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Nano-phase transition of an organic-inorganic nanocomposite under vapor infiltration of
tetraethoxysilane (TEOS) or tetramethoxysilane (TMOS) was found in mesoporous thin film
preparation. The rearrangement into a hexagonal periodic structure implies high mobility
of the surfactant-silicate composites in solid phase. The swelling of film thickness and d
spacing was observed under vapor infiltration. The nano-phase transition under vapor
infiltration contains two competitive processes: (1) the penetration of TEOS or TMOS into
the film and (2) the reaction of the silanol group. Film thickness and d spacing were controlled
by changing synthetic temperature, silica sources (TEOS and TMOS), catalysts (HCl and
NH3), and the thickness of surfactant films. The films prepared from vapor phase show
superior characteristics, such as high structural stability and high resistance to water
adsorption. The vapor infiltration method is a simpler process than conventional sol-gel
techniques and attractive for mass production of a variety of organic-inorganic composite
materials and inorganic porous films.

Introduction

Preparation of inorganic mesoporous films has at-
tracted considerable attention because of their possible
use in membrane separations, chemical sensors, optical
devices, and electronic devices such as low-k dielectric
films. MCM-41 type mesoporous silica materials1 and
mesoporous silica films2-17 have conventionally been

fabricated by deposition of surfactant-silicate compos-
ites from a liquid phase under acidic or basic conditions.
Self-supporting thin films made of mesoporous materi-
als with unidimensional pore structures have been
prepared at air/water2-4 and oil/water5 interfaces. Then,
supported mesoporous silica films have been reported
by several research groups.6-17 The mesoporous silica
films were grown under acidic conditions at a variety
of interfaces, including water/mica,6,7 water/graphite6,8

and water/silica6, by hydrothermal synthesis. A simpler
way to synthesize mesoporous silica films has been
developed by spin-coating9-12 and dip-coating13,14 meth-
ods. These solvent-evaporation techniques have been
utilized for coating on glass substrates9-11 and on silicon
wafers.12-14 We previously reported that the structural
stability of spin-on mesoporous silica film was enhanced
by a vapor infiltration technique using tetraethoxysilane
(TEOS).15

Here we report a novel synthesis route of thin films
made of periodic mesoporous silica, which is prepared
from vapor phase using TEOS or tetramethoxysilane
(TMOS) under acidic or basic conditions.

The mesoporous films with low concentration of
silanol groups may be obtained by vapor-phase synthe-
sis because the films are synthesized at relatively high
temperature in the absence of aqueous solutions. Fur-
thermore, from the point of view of commercialization,
spin-coating solutions should be stable in the long term.
In this preparation, the starting solution does not
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contain silicate species which may be polymerized
gradually. The vapor-phase synthesis is a simpler
process than conventional sol-gel techniques and at-
tractive for mass production of a variety of organic-
inorganic composite materials and inorganic porous
films.

In this paper, we show the formation of mesoporous
silica film on a Si substrate under TEOS or TMOS
vapor. We have studied the effect of the synthetic
temperature, the film thickness of surfactant films, and
the source of vapors (TEOS or TMOS, and HCl or NH3)
on the structure of mesoporous silica films.

Experimental Section

The preparation procedure for the mesoporous silica films
is shown in Figure 1(a). The surfactant molecules were
deposited on a silicon substrate by a spin-coating method. The
precursor solution was prepared using cetyltrimethylammo-
nium bromide (CTAB), ethanol, and/or deionized water with
the mole ratios of 0.5:50:100 CTAB/EtOH/H2O. A silicon wafer
was cut into 2 cm × 2 cm pieces and used as a substrate. The
surfactant-solvent mixture was dropped onto the silicon
substrate while it was spinning at 500 rpm, and then the
substrate spun up to 1000-6000 rpm for 1 min. The surfac-
tant-coated silicon substrate was arranged to lie vertically in
a closed vessel (50 cm3). Small amounts of a silica source
(TEOS or TMOS) and a catalyst (ammonia solution (1 N) or
HCl (5 N)) were separately placed in the bottom of the vessel
apart from the substrate. The vessel was placed in an oven at
90-180 °C for 0-12 h. The surfactant film was exposed to a
saturated TEOS or TMOS vapor with an autogenous pressure.
A calcination was performed at 400 °C in air for 5 h with a
heating rate of 1 °C /min.

