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N
anopatterning, the fabrication of
patterns with nanoscale features,
has drawn great attention during

the past decade. Large-sized, well-oriented
periodic nanoarrays from nanopatterning
are important for many practical applica-
tions.1 To create well-defined nanopatterns
over large areas, a variety of patterning
technologies (including top-down and
bottom-up methods) have been devel-
oped.2 Nanopatterning based on the
bottom-up method has been considered
as a candidate to substitute or improve the
top-down method so as to enable a variety
of nanotechnologies. In particular, fabricat-
ing well-defined nanostructures for nano-
patterning using the self-assembly of block
copolymers (BCPs) is of great interest be-
cause of the tunable dimensions and
chemical properties with a flexible, simple,
and low-cost process.3,4 Many potential ap-
plications of BCP thin films to different nano-
technologies have been developed, such
as the BCP lithography,5�8 nanoparticle
template,9�12 nanoarray,13�17 and nano-

porous thin film.18�21 One of the appeal-

ing applications to nanopatterning is to uti-

lize the self-assembled BCP nanostructure

in the thin film as a mask to generate inor-

ganic nanoarrays and nanoporous thin

films.

Polymeric materials comprising inor-

ganic components, such as polydimethylsi-

loxane (PDMS) which can readily form sili-

con oxide under an oxygen plasma

environment or under ultraviolet (UV) expo-

sure with ozone treatment, have been ex-

tensively studied because of their potential

applications.22,23 The silicon-containing ma-

terials can form a thin silicon oxide layer

which can resist further etching by oxygen

plasma. This silicon oxide layer is respon-

sible for the low etching rate of the silicon-

containing material as compared to that of

the polymers which only contain C, H, N,

and O atoms. Combining an easily etchable

block with a silicon-containing block can

provide good etching selectivity. This etch-

ing selectivity provides the basis for most of

the multilayer resist schemes involving pat-

tern transfer. Since BCPs can self-assemble

into a variety of nanostructures by varying

the molecular weight and composition of

the individual blocks, the self-assembly of

silicon-containing BCPs can be employed

for nanopatterning. A number of studies

with respect to silicon-containing BCPs for

various applications have been

reported.8,24�32 For example, Thomas and

co-workers demonstrated that PS-PDMS

BCPs can be used as templates for the for-

mation of silicon oxide nanoobjects in bulk

with the use of oxygen plasma or exposure

to UV light with ozone treatment.22 Ross

and co-workers demonstrated the feasibil-

ity of nanolithographic applications by

using PS-PDMS BCPs.26,27 With the combi-
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ABSTRACT The formation of well-oriented cylinders with perpendicular morphology for polystyrene-b-

polydimethylsiloxane (PS-PDMS) thin films was achieved by spin coating. The self-assembled PS-PDMS

nanostructured thin films were used as templates for nanopatterning; the PDMS blocks can be oxidized as silicon

oxy carbide microdomains, whereas the PS blocks were degenerated by a simple oxygen plasma treatment for one-

step oxidization. As a result, freestanding silicon oxy carbide thin films with hexagonally packed nanochannels

were directly fabricated and used as masks for pattern transfer to underlying polymeric materials by oxygen

reaction ion etching (RIE) to generate topographic nanopatterns. By taking advantage of robust property and

high etching selectivity of the SiOC thin films under oxygen RIE, this nanoporous thin film can be used as an etch-

resistant and reusable mask for pattern transfer to various polymeric materials. This approach demonstrates a

simple, convenient, and cost-effective nanofabrication technique to create the topographic nanopatterns of

polymeric materials.

KEYWORDS: assembly · thin films · nanostructures · porous materials · polymeric
materials
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nation of different technologies including graphoepit-
axy, solvent annealing, metal sputtering, and dry etch-
ing, the fabrication of various nanoporous metallic thin
films using a mask from PS-PDMS BCP thin film could be
achieved.27

In contrast to the fabrication of inorganic nano-
porous thin films, we aim to fabricate nanoporous poly-
meric thin films. Here, we use a one-step oxidation pro-
cess in PS-PDMS BCP thin films to simultaneously etch
the minor PS component into thru-pore nanochannels
and to convert the PDMS matrix into a robust inorganic
film. Well-defined ultrathin freestanding nanoporous
films with hexagonally packed nanochannels can be ob-
tained through the BCP self-assembly using a PS-PDMS
BCP with 33 vol % PS by content and 34.7 kg/mol total
molecular weight. The dimension of the nanochannels
is approximately 16 nm, well below the feature size
from the typical regular top-down method. Subse-
quently, these films can be used as contact masks for
pattern transfer into various underlying substrates by
suitable etching to generate various nanoporous poly-
meric materials. Moreover, our porous mask films are
freestanding for pattern transfer so that they are reus-
able, providing an easy and highly selective-etching
process to produce topographic polymeric patterns.

