile and fast control method to obtain perpendicularly oriented microphase-separated
structures in block copolymer (BCP) thin films for nanopatterning with a BCP lithography technique. By
synthesizing a derivative of polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) with precisely
introduced two hydroxy groups at the junction (PS-(OH),-PMMA) and by applying it onto silicon substrates,
we investigated the lamellar orientations in PS-(OH),-PMMA thin films with respect to the annealing time of
neutral layers (NLs) for modifying silicon substrates to neutralize the interfacial free energies between the
substrate and each block component in the BCP thin films. Various NLs, including PS-(OH),-PMMA itself, were
applied onto silicon substrates, and PS-(OH),-PMMA has turned out to take a dual role of BCP thin films for
nanopatterning and NLs, which shows its supremacy over other methods. PS-(OH),-PMMA needs only 20
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minutes of annealing to form NLs that sufficiently neutralize the substrates and induce perpendicular lamellae,
which is a significant improvement over non-functionalized PS-b-PMMA. This result highlights the enhanced
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Introduction

Block copolymers (BCPs) exhibit diverse microphase-separated
structures by self-assembly depending on the volume fraction of
each block component, the degree of polymerization (N), and
the Flory-Huggins interaction parameter (y)."> Among these
structures, periodically aligned structures such as lamellae, or
hexagonally packed cylinders are widely studied as candidates
for nanopatterns for one of the next generation silicon wafer
fabrication techniques, which is called BCP lithography.** In
BCP lithography, the microphase-separated structure in the thin
films for nanopatterning is aligned via the directed self-
assembly (DSA) method and thus should be oriented
perpendicularly to the substrates to obtain a fine and high-
resolution pattern.”*°

Typically, the orientation of microphase-separated structures
in a BCP thin film on a substrate is determined by the balance
between the different interfacial free energies of the polymer/
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adsorbability of BCP neutral layers by the introduction of only a small amount of hydroxy groups.

substrate interface and the polymer/air interface for each block
component. Thus, one component is likely to form domains at
the BCP/substrate interface and another component is likely to
form domains at the surface.! As a result, the overall
microphase-separated structure has a parallel orientation,
which is not applicable to BCP lithography practically.
Therefore, one of the general and indispensable methods is to
use a neutral layer (NL), which is an interface modifying
material to neutralize the BCP/substrate interface, to obtain a
perpendicularly oriented microphase-separated structure.'*"?
As for polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA),
which is a representative material of lithographic templates due
to its wide process window'®'® and selectivity in etching
process,’®>' the microphase-separated structures can be
oriented perpendicularly only by neutralizing the BCP/substrate
interface because PS and PMMA is believed to have almost the
same value of surface free energy at the annealing temperature
for microphase-separation.”>

The basic materials for NLs are random copolymers (RCPs),
which consist of the same components as those of BCPs for thin
films and additional hydroxy-group-containing units, often
referred to as RCP brush or mat.">*® This is attributed to the
belief that introducing hydroxy groups into the polymers for
NLs contributes to better adsorbability of NLs to silicon
substrates via physical interactions such as hydrogen bonds,
van der Waals forces, and dipolar interactions or chemical

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4lf00197d&domain=pdf&date_stamp=2025-01-13
http://orcid.org/0009-0005-5995-5535
http://orcid.org/0000-0003-1959-5430
http://orcid.org/0000-0002-9845-382X
http://orcid.org/0000-0002-1704-5841
https://doi.org/10.1039/d4lf00197d
https://doi.org/10.1039/d4lf00197d
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4lf00197d
https://pubs.rsc.org/en/journals/journal/LF
https://pubs.rsc.org/en/journals/journal/LF?issueid=LF002001

Open Access Article. Published on 24 August 2024. Downloaded on 3/12/2026 12:18:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Applied Interfaces

reactions with silanol groups in the native oxide layer of silicon
substrates.”>** Such chemical reaction or physical interaction
would help the polymers to be grafted or to be adsorbed to the
silicon substrates, ensuring the sufficient formation of NLs.
However, in RCPs, the number and the positions of hydroxy
groups are not precisely controlled. Thus, the effect on the
improvement of adsorbability to silicon substrates by the
introduction of a hydroxy group is difficult to be evaluated, and
the optimal number of hydroxy groups in NLs has still not been
studied in detail."”>™"* In addition, the hydroxy groups that are
not involved in adsorption possibly cohere and make domains,
which would be one of the causes of structural defect
generation in DSA patterns.* Therefore, it is expected to
provide further insights into the effects of hydroxy groups by
controlling the number or the positions of hydroxy groups
introduced in a molecule composing NLs.

