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Abstract
A block copolymer (BCP) with specific monomer structures of fluoroacrylate polymers was designed by exploiting the
inorganic superhydrophobicity and low glass transition temperature of polydimethylsiloxane (PDMS). With the use of a
fluorine-containing block providing a surface tension as low as that of PDMS (19.9 < γ < 21.5 mN/m), PDMS-b-
poly(2,2,3,3,3-pentafluoropropyl acrylate) (PDMS-b-PPeFPA) copolymer was synthesized to create a volume-symmetric
lamellar structure. The compositional randomness of the BCP chains adsorbed onto the substrates provided well-
balanced interfacial interactions toward the overlaid PDMS-b-PPeFPA (γPDMS-ads ≈ γPPeFPA-ads). Under this symmetric
confinement with simultaneous dual neutral interfaces, lamellar microdomains with a sub-10 nm half-pitch feature size
were successfully oriented perpendicular to the interfaces at room temperature. We showed the response of the BCP
films to a lateral electric field, demonstrating that the perpendicular lamellae were adaptively aligned along the electric
vector within a short treatment period. Furthermore, the PDMS-b-PPeFPA system exhibited a remarkable etch contrast
for O2 reactive ion etching, yielding unidirectionally aligned air–inorganic nanoarrays emanating from the
perpendicular lamellae between the electrodes. This study reports a system engineering approach for conceiving
highly immiscible, silicon- and fluorine-containing BCP whose components exhibit identical surface tensions (γPDMS ≈

γPPeFPA) and for generating perpendicularly oriented lamellar microdomains due to substrate neutrality.

Introduction
Nanotechnology, a critical research field focused on

nanometer-scale systems, has been advancing in accor-
dance with Moore’s law over the past few decades1.
However, it remains at an intermediate stage in terms of
resolving the limitations of the top-down approach in
fabricating sub-10 nm feature sizes, which significantly
impacts both academic and industrial fields2. Directed
self-assembly of block copolymers (BCPs) has attracted
considerable attention for the miniaturization and

multiplication of nanopatterns, thereby enabling low-cost,
high-throughput processes in manufacturing3–8. In the
bottom-up approach to BCP self-assembly, the micro-
domain orientation of nanostructures with sub-10 nm
feature sizes is vital for realizing high-density addressable
arrays intended for storage media9,10. In particular, BCP
systems with a high Flory–Huggins interaction parameter
(or high χ value) and small number of segments (or small
N value) have been investigated to accommodate feature
size reduction under the optimal segregation power (i.e.,
χN ≫ 10.5)11,12.
Silicon-, hydroxy-, and fluorine-containing units linked

to conventional styrenic or (meth)acrylic units have been
introduced into building block structures to increase the
immiscibility (or χ value) between two blocks13–17.
However, most high-χ and low-N BCPs possess a large
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surface-energy contrast arising from the different chemi-
cal identities, causing preferential wetting onto the sub-
strate and/or surface interfaces18. To address this
drawback concerning orientation control, several sub-
strate modification strategies have been proposed for
orthogonalizing lamellae and cylinders, such as neutral
layer methods using copolymers and physically adsorbed
layer methods with the BCP itself19–21. Interestingly,
polarity-switchable, top-coat random copolymers have
also been proposed to provide surface neutrality for per-
pendicular lamellae in high-χ BCP films22. Later, neutral
top-coat layering approaches using an initiated chemical
vapor deposition and plasma oxidization have been
introduced23,24. Recently, a filtered Ar plasma treatment
has been utilized for obtaining neutral top and/or bottom
layers using various BCPs25.
Another challenge is to unidirectionally arrange the

perpendicular lamellae or parallel cylinders along the
desired direction. To this end, the application of lamellae
and cylinders onto grapho- and chemo-epitaxial patterns
provides a remarkable multiplication of nanoarrays
aligned along micrometer-scale prepatterns26. A highly
ordered, single-grain nanopattern was achieved by a
shear-rolling method combined with the filtered plasma
treatment, leading to unidirectional alignment of per-
pendicular lamellae across a 4-in diameter wafer within
1 min27. Moreover, the electric field (E-field) has been
utilized to obtain uniaxially aligned, defect-free nanoar-
rays along the electric vector; this orientational fidelity is
favorable for BCP systems with high dielectric anisotropy
between the two blocks28–37.
Reactive ion etching (RIE) has been extensively used to

