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Ultrathin silica films with a monolayer of uniform nano-
pores were fabricated on a silicon substrate by contacting tri-
block copolymer films with tetraethoxysilane vapor followed
by calcination to remove the copolymer.

Techniques for producing thin films are very important in
core industry fields, such as information-communication, ener-
gy, and environmental technologies. Silica thin films have been
attracting much attention because of their central roles in silicon
technology and many other applications. The various methods
used for preparing these films include physical vapor deposition
(e.g., evaporation, pulsed laser ablation, sputtering),1 chemical
vapor deposition,2,3 oxidation, and sol–gel synthesis.4–6

More recently, investigators have succeeded in replicating
an ordered mesophase of surfactants into silica substances via
the co-assembly of silica precursors and surfactants.7–11 Such
nanostructured silica thin films are usually prepared by spin
coating, dip coating, or epitaxial growth.12–16 The removal of
the surfactants can be performed through pyrolysis or solvent ex-
traction, converting the silica into a porous form, while retaining
the nanostructural features of the surfactant. Although many pre-
vious studies have reported on the preparation of these porous
silica thin films, few have controlled the number of layers in
an ordered structure. It seems to be difficult to fabricate ultrathin
silica films with monolayer of nanopores by liquid deposition
methods.

We have previously prepared nanoporous silica films by a
vapor phase method.17,18 In the present study, we have applied
this technique to the fabrication of ultrathin silica films with a
monolayer of nanopores, and have characterized the products
by field emission scanning electron microscope (FE-SEM) and
X-ray diffraction (XRD). The detailed synthesis and characteri-
zation methods are shown in the references and notes sec-
tion.19,20

Figure 1 shows an FE-SEM image of the cross-section of an
ultrathin silica film with a monolayer of nanopores prepared by
this vapor phase synthesis. This film was about 15-nm thick,
continuous and homogeneous on the silicon substrate. The nano-
pores were observable from different angles (see Supplemental
Information, Figures S1) and seemed to be connected in a planar
matrix.

The triblock copolymer film does not have an ordered peri-
odic structure (Figure 2A). A X-ray reflection peak appeared af-
ter treating it with tetraethoxysilane (TEOS) vapor (Figure 2B),
corresponding to a lattice spacing of d ¼ 15:4 nm. The nano-
phase transition may occur dynamically via contact between
the copolymer film and TEOS vapor. The reflection peak hardly
shifted after calcination (Figure 2C). Because the full-width at
half-maximum (FWHM) of the peak did not change, we believe

the nanostructure remained uniform and did not shrink. The lat-
tice spacing d corresponds to the thickness of a monolayer nano-
porous silica film. The FE-SEM image shown as an inset in
Figure 2 is a portion of the box in Figure 1, revealing that the
pore diameter was about 7.5 nm. The pillar size in the middle
and the repeated distance from pillar to pillar were estimated
as about 6.0 and 15 nm, respectively.

The number of layers and the film thickness were very sen-
sitive to the triblock copolymer concentration in the precursor
solution. Figure 3 shows the FE-SEM image of the cross-section
of a double-layer nanoporous silica film. These films were ob-
tained using a precursor solution with double the concentration

100 nm

Surface of the silica film

Section of the silicon substrate

Figure 1. FE-SEM image of the cross-section of an ultrathin
silica film with monolayer of uniform nanopores. The film was
prepared by vapor phase synthesis.
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Figure 2. XRD patterns of the monolayered silica film. Trace A
is a copolymer film; Trace B shows the copolymer film after
treatment with the TEOS vapor (containing the copolymer);
Trace C shows the film after calcination (copolymer-free). The
inset is a portion of the box in Figure 1.
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of the copolymer. The film thickness was about 30 nm, which
was double of the monolayer films. On the basis of the FE-
SEM observations (see Supplemental Information, Figures S2),
we suggest that the porous structure of this film is the same as
that of the monolayer nanoporous films. In the nanoporous films
with five and eight layers of nanopores, the nanopores at the
film-substrate interface are hemispheric in shape and the silica
pillars adhere to the substrate.18 In contrast, in the mono- and
double-layered films, the silica layer adheres to the substrate.
The thin copolymer layer may allow rapid permeation of the
TEOS and a high mobility of the silicate-copolymer composite
film formed at the film-substrate interface. The thermal conduc-
tivity of the double-layer nanoporous silica film (containing the
copolymer) was 0:174� 0:007Wm�1 K�1, a level which was
lower than that of the bulk silica. The measurements were car-
ried out at 25 �C in vacuum (<0:02 Pa). After calcination, the
thermal conductivity was decreased by 70% (0:125� 0:005
Wm�1 K�1).

Figure 4 shows the ultrathin silica films obtained by spin
coating synthesis. The periodicity of the nanopores was poor al-
though three or four layers of nanopores were observed. It was
difficult to fabricate silica films with less than three layers by
the spin coating synthesis method.

In conclusion, we have successfully fabricated, by vapor
phase synthesis, ultrathin silica films with a monolayer of uni-
form nanopores. We were able to control the number of layers
via changes in the triblock copolymer concentration in the pre-
cursor solution. Such ultrathin films with a monolayer of nano-

pores should perform very well as nanodevices and nanoflasks.

We gratefully acknowledge the assistance of the GHAS
laboratory and Mr. M. Kawashima of Osaka University for the
FE-SEM measurements.
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Figure 3. FE-SEM image of the cross-section of an ultrathin
silica film with double-layer of nanopores. The film was pre-
pared by vapor phase synthesis.
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Figure 4. FE-SEM image of the cross-section of an ultrathin
silica film with about four layers of nanopores. The film was ob-
tained by spin coating synthesis.
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