In addition, BCP lithography conventionally requires the
use of two different polymers, RCPs for NLs and BCPs for
thin films, and to achieve perpendicular orientation of the
microphase-separated structure in thin films, it is necessary
to optimize the monomer composition in NLs."”*™"°
Consequently, the use of BCPs as NLs was studied in
previous studies.”>*” In one of the previous studies,”® a
physisorption layer of PS-b-PMMA was used as NLs and
perpendicularly oriented lamellae were obtained in thin films
of PS-b-PMMA, indicating the applicability of BCPs as NLs,
and dual-use potential of the same polymer for both NLs and
thin films. However, it took 24 h annealing time for NLs to
promote physisorption of BCP molecules to substrates, which
is much longer than the annealing time of several minutes
for the adsorption of RCP neutral layers. Therefore, the use
of BCPs that have hydroxy groups is effective in improving
the BCP neutral layers in terms of shortening the annealing
time for NL adsorption.

In this study, we designed and synthesized lamella-forming
PS-(OH),-PMMA with two hydroxy groups at the junction point
of PS and PMMA according to Scheme 1. Using this polymer as
both NLs and thin films, we assessed how hydroxy groups in
NLs affected adsorbability to silicon substrates. For the control
experiment, non-functionalized PS-b-PMMA and poly[styrene-
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Scheme 1 The synthetic route of PS-(OH),-PMMA.
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ran-(methyl methacrylate)-ran-(2-hydroxyethyl ~methacrylate)]
(P(S--MMA--HEMA)), which is one of the typical materials for
NLs, were also synthesized and applied as NLs. The rapidity of
perpendicular lamella formation in PS-(OH),-PMMA thin films,
depending on the variety of NLs, was observed by atomic force
microscopy (AFM) to evaluate the ability of PS-(OH),-PMMA as
an NL material. Our results show that the introduction of two
hydroxy groups at the junction of PS and PMMA enhanced the
adsorbability of the BCP to the substrate, thereby reducing the
annealing time of NLs.

Experimental
Materials

The reagents were purchased and used as received unless
otherwise noted. Styrene and methyl methacrylate (MMA) were
distilled under reduced pressure in the presence of calcium
hydride and used in free radical polymerization, and for living
anionic polymerization, they were degassed in the presence of
n-butyl-sec-butylmagnesium or trioctylaluminum respectively by
the freeze-pump-thaw method and purified by trap-to-trap
distillation. 1,1-Diphenylethylene (DPE) was degassed in the
presence of n-butyllithium by the freeze-pump-thaw method
and purified by trap-to-trap distillation. 2-Hydroxyethyl
methacrylate (HEMA) was dehydrated by activated alumina.

Substrates

Standard silicon wafers with the native oxide layer (~2 nm)
were cut into pieces (~1.5 cm square) and treated as the
following. A silicon substrate was wiped with lens-cleaning
paper soaked with toluene and then successively sonicated by
acetone, ethanol, and toluene in this order for 1 minute each.
The substrate was blown with N, and heated on a hotplate at
100 °C for 1 minute to remove the residual solvents, and then
used in the following experiments.