selectively remove one block while retaining or modifying
the other block38,39. In most BCPs consisting of organic
components, the etch contrast between the two blocks is
inherently low. However, inorganic–organic hybrid BCPs
with a silicon-containing block exhibit a high etch con-
trast because the silanol groups formed during O2 RIE are
resistant to further destructive etching. For example,
inorganic nanotemplates fabricated from polystyrene-b-
polydimethylsiloxane (PS-b-PDMS) exhibit a remarkable
nanolithographic performance, highlighting their applic-
ability as etch masks for pattern transfer40.
In this study, a high-χ, low-N, silicon- and fluorine-

containing BCP was explored. To avoid the air preference
of one block, we designed specific monomer structures of
fluoroacrylate polymers with a surface tension as low as
that of PDMS (γ = 21.1 mN/m). For this purpose, an
inorganic–organic BCP, PDMS-b-poly(2,2,3,3,3-penta-
fluoropropyl acrylate) (PDMS-b-PPeFPA), was selected
and synthesized to create a volume-symmetric lamellar
structure with a sub-10 nm half-pitch feature size. The
related challenges were addressed by ensuring (1) identical
surface tension values of the two blocks (γPDMS ≈ γPPeFPA)

and (2) substrate neutrality arising from a physically
adsorbed layer (γPDMS-ads ≈ γPPeFPA-ads). Symmetric con-
finement with dual neutral interfaces for the BCP films
successfully yielded lamellar microdomains oriented per-
pendicular to the interfaces. The obtained PDMS-b-
PPeFPA system was then subjected to a lateral E-field
(25 V/µm) to investigate the directed alignment of per-
pendicular lamellae. A remarkable etch characteristic of
the PDMS-b-PPeFPA system for O2 RIE enabled the
production of unidirectional alignment of the perpendi-
cular air–inorganic (oxidized PDMS) lamellae.

Materials and methods
Synthesis of the PDMS macroinitiator, PDMS-b-PPeFPA,
and fluoroacrylate homopolymers
A macroinitiator of PDMS-Br and PDMS-b-PPeFPA

was prepared in a manner similar to that previously
reported41. Briefly, HO-terminated PDMS (5 mL, 1 mmol)
and triethylamine (0.7 mL, 5 mmol) were dissolved in
anhydrous tetrahydrofuran (50 mL), and
2-bromoisobutyryl bromide (0.4 mL, 3.0 mmol) was added
dropwise to the solution. After purification of the mixed
solution, PDMS-Br was obtained and further dried at
50 °C under vacuum for 1 d. PDMS-b-PPeFPA copolymer
was synthesized via atom transfer radical polymerization
(ATRP) of PeFPA monomers (99%, Oakwood Chemical)
to design a volume-symmetric composition. PDMS-Br
(1 mL, 0.2 mmol), degassed PeFPA (5 mL, 40mmol),
N,N,N′,N″,N″-pentamethyldiethylenetriamine (PMDETA;
84 μL, 0.4 mmol), and copper(I) bromide (CuBr; 0.03 g,
0.2 mmol) were mixed with toluene (5 mL) in a purified
Ar environment. After the ATRP reaction (performed at
85 °C for 48 h), the product solution was passed through a
neutral alumina-packed column and precipitated in cold
methanol three times. The final product was dried at
50 °C under vacuum for 1 d.
Fluoroacrylate　homopolymers poly(2,2,2-trifluoroethyl

acrylate) (PTFEA), poly(2,2,3,3,3-pentafluoropropyl acry-
late) (PPeFPA), and poly(2,2,3,3,4,4,4-heptafluorobutyl
acrylate) (PHepFBA) were obtained via transesterification
of a poly(tert-butyl acrylate) (PtBA; with a number-
averaged molar mass (Mn) of 37,000Da, Polymer Source)
precursor with 2,2,2-trifluoroethanol (99+%, Oakwood
Chemical), 2,2,3,3,3-pentafluoropropanol (98%, Oakwood
Chemical), and 2,2,3,3,4,4,4-heptafluorobutanol (97%,
Oakwood Chemical), respectively, following a method
similar to that previously reported16. The conversion was
calculated by 1H NMR spectroscopy in a CDCl3 solution.

