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Nanoscale Silica Capsules Ordered on a
Substrate: Oxidation of Nanocellular Thin Films
of Poly(styrene-b-dimethylsiloxane)**
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The fabrication of nanoscale hollow particles has been
receiving increasing attention in both academic and industrial
fields. Various materials have been adopted to satisfy the
growing needs for encapsulation,[1, 2] and a variety of chemical
and physicochemical methods have been developed in order
to prepare hollow spheres with controlled size and shape,
including colloid particle templating,[3] sol–gel synthesis,[4]

layer-by-layer self-assembly,[5] and surface living polymeri-
zation.[6] Block copolymers are considered to be ideal
candidates for the fabrication of nanoscale structures, owing
to their predictable self-assembly in the size range 5–
50 nm.[7,8] Our group recently reported a nondestructive
CO2 foaming method that introduces 15–30-nm voids into
CO2-philic fluorinated block copolymers.[9–12] Herein, we
extend the same methodology to poly(styrene-b-dimethylsi-
loxane) (PS-PDMS), the PDMS domain of which is a CO2-
philic polymer,[13] to fabricate nanocells in thin films and to
convert them into silica hollow particles (nanocapsules)
ordered on substrates by oxidation.[14] Silica nanocapsules
with a number density of 7.0 5 1010 cm�2, a diameter of less
than 40 nm, and a wall thickness of 2 nm were successfully
synthesized.

We first made a PS-PDMS thin film with a thickness of
43 nm and a single layer of PDMS spherical domains on a
silicon wafer. It is well known that PDMS can be easily
converted into silica by exposure to UV light/ozone[15] and
that PS is totally decomposed under these conditions. The
PDMS nanodomains are therefore converted into silica
particles, as shown schematically in Figure 1a,b. These
particles were found to be spherical with a number density
of 8.9 5 1010 cm�2, as observed by atomic force microscopy
(AFM; Figure 1c).

The oxidation process was monitored by X-ray photo-
electron spectroscopy (XPS). The atomic fractions of C, Si,
and O were determined from the intensities of the C1s, Si2p
and O1s peaks, respectively, as a function of oxidation time.
The Si2p peaks are shown in Figure 2a as an example. A
single Si2p peak due to untreated PS-PDMS is found initially
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at 102.6 eV. This peak shifts to 104 eV after oxidation for
10 min with UV light/ozone, thereby indicating formation of
silicon oxide.[16] After etching for 30 min, a peak at 99 eV due
to elemental silicon from the silicon substrate appears; this is
an indication of reduced film thickness.[16] The signal below
101 eV due to elemental silicon was therefore excluded from
the analysis. The atomic fractions of Si, C, andO are plotted in
Figure 2b. The atomic fraction of C decreases linearly with
oxidation time and reaches 4.2% at 40 min, which indicates
nearly perfect conversion. The O/Si ratio is 2.4:1, which
approximates to that of silicon dioxide and indicates that the
PDMS nanodomains have been successfully converted into
silica particles that are ordered on the substrate.

We have previously reported a successful fabrication of
nanocells in block-copolymer thin films by a process involving
supercritical CO2 (scCO2).

[9–12] A thin film of block copolymer
with a CO2-philic block was pressurized with CO2 to localize it
in the CO2-philic nanodomains. Upon reducing the CO2

pressure at reduced temperature, the volume of CO2 in the
CO2-philic domains is converted into voids. In this study, we
employ the same methodology with a PS-PDMS block
copolymer instead of a fluorinated copolymer to fabricate
nanocells in the CO2-philic PDMS domains.[13]