Measurements

Both "H and "™C NMR (nuclear magnetic resonance)
spectroscopy were conducted on a JEOL JNM-ECS400. FT-IR
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(Fourier-transform infrared) spectroscopy was conducted on a
JASCO FT/IR-4100 using a KBr pellet or KBr plate for solid
samples or liquid samples respectively. SEC (size exclusion
chromatography) was conducted on an apparatus consisting of a
SHIMADZU Prominence501 and a RESONAC RI501, using THF
as eluent and Shodex GPC LF-804 as columns. The calibration
curve was prepared by standard PS. Measurements were
conducted at a flow rate of 1 mL min™" and 40 °C. SAXS (small
angle Xray scattering) was conducted on an apparatus
consisting of a Bruker NANOSTAR and a VANTEC-500. CuKa
radiation (1 = 1.5416 A) was generated under the conditions of
50 kv and 50 mA. The samples were prepared by slowly
evaporating the solvent from 10 wt% THF solutions of each
polymer at 25 °C in air and dried at room temperature in
vacuum. The obtained films were then annealed at 180 °C for 24
h in vacuum and used for SAXS. TG (thermogravimetry) was
conducted on a Hitachi High-Tech TG/DTA 7300 at a heating
rate of 10 °C min™" in the range from 30 °C to 550 °C. AFM was
conducted on a JPK Instruments Nano Wizard Ultra Speed A in
AC mode using Tap-300 as cantilevers. For the observations, a
polymer thin film was spin-coated on a silicon substrate, which
was treated as above, from 1 wt% PGMEA (propylene glycol
1-monomethyl ether 2-acetate) solution of the polymer, and then
annealed at 250 °C under N, to facilitate the formation of a
neutral layer. Next, unattached polymer chains were rinsed with
PGMEA to obtain a neutral layer. Subsequently, the PS-(OH),-
PMMA thin film (~30 nm) was spin-coated onto the neutral layer
and annealed at 230 °C for 10 minutes under N, to facilitate
microphase-separation after one-minute pre-baking at 90 °C
under air. Film thicknesses were determined by interferometric
spectroscopy using a Filmetrics F20. FE-SEM (field emission
scanning electron microscopy) was conducted on a Hitachi
High-Tech SU9000. Samples were prepared from the samples for
AFM observation. For the cross-sectional view, aqueous solution
of RuO, (0.5%) was dropped on the substrates and they were left
still for 90 minutes. For the tilted view, the substrates with the
PS-(OH),-PMMA thin film were put in a vacuum electron stainer
(Filgen VSC1R1H) and stained with RuO, under the conditions
of 500 Pa and 30 minutes. Then, the substrates were cut in
liquid N, and observed by FE-SEM. FE-SEM observation was
conducted at the acceleration voltage of 3.0 kv.

Synthesis of 1-(tert-butyldimethylsiloxy)-6-chlorohexane
(CIC4OTBS)

Imidazole (2.71 g, 39.8 mmol) and 6-chloro-1-hexanol (2.73 g,
20.0 mmol) were dissolved in superdehydrated N,N-
dimethylformamide (DMF) (75 mL) in a two-neck round-bottom
flask under N,. To the solution, tert-butyldimethylchlorosilane
(4.52 g, 30.0 mmol) was added and stirred in an ice bath for 1
h, and then allowed to warm up to room temperature and
stirred for 2 h. The mixture was quenched with water, extracted
with hexane, washed with water, and dried over anhydrous
magnesium sulfate. After the removal of the solvent under
reduced pressure, the crude oil was further purified by silica gel
column chromatography with hexane (R; = 0.3), which afforded

76 | RSC Appl Interfaces, 2025, 2, 74-81
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a colorless oil in 95% yield (4.75 g, 18.9 mmol): 400 MHz 'H
NMR (CDCL;) 6 = 0.02 (s, 6H, -Si~(CHz),), 0.89 (s, 9H, -Si-C-
(CH,)s), 1.30-1.60 (m, 6H, ~-CH,-CH,-CH,-), 1.75-1.82 (m, 2H,
CI-CH,-CH,-), 3.54 (t, ] = 6.4 Hz, 2H, CI-CH,-), 3.61 ppm (t, ] =
6.4 Hz, 2H, -CH,~O-).