Thin film preparation
Various substrates, such as a standard Si substrate with

a 2 nm-thick native oxide layer, H-passivated Si substrate,
and physically adsorbed layer, were fabricated to identify
the microdomain orientation of the self-assembled
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nanostructure in the BCP films. To prepare the
H-passivated Si substrate, a standard Si substrate with a 2
nm-thick native oxide layer was immersed in an aqueous
HF solution (5 vol%) for 30min and then sequentially
rinsed with ethanol and deionized (DI) water. To obtain
the adsorbed layers, a PDMS-b-PPeFPA solution (1.0 wt%
in n-heptane) was spin-coated onto the H-passivated Si
substrate. Then, 30 nm-thick films were annealed at room
temperature (RT), which is above the glass transition
temperatures (Tgs) of the PDMS and PPeFPA blocks. The
films were subsequently immersed in n-heptane for 1 d to
eliminate any unadsorbed chains, yielding irreversibly
adsorbed (~4 nm-thick) layers. The PDMS-b-PPeFPA
films were supported on various substrates by spin-
coating the polymer solution in n-heptane. The solution
concentration was adjusted between 1.0 and 2.0 wt%, and
a spin rate between 2000 and 6000 rpm was employed to
fine-tune the film thickness. The BCP films were annealed
at RT under vacuum for 1 d. For E-field alignment,
adhesive Ti (~5-nm thick) and Au layers (~90-nm thick)
were deposited onto a specific Si substrate with a 300-nm
thick oxide layer, enabling the fabrication of a pair of 1-
mm-long parallel electrodes with a 2 μm-sized gap.

Measurements and characterization
Mn and the volume fraction of the PPeFPA block

(fPPeFPA) were determined by 1H nuclear magnetic reso-
nance spectroscopy (1H NMR; Avance II, Bruker) in
CDCl3, and the molecular weight distribution (Đ=Mw/
Mn) was characterized by size exclusion chromatography
(SEC; Young Lin Acme 9000) in toluene using PS stan-
dards. Tg of the PPeFPA block was measured by differ-
ential scanning calorimetry (DSC; PerkinElmer Diamond)
using 10-mg BCP samples at a heating rate of 30 °C/min
from −70 to 250 °C under N2 flow. Small-angle X-ray
scattering (SAXS) experiments were performed at the 4 C
beamline of the Pohang Accelerator Laboratory (PAL),
Korea. The operating conditions were as follows: wave-
length λ: 1.24 Å; sample-to-detector distance (SDD): 3 m;
and exposure time: 1–5 s. The specimen for the heating
experiments was sealed in a brass template, and the
sample temperature was increased at a heating rate of
1.0 °C/min in an N2 environment to prevent thermal
degradation. Transmission electron microscopy (TEM;
JEM-F200, JEOL) was performed at an accelerating vol-
tage of 200 kV to examine the bulk morphology of the
BCP. A 60 nm-thick specimen was prepared using a cryo-
ultramicrotome (Powertome, RMC) at −150 °C. No spe-
cific staining was needed because of the high contrast in
the electron density between the two blocks.
The film thickness was evaluated by spectroscopic

ellipsometry (MG-1000, Nano-view) at an incident angle
of 70.1°. Static contact angle (CA) measurements (Phoe-
nix 300, SEO) were performed to validate the γ values of

the homopolymers using DI water and ethylene glycol.
Scanning force microscopy (SFM; Dimension 3100,
Digital Instruments) was operated in a tapping mode
using a probe with a sub-5 nm tip radius (ACTA-SS,
AppNano). Field-emission scanning electron microscopy
(FE-SEM; 7610F-Plus, JEOL) was conducted at an accel-
erating voltage of 2.0 kV. Grazing incidence SAXS
(GISAXS) experiments were performed at the 9 A
beamline of the PAL to analyze the film structures under
the conditions of λ= 1.12 Å and SDD= 6.5–2.5 m. The
incidence angle (αi) was varied from 0.08° to 0.14° across
the critical angle (0.109°) of the PDMS-b-PPeFPA films.
Two-dimensional (2D) GISAXS patterns were recorded
using a detector positioned at the end of a vacuum guide
tube with an exposure time of 5 s. The RIE experimental
conditions (CUTE, Femto Science) were optimized with
O2 (10 sccm) at a radio frequency (RF) power of 100W to
etch the organic PPeFPA block down, producing
air–inorganic (oxidized PDMS) nanotemplates.