A PS-PDMS thin film was placed in a high-pressure vessel
at 20 MPa and 60 8C for 2 h; the temperature was then
reduced isobarically to 0 8C. Subsequently, the pressure was
released at a rate of 0.5 MPamin�1. The whole process is the
same as that used for the fluorinated block copolymers in our
previous study.[9–12] Reducing the temperature to 0 8C freezes
the surrounding PS matrix (Tg of PS in 20 MPa of CO2 is
approximately 30 8C)[17] and fixes the morphologies while a
significant amount of CO2 still remains in the PDMS domains.
Analytical ellipsometry can be used to measure the thick-
nesses and refractive indices of the films before and after the
CO2 process, provided that the size of the nanocells is much
smaller than the wavelength of light and the effective medium
approximation is valid. The increment of thickness, Dd, after
the scCO2 process is 4.2 nm from the initial thickness of
43 nm. The porosity is 8.7%, assuming that the film size is
fixed in the plane by the substrate and the mass is conserved.
The refractive index decreases from 1.56 to 1.50, which
corresponds to 9% porosity, according to the Lorentz–Lorenz
equation [Eq. (1)].[18] Herein, nf and ns are the refractive

n2f�1
n2f þ 2

¼ ð1�VcÞ
n2s�1
n2s þ 2

ð1Þ

indices of a nanocellular film and a solid skeleton, respec-
tively, andVc is the porosity. The good agreement between the
porosities determined from the thickness and the refractive
index indicates the successful introduction of nanocellular
structures into the copolymer thin film using this CO2 process.

This process forms a flat surface with no indication of
cellular structures, as confirmed by both scanning electron
microscopy (SEM) and AFM. To investigate the structures
embedded in the film, reactive ion etching (RIE) with
tetrafluoromethane (CF4) gas was employed to etch the film
at a controlled rate.[19,20] An AFM image of the nanocellular
structure after 24-nm etching is shown in Figure 3a. The hole
pattern in this figure is an evidence of nanocellular structures
embedded in the film, as illustrated schematically in Fig-
ure 3b. The resulting nanocells have a number density of 7.0 5
1010 cm�2 and a spacing of 41.3 nm.

In the last step, nanocellular thin films were fully oxidized
by exposure to UV light/ozone for 1 h. Spherical silica dots
with an equivalent number density (7.2 5 1010 cm�2) and
spacing (40.0 nm) to those of the nanocells in Figure 3a
were obtained. An AFM image of these dots, which have an
average outer diameter of (29� 3) nm, is shown in Figure 3c.
If the nanocells in the PDMS domains were still preserved
after oxidation, the nanodots should have empty voids
(capsules), as illustrated in Figure 3d. To probe the capsule

Figure 1. Formation of silica nanodots from a PS-PDMS thin film
using UV light/ozone oxidation. a) Morphology of the as-cast PS-
PDMS copolymer thin film. Spherical PDMS nanodomains are dis-
persed in a continuous PS matrix by micro-phase separation. The
black and gray domains represent the PDMS and PS domains,
respectively. b) The PS domains are decomposed, and the PDMS
domains are converted into silica by UV light/ozone oxidation.
c) Topographic AFM image of the silica nanodots after oxidation with
UV light/ozone for 1 h (scale bar 200 nm).

Figure 2. a) Photoelectron intensities, I, of the Si2p peaks from the PS-
PDMS thin film, after oxidation with UV light/ozone for 0 (~), 10 (&),
20 (!), 30 (*), and 40 min (*). b) Atomic fractions, F, in the PS-
PDMS thin film versus oxidation time, t, determined from the C1s (&),
Si 2p (*), and O1s (~) XPS peaks. The atomic fraction of oxidized Si
can be obtained from the Si2p binding-energy region 101–106 eV.
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structure, the nanodots were etched for 2 min by RIE with a
CF4 rate of 1.5 mLmin�1 and a powder density of 2 Wcm�2.
Under these conditions, the etching rate for silica is
1 nmmin�1, which means that 2 nm of the silica layer was
etched away from the surface. This etching removes the top
skin of the capsules and converts them into calderas on the
substrate, as shown in Figure 3e and illustrated in Figure 3 f.
This caldera morphology is clear evidence of a capsule
structure before CF4 etching. The top wall thickness of the
silica nanocapsules is approximately 2 nm. The silica capsules
were found to be tightly bound to the silicon substrate, even
after a long ultrasonic rinse with organic solvents. This
successful fabrication of silica nanocapsules provides strong
evidence for the presence of CO2-philic domains surrounding
the voids.