Synthesis of 4,4"-bis(6-(tert-butyldimethylsiloxy)hexyloxy)
benzophenone (BP-(OTBS),)

CIC(OTBS (2.33 g, 9.29 mmol), 4,4-dihydroxybenzophenone
(0.337 g, 1.57 mmol), potassium carbonate (1.30 g, 9.41 mmol),
and potassium iodide (0.081 g, 0.49 mmol) were dissolved in
DMTF 25 mL in a two-neck round-bottom flask, and stirred at 60
°C for 48 h. The mixture was quenched with water, extracted
with hexane, washed with water, and dried over anhydrous
magnesium sulfate. After the removal of the solvent under
reduced pressure, the crude oil was further purified by silica gel
column chromatography with hexane/ethyl acetate = 10/1 (v/v),
which afforded a white solid in 75% yield (0.751 g, 1.17 mmol):
400 MHz 'H NMR (CDCl;) d = 0.05 (s, 12H, -Si~(CH3),), 0.90 (s,
18H, -Si-C~(CHj)3), 1.38-1.61 (m, 12H, ~CH,~CH,~CH,-), 1.79-
1.86 (m, 4H, ~-CH,~-CH,-O-Si-), 3.62 (t, J = 6.4 Hz, 4H, -CH,-
CH,~0-Si-), 4.03 (t, ] = 6.4 Hz, 4H, -CH,-O-Ar-), 6.94 (d, ] = 8.8
Hz, 4H, Ar), 7.77 ppm (d, J = 8.4 Hz, 4H, Ar). 100 MHz "*C NMR
(CDCl,) § = -5.28 (-Si~(CH3),), 18.35 (~-CH,~CH,~CH,-O-Si-),
25.56, 25.80 (-Ar-O-CH,-CH,~ and -Ar-O-CH,-CH,-CH,-),
25.96 (-Si-C~(CH3)3), 29.11 (-Si-C~(CHj);), 32.70 (-CH,~CH,-O-
Si-), 63.07 (~-CH,-O-Si-), 68.10 (-Ar-O-CH,-), 113.85 (Ar),
130.51 (4r), 132.20 (A7), 162.37 (A7), 194.50 (C=0).

Synthesis of 1,1-bis(4-(6-(tert-butyldimethylsiloxy)hexyloxy)
phenyl)ethylene (DPE-(OTBS),)

BP-(OTBS), (3.02 g, 4.70 mmol) was heated under reduced
pressure in a two-neck round-bottom flask, and then
potassium  tert-butoxide (1.07 g, 9.54 mmol) and
methyltriphenylphosphonium bromide (5.04 g, 14.1 mmol)
were added and the mixture was dissolved in dehydrated
tetrahydrofuran (THF) 120 mL under N, in an ice bath and
stirred at 0 °C for 1 h, and then allowed to warm up to room
temperature and stirred for 16 h. The mixture was quenched
with water, extracted with diethyl ether, washed with water,
and dried over anhydrous magnesium sulfate. After the
removal of the solvent under reduced pressure, hexane was
added to the crude oil, and the precipitate was removed by
filtration. After another removal of the solvent under reduced
pressure, the crude oil was further purified by silica gel
column chromatography with hexane/ethyl acetate = 20/1 (v/
v), which afforded a colorless viscous oil in 99% yield (2.98 g,
4.65 mmol). To make DPE-(OTBS), applicable to living
anionic polymerization, it was refined by additional silica gel
column chromatography with hexane/ethyl acetate = 20/1 (v/
v) and subsequently heated using a heat gun under reduced
pressure. Then it was degassed by the freeze-pump-thaw
method and dissolved in THF, that was degassed in the
presence of sec-butyllithium by the freeze-pump-thaw
method and purified by trap-to-trap distillation, to make it