RESULTS AND DISCUSSION
PS-PDMS BCPs were synthesized through sequen-

tial anionic polymerization to form cylindrical PS do-
mains in a PDMS matrix. As illustrated in Figure 1a, a
thin-film sample is prepared by spin coating from dode-
cane solution (1 wt % of PS-PDMS) onto a carbon-
coated glass slide. Subsequently, the PS-PDMS thin
film is removed from the glass substrate using 1% HF
solution and then floated onto water (Figure 1b). A cop-
per TEM grid is used to pick up the PS-PDMS thin-film
which is then dried in a vacuum oven for 12 h (Figure
1c). Finally, a freestanding silicon oxy carbide thin film
with cylinder-forming nanochannels is obtained by
treating the BCP film with oxygen plasma (Figure 1d)
whereby the PS cylinders are removed and the thin car-
bon substrate is also removed.

Figure 2a shows the scanning probe microscopy
(SPM) height image of the spin-coated PS-PDMS thin
film in which vertically oriented cylindrical PS domains
can be obtained. As determined by SPM, the pristine
BCP thin film possesses hexagonally packed PS cylin-
ders having a diameter of approximately 18 nm and
center-to-center distance of approximately 31 nm. To
analyze the film surface composition of the PS-PDMS
BCP, X-ray photoelectron spectroscopy (XPS) was car-
ried out, similar to the approach reported by Nealey and
co-workers.33 The XPS shows the atomic composition
of the film surface as well as the estimated volume ra-
tio of constituent block exposed to the film surface (see
Figure S1 of the Supporting Information (SI)). The sur-
face composition of the silicon area in the pristine BCP

thin film was approximately 0.7 in weight by using the

silicon area of PDMS homopolymer as standard (see

Table S1 of SI). Consistently, it is very close to the con-

stituted fraction of PDMS in the PS-PDMS BCP synthe-

sized. Figure 2b shows a top-view field-emission scan-

ning electron microscopy (FESEM) image of the

nanoporous thin film deposited onto a copper grid af-

ter the oxygen plasma treatment. The copper grid with

a 40 � 40 �m2 area is completely covered by the nano-

porous thin film (see Figure S2 of SI). In addition to the

top-view image, the bottom-view image also shows a

similar nanoporous texture, implying that the cylindri-

cal nanochannels run through the entire thickness of

the thin film (see Figure S3 of SI). Furthermore, the thin-

film sample is observed by TEM (Figure 2c); the TEM mi-

crograph having bright pore regions in contrast to the

dark matrix further confirms the formation of the nano-

pore texture at which the PS domain is removed by

Figure 1. Schematic illustration of the preparation of silicon
oxy carbide thru-pore mask.
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the oxygen plasma treatment. Also, the pore diameter
of the oxidized PS-PDMS thin film was determined as 16
nm in average, as determined by TEM observation.
The pore diameter on the surface of the oxidized film
is measured as being approximately equal to that of the
pristine PS domain. Most importantly, the cross-section-
view FESEM image of the film (Figure 2d) clearly dem-
onstrates that the perpendicular cylindrical nano-
channels truly span the thickness of the 20 nm thin
film.

To investigate the chemical nature of the oxidized
PS-PDMS thin-film sample, XPS was used to investigate
the conversion of the PDMS block and the removal of
the PS block.34,35 For comparison, a PDMS homopoly-

mer thin-film sample was also prepared for XPS exami-
nation. As shown in Figure 3a, the characteristic Si 2p
peak of silicon in the PS-PDMS BCPs and PDMS ho-
mopolymer can be identified at 102 eV. After the oxy-
gen plasma treatment, the XPS study showed a shift to
a higher binding energy of the Si 2p peak. Moreover,
the intensity of O 1s peak for the PS-PDMS BCPs at 532
eV increases (Figure 3b). The oxygen-plasma-treated
PDMS homopolymer exhibits similar behavior to the PS-
PDMS BCPs (results not shown). Those results clearly in-
dicate the occurrence of PDMS oxidation. Also, the C
1s peak at 285 eV broadens, and its intensity decreases,
but not annihilation after the oxygen plasma treat-
ment (Figure 3c). As a result, we suggest that the PS-

Figure 2. (a) Tapping-mode AFM height image of spin-coated PS-PDMS thin film and the inset shows the enlarged area, (b)
top-view FESEM image of nanoporous thin film and the inset shows the enlarged area, (c) TEM image of nanoporous thin film
and the inset shows the enlarged area, (d) cross-section-view FESEM image of nanoporous thin film on wafer for the 45° tilt
angle and the inset shows the enlarged area at higher tilt angle.