Results and discussion
Hydrophobic fluorine-containing acrylate polymers—

PTFEA, PPeFPA, and PHepFBA, which successively
contain more fluorine atoms in each side unit—were first
considered in this study because their surface tension
values were expected to be as low as that of PDMS (19.9 <
γ < 21.5 mN/m42; Fig. 1). The γ values at the polymer–air
interface, calculated using a group contribution method43,
decreased from 25.4 to 20.1 mN/m (open symbols in Fig.
1) with increasing number of fluorine atoms, eventually
becoming smaller than γPDMS (Fig. 1). Following this
trend, a series of fluoroacrylate homopolymers were
synthesized to verify the experimental γ values. PTFEA,
PPeFPA, and PHepFBA homopolymers were obtained via
transesterification with a PtBA precursor using a method
similar to that previously reported (Fig. S1)16. In γ eva-
luation, all 40 nm-thick homopolymer films were
annealed at RT under vacuum for 1 d immediately before
the measurements. Static CA values with DI water and
ethylene glycol (Fig. S2) were measured to evaluate the γ
values of PDMS and the fluoroacrylate homopolymers
using the Owens–Wendt–Rabel–Kaelble method44.

1þ cos θsolventð Þγsolvent ¼ 2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γdsolvnetγ

d
polymer

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γpsolvnetγ

p
polymer

q� �

ð1Þ
where θsolvent is the CA value of each solvent on the
polymer surface, γ i is the total surface tension of the ith
component (namely, γ i = γdi + γpi ), and the superscript
terms d and p denote the dispersion (or nonpolar) and
polar components, respectively, of the surface tension. The
experimentally determined γPDMS value of 21.1 mN/m
(closed symbols in Fig. 1) is almost identical to that
previously reported42, and the γ values of the fluoro-
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acrylate homopolymers PTFEA, PPeFPA, and PHepFBA
slightly decreased linearly (Table S1). In particular,
γPPeFPA= 20.9 mN/m is remarkably close to γPDMS.

In pursuit of a new BCP with identical γ values of the
two blocks, a lamella-forming PDMS-b-PPeFPA copoly-
mer was synthesized via ATRP. The ATRP reaction was
performed at 85 °C for 2 d in a purified Ar environment
using PDMS-Br (macroinitiator)/PeFPA (monomer)/
PMDETA (ligand)/CuBr (catalyst) in a molar ratio of
1.00:200:2.00:1.00 (Fig. 2a). Based on 1H NMR analysis
(Fig. S3a), Mn and fPPeFPA were characterized to be
13,210 Da and 0.496, respectively. The molecular weight
distribution was unimodal (Đ < 1.10), as determined by
SEC (Fig. S3b). DSC analysis conducted at a rate of 30 °C/
min (Fig. S3c) revealed that Tg of the PPeFPA block was
−22.8 °C; however, Tg of the PDMS block (−122 °C)45

could not be determined due to the instrument cooling
limitations.
SAXS experiments were performed at the 4C beamline

of the PAL, Korea. The PDMS-b-PPeFPA specimen was
annealed and stored at RT, which is still above Tgs of the
PDMS and PPeFPA blocks. 2D SAXS patterns were
obtained while heating the BCP sample at a rate of 1.0 °C/

min, and 1D intensity profiles were extracted from azi-
muthal integration of the 2D patterns over the scattering
vector q= (4π/λ)sinθ, where 2θ and λ are the scattering
angle and wavelength, respectively, of the incident X-ray.
As shown in the SAXS intensity profile (Fig. 2b), an
interlamellar spacing (L0) of 17.3 nm was determined by
L0= 2π/q*, which is equivalent to a half-pitch feature size
(L0/2) of 8.7 nm. The intensity profile acquired at 30 °C
exhibited higher-order peak positions of q/q* =
1:(2):3:(4):5 relative to the primary reflection peak (q*),
characteristic of a lamellar structure, where the par-
entheses denote a loss of the even-numbered peaks. A
TEM image (the inset of Fig. 2b) indicated a volume-
symmetric lamellar structure with a feature size of 8.7 nm.
As the temperature increased above the order-to-disorder
transition (ODT) temperature of 235 °C, the intensity
remarkably decreased to a broad maximum into a dis-
ordered state (Fig. S4a, b), indicating that thermally stable
PDMS-b-PPeFPA could be obtained below the ODT
temperature. Regarding the disordered state above the
ODT, χ values between the PDMS and PPeFPA blocks
(the inset of Fig. S4c) were extracted using the random
phase approximation for incompressible BCP melts11,
where the SAXS intensity profiles were calibrated by a
standard glassy carbon for normalization into the struc-
ture factor S(q). A decrease in χ with increasing tem-
perature (Fig. S4c) revealed χ= 9.6904/T+ 0.0745,
although a fluctuation effect in the immediate vicinity of
the ODT might result in underestimation.
PDMS-b-PPeFPA films were applied onto the substrates