© 2025 The Author(s). Published by the Royal Society of Chemistry
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easier to put DPE-(OTBS), in the reactor. The THF solution
was kept under Ar and used in living anionic polymerization:
400 MHz 'H NMR (CDCl3) J = 0.05 (s, 12H, -Si~(CH3),), 0.90
(s, 18H, -Si-C-(CH3)3), 1.36-1.61 (m, 12H, -CH,-CH,-CH,-),
1.76-1.83 (m, 4H, ~-CH,-CH,-O-Si-), 3.62 (t, J = 6.4 Hz, 4H,
-CH,-CH,-0-Si-), 3.97 (t, J = 6.4 Hz, 4H, -CH,~O-Ar-), 5.28
(s, 2H, C=CH,), 6.84 (d, J = 8.8 Hz, 4H, Ar), 7.26 ppm (d, J =
9.2 Hz, 4H, Ar). 100 MHz “*C NMR (CDCl;) § = -5.27 (-Si-
(CH3),), 18.35 (~-CH,-CH,~CH,-0O-Si-), 25.59, 25.86 (-Ar-O-
CH,-CH,- and -Ar-O-CH,-CH,~-CH,-), 25.96 (-Si-C~(CH3);),
29.27 (-Si-C—~(CH3;)3), 32.73 (~CH,~CH,-0-Si-), 63.11 (~CH,-
0-Si-), 67.84 (-Ar-O-CH,-), 111.41 (C=CH,), 113.94 (Ar),
129.36 (Ar), 134.06 (Ar), 149.02 (C=CH,), 158.79 (Ar).

General procedure of living anionic polymerization

All the process of living anionic polymerization except for the
first step were conducted under Ar. Lithium chloride (5 eq.) was
heated using a heat gun under reduced pressure in a Schlenk
flask, and THF (dehydrated stabilizer free) 20 mL was added at
room temperature. The solution was cooled down to —78 °C and
dehydrated by sufficient sec-butyllithium. After inactivating
sec-butyllithium by stirring the solution at room temperature, it
was cooled down to —78 °C once more. sec-Butyllithium (1 eq.)
was added to the solution as initiators, and then, styrene, DPE-
(OTBS), (or DPE) (5 eq.), and MMA were added to the solution
successively, and stirred for 30 minutes each. At each step of
polymerization, the formation of anionic species was confirmed
by the colors of the solution, which are orange, deep red, and
light green (or colorless), respectively. The reaction was
quenched with methanol, and polymers were precipitated out
in 400 mL methanol. The precipitates were dried under reduced
pressure and further refined by Soxhlet extraction with
cyclohexane. PS-(OTBS),-PMMA or PS-b-PMMA was obtained as
a white solid in 76% yield.

Synthesis of PS-(OH),-PMMA

PS-(OTBS),-PMMA (202 mg, 5.05 umol) was dissolved in THF
1.25 mL. Tetrabutylammonium fluoride in THF (0.75 mL, 150
pmol) was added to the solution and stirred at room
temperature for 24 h under Ar. The product was precipitated
out in methanol. The precipitate was dried under reduced
pressure and PS-(OH),-PMMA was obtained as a white solid
in 98% yield (197 mg).

Table 1 Characteristics of synthesized polymers for NLs
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Synthesis of P(S-r-MMA-r-HEMA)

P(S--MMA--HEMA) was synthesized via free radical
polymerization using AIBN as initiators. AIBN (51.2 mg, 0.31
mmol), styrene (1.83 mL, 16.0 mmol), MMA (0.32 mL, 3.0
mmol), and HEMA (0.12 mL, 1.0 mmol) were added to a test
tube and degassed by Ar bubbling for 5 minutes. The
solution was then stirred for 8 h at 80 °C under Ar and
quenched by cooling down to 10 °C. The solid product was
dissolved in THF 20 mL and precipitated out in 400 mL
methanol. The precipitate was dried under reduced pressure
and P(S--MMA--HEMA) was obtained as a white solid in
89% yield (1.78 g).

Results and discussion

To synthesize PS-(OH),-PMMA, DPE-(OTBS),, which has two
hydroxy groups protected by a TBS (tert-butyldimethylsilyl)
group, it was synthesized in advance so that the hydroxy groups
will not terminate the living anionic polymerization, according
to Scheme 1. Derivatives of DPE react quantitatively with
polystyryl anions, and the resulting anions are still capable of
synthesizing methyl methacrylate,”® thus the two hydroxy
groups can be precisely introduced into the junction point of
two blocks. DPE-(OTBS), was designed to have two protected
hydroxy groups with an alkyl linker so that the hydroxy groups
would not be concealed by polymer chains and hindered from
interacting with silicon substrates. Non-functionalized PS-b-
PMMA and P(S--MMA--HEMA) were synthesized via living
anionic polymerization or free radical polymerization,
respectively. The characteristics of the synthesized polymers are
shown in Table 1. The synthesized PS-(OH),-PMMA has almost
the same d-spacing as PS-b-PMMA, indicating that the
introduced hydroxy groups did not dramatically affect the bulk
morphology.