Figure 3. XPS spectra of (a) Si 2p of PDMS homopolymer, PS-PDMS, oxidized PDMS homopolymer, oxidized PS-PDMS thin films, and
amorphous SiO2; (b) O 1s and (c) C 1s of PS-PDMS and oxidized PS-PDMS thin films.
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PDMS thin film is oxidized to form silicon oxy carbide af-
ter the oxygen plasma treatment.

The thickness of oxidized layer in the self-assembled
BCPs is critical for applications. To resolve the oxidized
depth of the PDMS domains by the oxygen plasma
treatment, argon ion sputtering experiments were car-
ried out to examine the thickness of oxidized PDMS in a
homopolymer thin film. By taking advantage of sur-
face etching through the argon ion sputtering in the
normal direction of the film, a depth profile with respect
to the binding energy analysis can be achieved with ex-
cellent depth resolution. After the sequential argon
ion sputtering, the oxidized PDMS thin-film sample was
examined by XPS to trace the change of the binding en-
ergy at different depths of the thin film. Figure 4 shows
the XPS spectra of Si 2p, O 1s, and C 1s in the oxidized
films at different times of argon ion sputtering. Before
the argon ion sputtering (i.e., the examination of upper-
most oxidized surface), the Si 2p has a peak at 104 eV
(Figure 4a) and the O 1s and C 1s (Figure 4b,c) signals
appear at 534 and 285 eV, respectively. When the argon
ion sputtering occurs, the Si 2p peak gradually shifts to
low binding energy. Simultaneously, the intensity of the
C 1s peak increases as the etching time increases,
whereas the intensity of the O 1s peak decreases. After
100 s of argon ion sputtering, the Si 2p peak shifts to
102 eV (the binding energy of the silicon atoms in pris-
tine PDMS), whereas the O 1s and C 1s peaks essentially
remain. These results indicate that the oxidation of the
PDMS homopolymer under the oxygen plasma treat-
ment experiences a depth limitation. On the basis of a
sputtering rate of 0.1 nm sec�1, the PDMS homopoly-
mer is estimated to possess approximately a 10 nm
thickness of the oxidized PDMS thin film according to
the occurrence of the shifting of Si 2p peak maxima.36

For the PS-PDMS thin-film samples prepared in this
study, the original film thickness was estimated at ap-
proximately 20 nm. Therefore, since oxidation occurs
from both sides of the film, it is reasonable to assume
that the PDMS oxidation is extensively completed.

Owing to the selective degradability of one compo-
nent of BCPs under certain reactive conditions, such as

polystyrene-b-polyisoprene (PS-PI),5,37 polystyrene-b-
poly(methylmethacrylate) (PS-PMMA),38,39 and
polystyrene-b-poly(lactide) (PS-PLA),24,40 etc., BCPs can
be used to prepare nanoporous thin-film templates.
However, in contrast to the selectively degradable BCPs
used for one-time topographic nanopatterning, the PS-
PDMS BCPs can have multiple-use advantages since
the inorganic nanoporous matrix from the oxidation of
the PDMS is etch-resistant silicon oxy carbide. By taking
advantage of the robust nanoporous silicon oxy car-
bide film, the film can be used as a mask for pattern
transfer by oxygen reactive ion etching (RIE). In con-
trast to the oxygen plasma treatment, the oxygen RIE
can provide an anisotropic etching direction to excel-
lently transfer the feature of the mask into underlying
substrates. We applied RIE at a RF-power of 75 W for
10 s in order to transfer the hexagonally packed
cylinder-forming nanochannels into PS, PMMA, and PC
(polycarbonate) substrates. As shown in Figure 5a�c,
patterns can be successfully transferred to PS, PMMA,
and PC with the features corresponding to the nano-
structure of the nanoporous thin film. To examine the
etching thicknesses of PS, PMMA, and PC thin films un-
der the RIE treatment, the change of film thickness was
measured after the same etching conditions for pat-
tern transfer. The etching thicknesses of the PS, PMMA,
and PC are 14.6, 22.3, and 12.6 nm, respectively, as de-
termined by profilometer. Importantly, because of the
robust nanoporous silicon oxy carbide mask with the
high etching selectivity between the mask and poly-
meric materials under the oxygen RIE, this thin-film
mask can be repeatedly used for pattern transfer. Fig-
ure 5d shows the freestanding mask after more than 30
pattern transfer processes; no significant change with
respect to the texture and size can be recognized. This
approach thus suggests an easy method to provide
simple, convenient, reusable, and cost-effective ways
to create nanoporous polymeric materials. Moreover,
the nanoporous thin films could be very useful in many
application fields such as separation membranes and
catalyst support. Also, these nanoporous thin films ex-
hibit significant potential in high heat transfer efficiency