to investigate the microdomain orientation of the self-
assembled nanostructure. An approximately 2.0L0 (~35-
nm thick) PDMS-b-PPeFPA film was supported on a
standard Si substrate with a 2 nm-thick native oxide layer
and then annealed at RT under vacuum for 1 d. An SFM
phase image (Fig. 2c) intentionally obtained at the film
edge showed a hole–island lamellar morphology due to
the incommensurability of the parallelly oriented lamellar
microdomains. The top surface was dominated by the
PPeFPA block since the experimental γPPeFPA value of
20.9 mN/m is slightly lower than γPDMS= 21.1 mN/m.
Even nearly identical γ values of the PDMS and PPeFPA
blocks could not entirely assist in directing the perpen-
dicular lamellae. To demonstrate which block is more
preferential with an oxide layer, ultrathin (≤10-nm thick)
homopolymer films were spin-coated onto standard Si
substrates and annealed at RT under vacuum for 7 d.
Optical microscopy (OM) images (Fig. S5a) exhibited the
dewetted structures of PDMS and PPeFPA homopolymer
droplets. Based on the edge shapes probed by SFM height
profile analysis (the inset of Fig. S5a), the average CA
values of the dewetted PDMS and PPeFPA droplets were
determined to be 25.8 ± 1.6° and 7.4 ± 0.8°, respectively,
indicating that the preferential interactions with the thin

Fig. 1 Surface tension (γ) and chemical structure of PDMS and
the fluoroacrylate homopolymers. The calculated γ values were
obtained using a group contribution method (open symbols). The
experimental γ values of the PDMS, PTFEA, PPeFPA, and PHepFBA
homopolymers were evaluated by static CA measurements with DI
water and ethylene glycol (closed symbols). The γ values of the
fluoroacrylate homopolymers decrease with increasing number of
fluorine atoms in each side unit. The black dashed line denotes γ

PDMS= 21.1 mN/m, which is almost identical to γPPeFPA= 20.9 mN/m.
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oxide layer were strong enough to propagate a parallel
orientation of lamellar microdomains.
To suppress the preferential interactions with one block,

the bottom interactions were converted from hydrophilic
to hydrophobic; the thin oxide layer was removed by
immersion in an aqueous HF solution (5 vol%; referred to
as the H-passivated Si substrate). The CA value of the
dewetted PDMS droplets on the H-passivated Si substrate
decreased to 18.2 ± 0.8°, whereas that of the PPeFPA dro-
plets increased to 17.1 ± 0.7° (Fig. S5b), maintaining weak
preferential interactions with the PPeFPA block. The
PDMS-b-PPeFPA film was supported on the H-passivated
Si substrate and then annealed at RT under vacuum for 1 d.
Interestingly, the partial fingerprint patterns in the SFM
phase image (Fig. 2d) corresponded to the formation of
perpendicular lamellae, while it coexisted with the other.
From these results on the substrate interactions, we could
understand that the bottom-substrate neutrality is more
indispensable than the identical γ values of the two blocks
for directing the perpendicular lamellae.
In regard to bottom-substrate neutrality, we adopted a

physically adsorbed layer method that employs the same
chemical identity21. The randomly adsorbed (or adhered)
BCP chains controlled the interfacial properties toward
the overlaid BCP films. The 30 nm-thick BCP films were
annealed at RT under vacuum for 1 d to facilitate physi-
sorption onto the H-passivated Si substrates. The films
were thoroughly leached in n-heptane for 1 d to remove

any unadsorbed chains, leaving approximately 4 nm-thick
adsorbed layers on the substrates. The SFM phase (Fig.
3a) and height (Fig. S6a) images of the copolymer-
adsorbed layer explicitly showed randomly distributed
segregation because of the viscoelastic contrast between
the PDMS and PPeFPA blocks, not likely the blocky
interfaces between the two blocks.
To ascertain the distribution degree of the copolymer