First, polymer thin films were thermally annealed at 250
°C under N, for various times to form an NL on silicon
substrates with a native oxide layer, and the films were rinsed
by PGMEA to remove the unadsorbed polymers. PS-(OH),-
PMMA thin films (~30 nm) were subsequently applied onto
various NLs and annealed at 230 °C under N, for 10 minutes
to facilitate microphase-separation in the thin films (Fig. 1).

The surface structures of the PS-(OH),-PMMA thin films
supported on various NLs are observed by atomic force
microscopy (AFM). PS-(OH),-PMMA thin films supported on
P(S-~MMA--HEMA) neutral layers that are annealed for 4
minutes or more display a fingerprint-like pattern all over the

Sample M,* (kg mol™) D = My /M, fos” Xou d-Spacing’ (nm)
PS-(OH),-PMMA 41.4 1.03 0.52 0.005° 22.7
PS-h-PMMA 40.3 1.03 0.48 0 24.4
P(S---MMA-r-HEMA) 28.6 2.57 0.85 0.057 —

“ Determined by SEC. ” The volume fractions of PS in the polymers was determined by 'H NMR spectra in CDCl;. ° The mole fraction of
hydroxy groups in PS-(OH),-PMMA was determined by M, and fps. “ The mole fraction of hydroxy groups in P(S-~MMA-~HEMA) was

determined by the preparation ratio of monomers. ¢ Determined by SAXS.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Sample preparation for AFM and the materials for neutral layers (in the orange frame) and thin films (in the purple frame).

substrates, which is a typical feature of perpendicular
lamellae (Fig. 2(a)). However, some holes, which are the
characteristics of parallel orientation, are observed when the
annealing time is shorter than 4 minutes. Still, perpendicular
lamellae are observed in most part of the substrates which
were annealed shortly, indicating the good adsorbability of
the P(S-~-MMA--HEMA) neutral layer presumably arising
from the hydroxy groups of HEMA units.

On the other hand, PS-(OH),-PMMA thin films supported
on the identical PS-(OH),-PMMA neutral layers display a
dramatic change in lamellar orientation (Fig. 2(b)). When the
annealing time is 1 minute, parallel lamellae are observed all
over the substrate. When the annealing time is between 2
and 15 minutes, parallel and perpendicular lamellae coexist,
and furthermore, the ratio of the perpendicular region
increases as the annealing time is extended. Then, when the
annealing time is 20 minutes or longer, perpendicular
lamellae are observed all over the substrate. This tendency of

transition from parallel to perpendicular is not observed in
thin films applied onto other NLs, and it seems that this
tendency corresponds to the progress of the adsorption of
the PS-(OH),-PMMA neutral layer. Considering the quantity
of hydroxy groups introduced in each polymer for NLs, PS-
(OH),-PMMA probably has intermediate adsorbability to the
silicon substrates, thus the transition can be observed in this
time scale. Although the perpendicular orientation under
these experimental conditions is metastable (stable within
one hour of annealing at 230 °C), this duration of annealing
is much longer than that required for practical application of
BCP lithography (within approximately 10 minutes).
Therefore, it is assumed that PS-(OH),-PMMA thin films and
NLs can be applicable to BCP lithography.