Figure 4. XPS spectra of the oxidized PDMS homopolymer thin film: (a) Si 2p; (b) O 1s; (c) C 1s. The time in the figure indicates the dura-
tion of the argon ion sputtering, and the etching rate is roughly estimated to be 0.1 nm sec�1.
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and evaporation because of the porosity and specific
surface area from the nanoscale porous texture.41,42

CONCLUSIONS
Well-ordered cylinders with perpendicular orien-

tation from the PS-PDMS thin films can be obtained
directly by spin coating, and then transferred onto
grids. A freestanding nanoporous thin film (namely,
the silicon oxy carbide thin film with cylinder-
forming nanochannels) can be directly fabricated
via the oxygen plasma treatment, and closely placed

onto various polymeric substrates. This nanoporous
film could be used as an etch-resistant and reusable
mask for pattern transfer into underlying polymeric
substrates to directly generate nanoporous poly-
meric materials. Most importantly, this silicon oxy
carbide mask can be repeatedly used because of its
robust property and high etching selectivity under
the oxygen RIE. Consequently, as demonstrated, to-
pographic thin films of PS, PMMA, and PC can be ob-
tained, providing an efficient way of nanofabrica-
tion to create topographic polymeric nanopatterns.

EXPERIMENTAL SECTION
A PS-PDMS BCP with PS cylinders in PDMS matrix was pre-

pared through sequential anionic polymerization yielding Mn,PS

� 12.0 kg mol�1, Mn,PDMS � 22.7 kg mol�1, and Mw/Mn � 1.04. De-
tailed synthetic routes for the preparation of PS-PDMS samples
are described in the Supporting Information. Thin film samples
were spin-coated onto a silicon wafer from 1 wt % dilute solu-
tion of PS-PDMS in dodecane at 2500 rpm and then observed by
atomic force microscopy (AFM). A Seiko SPA-400 AFM with a
SEIKO SPI-3800N probe station was employed at room tempera-
ture, and the tapping mode AFM images were obtained from
thin-film samples. Field emission scanning electron microscopy
was performed on a JEOL JSM-7401F using accelerating voltages
of 3 keV. For the preparation of a shadow mask by using the PS-
PDMS BCP thin film, the thin film was spin-coated on carbon-
coated glass. Subsequently, the thin-film sample was removed
from the glass substrate by using a HF solution and then floated
onto a water surface. The PS-PDMS thin-film sample was picked
up and deposited on a copper TEM grid where it dried in air over-
night. Finally, the freestanding silicon oxy carbide thin film with

cylinder-forming nanochannels can be obtained by the oxy-
gen plasma treatment, where the carbon substrate is etched
away. The oxygen plasma treatment for oxidation was car-
ried out by a RF-power of 6.8 W at the pressure of 200 mtorr
for 30 min. For pattern transfer experiments, both PS and
PMMA thin films were spin-coated onto a silicon wafer from
1 wt % dilute solution in toluene at 1500 rpm. The PC samples
were directly obtained from a commercial compact disk. Sub-
sequently, the polymeric substrates were closely plastered
with the freestanding mask. The RIE for pattern transfer was
carried out by a RF-power of 75 W at the pressure of 75 mtorr
for 10 s; the gas utilized in the etching process was oxygen
produced by the flow rate of 1 sccm. XPS measurements were
performed using a Thermo VG-Scientific Sigma Probe spec-
trometer equipped with a hemispherical electron analyzer.
The operating conditions for XPS were as follows: Mg K� an-
ode, 15 kV, 7.2 mA; angle of collection, 45°; analysis diam-
eter, 400 �m; sputter crater, 1 mm2; Ar� ion beam energy, 3
keV, 1 �A; the sputtering rate was 0.1 nm sec�1.

Figure 5. Top-view FESEM images of (a) PS, (b) PMMA, and (c) PC topographic nanopatterns created by using the silicon
oxy carbide nanoporous mask for pattern transfer. (d) Top-view FESEM image of the mask after using the mask for more
than 30 pattern transfers; the inset shows the enlarged area.
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