chains on the substrate, the correlation length (ξ) of the
copolymer chains was determined by GISAXS experiments,
which were performed at the 9 A beamline of PAL, Korea.
In the 2D GISAXS geometry, 2θf and αf denote the exit
angles of the X-ray beam along the in-plane (qxy= (4π/λ)
sinθf) and out-of-plane (qz= (2π/λ) sin(αi+ αf)) directions,
respectively, where αi is the incident angle. The 2D GISAXS
patterns were measured at αi= 0.10°, 0.12°, and 0.14°, and
1D intensity profiles (Fig. 3b) were scanned along the qxy-
direction at a constant αf value to gain higher low-q
intensities (scanned at αf= 0.137° in the case of αi= 0.12°;
the blue dashed line in the inset of Fig. 3b). The intensities
were calibrated by subtracting the background scattering
from the H-passivated Si substrate. The absence of a dis-
cernible Bragg peak scattered from the adsorbed layer of
PDMS-b-PPeFPA indicated the formation of an intimately
mixed phase on the substrate rather than a segregated
periodic structure. Assumed as a nonparticulate two-phase
system (PDMS and PPeFPA) that would be mixed irregu-
larly46, the correlation length (ξ) was evaluated using the

Fig. 2 Molecular design of PDMS-b-PPeFPA and morphological evaluation of the bulk and thin films. a ATRP scheme of the PDMS-b-PPeFPA
copolymer using a PDMS-Br macroinitiator. b SAXS intensity profile of PDMS-b-PPeFPA measured at 30 °C. The higher-order peak positions of q/q* =
1:(2):3:(4):5 with respect to q* are characteristic of a volume-symmetric lamellar structure with L0= 17.3 nm. The inset TEM image corroborates the
lamellar structure with a half-pitch feature size (L0/2) of 8.7 nm. c SFM phase image of a 2.0L0 PDMS-b-PPeFPA film supported on a standard Si
substrate with a 2 nm thick native oxide layer, displaying a hole–island lamellar morphology. d SFM phase image of a 2.0L0 PDMS-b-PPeFPA film
supported on an H-passivated Si substrate, where the brightly colored regions represent the higher-Tg PPeFPA blocks. The partial fingerprint patterns
and flat regions indicate the coexistence or mixed orientation of the perpendicular and parallel lamellae.
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Debye–Buche model47,48, as follows:

IðqÞ ¼ Cξ3

1þ ξ2q2
� �2 ð2Þ

where C is a constant. An average value of ξ ≈ 11.7 nm was
produced from the optimal fit in the q-range of
0.023–0.300 nm−1 (Fig. 3b). This average ξ value for the
adsorbed layer was considerably smaller than the inter-
lamellar spacing of PDMS-b-PPeFPA (L0= 17.3 nm),
indicating the compositional randomness of the copoly-
mer chains on the substrate.

To demonstrate the effectiveness of the copolymer-
adsorbed layers in controlling the surface energy, ultrathin
(≤10 nm-thick) PDMS and PPeFPA homopolymer films
were also spin-coated onto the same adsorbed layers. The
homopolymer films annealed at RT under vacuum for 7 d
generated dewetted structures of the PDMS and PPeFPA
homopolymer droplets, as shown in the OM images (top
and bottom parts of Fig. 3c, respectively). Investigated by
SFM height profile analysis (the inset of Fig. 3c), the
average CA values of the dewetted PDMS and PPeFPA
droplets were determined to be 11.4 ± 0.4° and 4.9 ± 0.4°,
respectively. Young’s equation was employed to accurately
assess the interfacial interaction (γi-ads) between each
homopolymer and the adsorbed layer, as follows:

γ i�ads ¼ γads � γ i cos θ ð3Þ
where γads and γi are the surface tensions of the adsorbed
layer and homopolymers, respectively, and θ is the CA

value of the dewetted homopolymer droplets on the
adsorbed layer. γads was evaluated as 22.6 mN/m using
static CA measurements with DI water and ethylene glycol
(Fig. S6b). From the average CA values of the PDMS and
PPeFPA homopolymers (11.4° and 4.9°, respectively), the
two interfacial interactions of γPDMS-ads and γPPeFPA-ads
were evaluated to be 1.605 and 1.720 mN/m, respectively,
which were nearly identical within the experimental error.
These results collectively demonstrate the viability of our
approach to utilizing physically adsorbed copolymer
chains to screen the substrate interactions, producing the
balanced interfacial interactions on the substrates. This
strategy is analogous to the neutral-layer approach
adopted for directing microdomains in BCP self-
assembly19,20.