In conclusion, we have synthesized silica nanocapsules
that are ordered on a substrate by a nondestructive CO2-
foaming method that produces nanocells with the help of a
block-copolymer template containing CO2-philic PDMS

domains. The nanocells are formed in the PDMS domains.
The PDMS domains surrounding the empty cells are con-
verted into hollow silica particles (nanocapsules) that are
ordered on the substrate by oxidation with UV light/ozone.
These nanocapsules with a number density of 7.0 5 1010 cm�2

have a diameter less than 40 nm and a wall thickness of 2 nm.
An advantage of this method over others for the synthesis of
nanocapsules is that the nanocapsules are two-dimensionally
ordered and controlled using the domain structure of the
block-copolymer template. The capsules are easily embedded
by deposition after this process. The fabrication of more
complex structures using the same method but with different
block fractions is currently under investigation.

Experimental Section
A poly(styrene-b-dimethylsiloxane) block copolymer was purchased
from Polymer Source Inc. Themolecular weights of the PS and PDMS
blocks are 57600 and 6500 gmol�1, respectively. The silicon wafers
were used as received. The PS-PDMS copolymer films were prepared
by spin-casting a toluene solution onto silicon substrates. The film
thickness was controlled by varying the concentration of the solutions
and the rotation speed.

A high-pressure vessel for CO2 processes was connected to a
liquid chromatography pump (JASCO PU-2086 plus) fitted with a
cooling head and to a back-pressure regulator (JASCO SCF-Bpg).
The PS-PDMS films were placed in the high-pressure vessel at 60 8C
for 2 h at a CO2 pressure of 20 MPa. The vessel was then cooled to
0 8C in an ice bath whilst maintaining the pressure by means of the
pump and regulator. The depressurization rate was controlled at
0.5 MPamin�1.

Oxidation of the copolymer thin films by exposure to UV light/
ozone was performed in a UVO cleaner 342-101 (Jelight, Inc.). The
cleaner generates UV emissions at a wavelength of 254 nm
(28 mWcm�2). The distance between the UV source and the silicon
wafers was 50 mm.

The film thickness and refractive index were measured with a
JASCOM-220 ellipsometer with incident light in a wavelength range
of 400–800 nm at an incident angle of 608 with respect to the surface
normal. The etching process to expose the embedded cellular
structures to the surface and open the hollow spherical structures
was performed with a reactive ion etcher (FA-1, SAMCO) and
tetrafluoromethane (CF4) gas. Etching was performed with a CF4

flow rate of 2 mLmin�1, a pressure of 10 Pa, and a power density of
10 Wcm�2. The etching rate for PS-PDMS copolymer thin films is
approximately 0.4 nms�1 under these conditions.

The surface topography due to the embedded cell structures
revealed by RIE was characterized by AFM. AFM measurements
were carried out in the tappingmode with an SII SPA300HV.We used
a cantilever with a carbon nanotube tip (SII Co.) for the nanocellular
PS-PDMS films. Silicon cantilevers (DF-20, SII Co.) were used for the
observation of silica nanodots and nanocapsules.

XPS spectra were acquired with a PHI Quantum 2000 spectrom-
eter usingmonochromated X-rays from anAlKa source with a take-off
angle of 458 from the surface plane. The X-ray beam was operating at
20 W and was focused to a diameter of about 100 mm rastered over a
500 mm5500 mm area. The atomic fractions of carbon, oxygen, and
silicon were computed using the attenuation factors provided by the
supplier and the sum of these atomic fractions was normalized to
unity.
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Figure 3. Topographic AFM images and schematic pictures of silica
capsules on the substrate. a) Topographic image after RIE for 60 s
(scale bar 100 nm), and b) schematic picture of the nanocellular
structures on the block-copolymer film. The black and gray domains
represent the PDMS and PS domains, respectively; the white part is
air. c) Three-dimensional topographic image after oxidation by UV
light/ozone, and d) schematic picture of the silica nanocapsules
obtained. e) Three-dimensional topographic image after further RIE of
2-nm, and f) schematic picture showing the resulting caldera
topography.
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