In contrast to these two series, the lamellae oriented parallel
to the substrates in PS-(OH),-PMMA thin films supported on
PS-b-PMMA neutral layers regardless of the annealing time of
NLs in this time scale (Fig. 2(c)). These results are contrary to

Annealing Time of NLs at 250°C

4 min

Perpendicular

Para,V

5 min

—eet)

10 min 15 min 20 min 30 min

Fig. 2 AFM phase images (20 um square) of PS-(OH),-PMMA thin films (~30 nm) applied onto (a) P(S-r-MMA-r-HEMA) neutral layers, (b) PS-
(OH),-PMMA neutral layers, and (c) PS-b-PMMA neutral layers, which were annealed for various times from 1 to 30 minutes, accompanied by the
magnified AFM phase images of coexistent orientation (5 um square, bottom left) and perpendicular orientation (1 um square, bottom right).
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those demonstrated in the previous study,”® which can be
attributed to insufficient annealing time of NLs. It is assumed
that the adsorption of NLs has not proceeded sufficiently
because no hydroxy groups are introduced into PS-b-PMMA.

In this study, PS-(OH),-PMMA was first applied as NLs and
then applied as thin films, but ideally, they can be applied at
the same time by a single cast and annealing process.
Perpendicular lamellae have been partially formed in a PS-
(OH),-PMMA thin film (~40 nm) that was directly cast onto a
Si substrate and annealed at 250 °C for 30 minutes (Fig. S207).
However, perpendicular lamellae were not completely formed
across the entire area of the substrate. It is assumed that the
layer that might work as an NL is not sufficiently formed in
the one-step annealing due to the unsuitable annealing
conditions. Nevertheless, there is a definite possibility that
perpendicular lamellae can be obtained by one-step annealing,
which would simplify the lithographic process.

The water contact angles (WCAs) of the NLs are plotted as a
function of the annealing time of the NLs at 250 °C (Fig. 3(a)) to
investigate what causes the difference in lamellar orientation.
The WCAs of the NLs exhibit an almost constant value
regardless of the annealing time. Those values are within the
range suitable for the perpendicular orientation of lamellae in
thin films of PS->-PMMA system.' "'

However, parallel orientation is observed in PS-(OH),-PMMA
thin films on PS-b-PMMA neutral layers or the PS-(OH),-PMMA
neutral layers annealed for a short time. This contradiction can
be explained as NLs are formed through the whole surface of
the substrates from the early stage of the annealing, although
the progression of the NL formation is insufficient to neutralize
the affinities of each block component. Therefore, water contact
angles cannot be an absolute indicator of the orientation of
microphase-separated structures, and the difference of
orientation should be evaluated from another perspective.

Next, the thicknesses of the NLs (hy;) are plotted as a
function of the annealing time of the NLs at 250 °C in Fig. 3(b).
The hy;, of the NLs rapidly increases at the early stage of
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annealing, and then approaches a certain plateau for each NL
material. The different values of the plateau indicate the
distinction in the quasi-maximum amount of polymer
adsorption within this time scale. P(S--MMA-~HEMA) and PS-
(OH),-PMMA neutral layers show larger %y than PS-b-PMMA
neutral layers, and this difference can be attributed to whether
the neutral layer contains hydroxy groups or not. However, the
hny, of P(S-~-MMA--HEMA) and PS-(OH),-PMMA neutral layers
are not as different from each other as they are from that of PS-
b-PMMA neutral layers. Therefore, it is indicated that the
existence of hydroxy groups is influential in polymer adsorption
to the silicon surface by thermal annealing. However, these two
neutral layers induce different lamellar orientations depending
on the annealing time for neutral layer adsorption, so further
discussions are required to explain this discrepancy.

In addition, the surfaces of NLs formed from PS-(OH),-
PMMA after the shorter (1 min, Ay, ~5 nm) and longer
annealing (30 min, Ay, ~8 nm) were observed by AFM (Fig.
S19t). Both NLs have a smooth surface with the surface
roughness around 0.3 nm, and the surface roughness of the
NLs exhibits little difference. Therefore, we suppose that the
contribution of surface roughness to the perpendicular
orientation of the lamellar microdomains is sufficiently
minor to be disregarded in this study.