PDMS-b-PPeFPA films were subsequently supported on
the adsorbed layers by controlling the thickness from
1.0L0 to 3.0L0 and subsequently annealed at RT under
vacuum for 1 d. Surprisingly, the SFM phase images (red
box in Fig. 4a) displayed fingerprint patterns up to
thicknesses of 2.3L0, which correspond to lamellar
microdomains oriented perpendicular to the surface. A
further increase in the thickness to 3.0L0 led to the
emergence of several flat regions due to the presence of
lamellar microdomains oriented parallel to the surface.
The thickness window for mapping the perpendicular
orientation suggests that the BCP films under dual neutral
confinement successfully yielded lamellar microdomains
oriented perpendicular to the interfaces. Above this win-
dow, parallel lamellae emerged due to the dissipation of
substrate interactions because this is entropically more

Fig. 3 Bottom-substrate neutrality of the physically adsorbed layer. a SFM phase image of the copolymer-adsorbed layer, which features
randomly distributed chains of reddish PDMS and bluish higher-Tg PPeFPA blocks. b 1D intensity profiles scanned along the qxy-direction at a
constant αf from the 2D GISAXS patterns at αi= 0.10°, 0.12°, and 0.14°. The intensity profiles are vertically shifted for clarity. The inset shows the 2D
GISAXS pattern of the copolymer-adsorbed layer for αi= 0.12°, in which the blue dashed line represents the profile scanned at αf= 0.137°. The
optimal fits generated using the Debye–Bueche model overlap the experimental results for αi= 0.10°, 0.12°, and 0.14°. c OM images of the dewetted
PDMS (top) and PPeFPA (bottom) homopolymer droplets supported on the adsorbed layer. The insets show the SFM height profiles scanned across
the dewetted droplets. The CA values of the dewetted homopolymer droplets are calculated using tan(θ/2)= H/R (valid for θ≪ 90°), where H and R
denote the height and radius, respectively, of the droplets.
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favorable than the formation of perpendicular lamellae49.
In such a low-N PDMS-b-PPeFPA, the orientation of the
lamellar microdomains could be determined by the
entropic contribution associated with the molecular
weight of BCP50.
GISAXS experiments were also conducted at a constant

αi= 0.14°, which is considerably higher than the critical
angle of PDMS-b-PPeFPA films (0.109°), to trace the
interior structure of the BCP films. The 2D GISAXS
patterns of 1.0L0 and 3.0L0 PDMS-b-PPeFPA films (left
and right parts of Fig. 4b, respectively) exhibited strong
Bragg diffractions (q⊥*= 0.357 nm−1) with higher-order
peaks at q/q⊥*= 1:3, indicative of the perpendicular
orientation of symmetric lamellae with L0= 17.6 nm.
However, in regard to the 3.0L0 PDMS-b-PPeFPA film,
the presence of both Bragg diffraction and an arc-shaped
pattern demonstrated the coexistence or mixed orienta-
tion of the perpendicular and parallel lamellae. To
quantify the thickness dependence of the microdomain
orientation, the intensities were scanned along the
qxy-direction at αf= 0.140° and along the qz-direction at
2θf= 0.090° (the red and blue dotted lines, respectively, in
Fig. 4b and S7). Furthermore, the intensity ratio of

I(q⊥)/I(q||) was analyzed as a function of the thickness
because the I(q⊥)/I(q||) values are correlated with the
populations of perpendicular to parallel lamellae (Fig. 4c).
Relatively consistent values of I(q⊥)/I(q||) were observed
with increasing thickness, which then abruptly decreased
at 2.5L0, in agreement with the thickness-dependent SFM
phase images (Fig. 4a).
To exploit the large dielectric contrast between the