Based on these analyses of NLs, the transition of lamellar
orientation observed by AFM is discussed as follows. For PS-
(OH),-PMMA and PS-b-PMMA neutral layers, when %y, is less
than about 5 nm, parallel lamellae are observed. This can be
attributed to insufficient NL formation, meaning there are
only flattened chains in the layers and might be many
molecular-sized openings where NLs are not properly
adsorbed due to low or no hydroxy group content. These
conditions induce an imbalance of interfacial free energy
between substrates and BCP thin films, though the openings
cannot be detected by WCA or hy;, measurement, as these
measurements detect average information on the whole layer.
For PS-(OH),-PMMA and P(S-~-MMA-r-HEMA) neutral layers,

(b)
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1 * PS-b-PMMA
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(a) Water contact angles (WCAs) of the neutral layers formed by P(S-r-MMA-r-HEMA), PS-(OH),-PMMA, and PS-b-PMMA annealed at 250

°C for different times. (b) Thicknesses of neutral layers (hy ) formed by P(S-r-MMA-r-HEMA), PS-(OH),-PMMA, and PS-b-PMMA annealed at 250 °C

for different times.
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there is only a slight difference in the increasing trends of
hni, although there is an apparent difference in lamellar
orientation. This can also be attributed to the difference in
adsorbability of NLs caused by the hydroxy group content;
that is, the more hydroxy groups the polymer has, the more
easily the polymer chains adsorb to silicon substrates,
preventing the formation of openings in NLs.

The difference in lamellar orientation in thin films supported
on NLs annealed for a certain time can be explained by the
difference in the state of polymers in NLs. It is proposed that
there are a tightly adsorbed flattened layer and a loosely adsorbed
layer in irreversibly adsorbed polymer thin layers.***° Molecular
chains move relatively easily in the loosely adsorbed layer, and it
would prevent the formation of small openings and provide
better randomness on the surface of the NL. This can induce
perpendicular orientation due to the balanced interfacial free
energy between NLs and each block component of BCPs in the
thin film. On the other hand, flattened chains cannot move as
they are tightly adsorbed to the silicon surface, and they cannot
fill small openings in the NL. This would cause an imbalance of
interfacial free energy, resulting in the parallel orientation in the
thin film. Therefore, it is assumed that the perpendicular region
expands in the BCP thin films supported on PS-(OH),-PMMA
neutral layers as the annealing time of NL is extended and a
loosely adsorbed layer is gradually formed in NLs.

Although P(S-~MMA--HEMA) can still form sufficient
neutral layers to induce perpendicular orientation in BCP
thin films about 15 minutes faster than PS-(OH),-PMMA, it is
indicated that the introduction of only two hydroxy groups
can dramatically shorten the annealing time required to form
NLs for obtaining perpendicular lamellae in BCP thin films,
while preserving the advantage of dual role of BCPs as both
NLs and thin films. Therefore, the introduction of hydroxy
groups into the block copolymers can be an effective
approach to making BCP neutral layers more applicable to
the BCP lithography technique.

Conclusions

In summary, we propose an effective approach to shortening the
annealing time for NL adsorption, sufficient for obtaining
perpendicular lamellae in BCP thin films, while achieving the
dual role of NLs and thin films, by precisely introducing hydroxy
groups into PS-b-PMMA, which is one of the promising
candidates for materials for BCP lithography. This method of
having BCPs work as both NLs and thin films offers excellent
simplicity because it hardly requires any considerations in the
composition of NL materials or any additives. PS-(OH),-PMMA
neutral layers annealed for more than 20 minutes can induce the
perpendicular orientation of the lamellar structure in the thin
films of the identical PS-(OH),-PMMA, with the minimum
annealing time being intermediate between those of PS-b-PMMA
for 24 h,”® and P(S-MMA--HEMA) for 4 minutes. This can be
attributed to the fact that PS-(OH),-PMMA has an intermediate
number of hydroxy groups, which can promote the development
of loosely adsorbed layers, leading to the formation of sufficient
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neutral layers. The necessary annealing time for sufficient NL
adsorption may be further shortened by introducing more
hydroxy groups at the junction point of PS and PMMA or by
increasing the number of hydroxy group introduction sites. This
strategy of introducing hydroxy groups into BCPs will enable the
design of better neutral layers.
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