PDMS and PPeFPA homopolymers (Δε ≈ 9.78 at 100 Hz;
Fig. S8a), the PDMS-b-PPeFPA films were subjected to a
lateral E-field. A pair of electrodes with a 2 μm gap was
prepared using parallel Au lines, and the copolymer-
adsorbed layer was employed to achieve the bottom-
substrate neutrality. Prior to the application of the lateral
E-field, the 2.0L0 BCP film between the Au electrodes
exhibited perpendicular lamellae owing to symmetric
confinement with dual neutral interfaces, as shown in a
top-view FE-SEM image (Fig. 5a). Being subjected to a
direct current (DC) potential of 25 V/μm at RT for 0.5 h in
an N2 environment, the PDMS-b-PPeFPA film revealed
an adaptively aligned orientation of perpendicular lamel-
lae along the electric vector (Fig. 5b); however, several
defects were inevitably formed due to the active chain

Fig. 4 1D directed assembly of BCP films supported on the adsorbed layers. a SFM phase images of PDMS-b-PPeFPA films supported on the
adsorbed layers by controlling the thickness from 1.0L0 to 3.0L0, where the red box indicates the fingerprint patterns arising from the lamellar
microdomains oriented perpendicular to the surface. b 2D GISAXS patterns of 1.0L0 (left) and 3.0L0 (right) PDMS-b-PPeFPA films supported on the
adsorbed layers for αi= 0.14°. In the case of the 3.0L0 PDMS-b-PPeFPA film, the presence of both Bragg diffraction and an arc-shaped pattern
validates the coexistence or mixed orientation of the perpendicular and parallel lamellae. c I(q⊥)/I(q||) as a function of the thickness. A higher I(q⊥)/I(q||)
value indicates the presence of a larger population of perpendicular lamellae.
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mobility at RT. Notably, a short period (0.5 h) of E-field
treatment at low temperatures was sufficient to enable
unidirectional alignment of the perpendicular lamellae.
This occurs because the large dielectric contrast between
the PDMS and PPeFPA blocks was in synergy with rapid
chain diffusion of the short segments.
Another advantage of using an inorganic–organic

hybrid BCP film is that a high etch contrast is available
during O2 RIE. Remarkably, we identified that the etch
contrast between the PDMS and PPeFPA homopolymers
was approximately 2.5 times larger than that between the
PS and poly(methyl methacrylate) homopolymers (Fig.
S8b). The optimized O2 RIE conditions were obtained at
an RF power of 100W for 30 s to thoroughly etch the
organic PPeFPA block down, where the inorganic PDMS
block was oxidized and remained intact with further
etching. A tilted-view FE-SEM image (Fig. 5c) showed an
air–inorganic structure obtained from the lamellae
oriented perpendicular to the interfaces. Furthermore, O2

RIE produced unidirectionally aligned air–inorganic
(oxidized PDMS) nanoarrays (Fig. 5d) emanating from the
perpendicular lamellae between the Au electrodes.
Accordingly, the static CA value with DI water dramati-
cally decreased from 91.5° to 22.5° upon O2 RIE (Fig. S8c)
because the hydrophobic methyl groups surrounding the
Si–O backbone were transformed into hydrophilic polar
silanol groups.

Conclusions
A new type of iso-γ, low-Tg, and silicon- and fluorine-

containing BCP capable of room-temperature self-
assembly was explored to secure the desired orientation of

lamellar microdomains. With the essential condition that
the air preferences of the two blocks should be identical to
avoid the use of top-coat materials, an optimized PDMS-
b-PPeFPA copolymer was selected and synthesized using
an inorganic PDMS macroinitiator. A volume-symmetric
lamellar structure with a half-pitch feature size of 8.7 nm
was obtained, conforming with the high-χ and low-N
characteristics. In terms of implementing the bottom-up
substrate neutrality, the compositional randomness of the
physically adsorbed BCP chains provided well-balanced
interfacial interactions for the overlaid PDMS-b-PPeFPA
(γPDMS-ads ≈ γPPeFPA-ads), directing the lamellae to be
oriented perpendicular to the interfaces at RT. As a result
of the large dielectric contrast between the two blocks, the
perpendicular lamellae were unidirectionally aligned
along the electric vector within a short period (0.5 h) of
E-field treatment at RT. Together with the remarkable
etch contrast for O2 RIE, we demonstrated unidirectional
alignment of the air–inorganic (oxidized PDMS) per-
pendicular lamellae between the electrodes. Overall, this
study showcases a system engineering approach not only
for tailoring high-χ and low-N BCPs with identical γ
values but also for aligning perpendicularly oriented
lamellar microdomains, thus offering straightforward
access to symmetric confinement with dual neutral
interfaces in BCP films.
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