Another preparation procedure is shown in Figure 1(b). A
catalyst (ammonium solution or HCl) is contained in a spin-
coating solution. A vapor treatment is performed only with
TEOS or TMOS. In this report, we show the synthetic results
obtained using the preparation procedure (a). The results for
the procedure (b) will be reported in the future.

X-ray diffraction patterns (XRD) of mesostructured films
were recorded on a Rigaku Mini-Flex using CuKR radiation
with λ ) 1.5418 Å in θ-2θ scan mode. Fourier transform
infrared (FTIR) spectra of mesostructured films were recorded
on a FTIR-8200PC spectrometer (Shimadzu Co.) at 4 cm-1

resolutions. Field emission scanning electron microscope (FE-
SEM) images were recorded on a Hitachi S-5000L microscope
at an acceleration voltage of 18 kV. Scanning transmission
electron microscope (STEM) observation was conducted on a
Hitachi HD2000 microscope operating at 200 kV.

Results and Discussion

Formation of Mesostructured Films under TEOS
and HCl Vapor. Figure 2(a) shows the time-course of
the XRD pattern of a silicate-surfactant film under
TEOS and HCl vapor at 120 °C. The change in d(100)
spacing with time is also shown in Figure 2(b). The XRD
pattern of as-coated surfactant film (0 min) has two
reflection peaks which are corresponding to (100) and
(200) peaks. The d(100) was calculated to be 2.6 nm
which is roughly twice as long as surfactant molecules
(CTAB). The surfactant molecules are thought to ar-
range with a lamellar symmetry. Hydrophobic tails of
the surfactant molecules might face the surface of the
silicon substrate which has relatively hydrophobic
characteristics.

After 15 min, a new peak appeared at 2.5 degree of
2θ. A gradual increase in this peak with time strongly
suggests that TEOS molecules successively penetrated
into the interlayer of surfactant molecules and expanded
the distance between surfactant layers. The (200) reflec-
tion peaks finally disappeared after 60 min implying
that nano-phase transition into hexagonal phase of
silicate-surfactant nanocomposite occurred under vapor
infiltration. The absence of the (110) reflection indicates
that the (100) family of planes of the hexagonal unit
cell is oriented parallel to the surface of the silicon
substrate.17

Figure 1. Vapor-phase synthesis of mesoporous silica films:
(a) the catalyst source is from the bottom of the vessel as a
vapor, (b) the catalyst is incorporated into the spinning
solution.

Figure 2. Nano-phase transition of a silica-surfactant film
under vapor infiltration. (a) Time course of XRD pattern of a
silica-surfactant film. (b) Change in the d(100) spacing of a
mesostructured silica-surfactant film with time. The film was
prepared under TEOS and HCl vapors at 120 °C.
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According to the increase in the d spacing by the
penetration of TEOS molecules into the films, film
thickness should increase with time under vapor infil-
tration. Figure 3(a)-(c) shows FE-SEM images of the
cross-section of mesoporous silica films as well as an
originally deposited surfactant film. Continuous and flat
mesoporous silica films about 200-300 nm thick were
grown from the silicon substrate. There existed no silica
particles on the silica film. The features visible on the
films are shards of silicate films that are artifacts of
the film sectioning. Change in film thickness was plotted
as a function of d(100) spacing in Figure 3(d). The film
thickness increased with increasing the d(100) spacing.
This strongly suggests that a swelling in the film
thickness is related to a swelling in the distance
between layers.

Previously we found that the TEOS molecules can
penetrate into spin-on silicate films.15 In this case, a
swelling phenomenon of film thickness (d spacing) was
hardly observed during vapor infiltration. The penetrat-
ing TEOS only densified the silica wall to enhance
thermal stability of the silica films. This implies that
after the formation of silicate network proceeds to some
extent, the swelling of film thickness (d spacing) does
not occur further although TEOS can penetrate into
silica network to densify silica wall. The nano-phase
transition under vapor infiltration contains two com-
petitive processes: (1) the penetration of TEOS or
TMOS into the films and (2) the reaction of the silanol
group. We consider that the rates of these processes
depend on the synthetic temperature, silica sources
(TEOS and TMOS), catalysts (HCl and NH3), and the
thickness of surfactant films.

Temperature Dependence of d Spacing. The
rates of the two competitive processes depend on the
synthetic temperature. The effect of synthetic temper-
ature on the d spacing of the calcined mesoporous films

is shown in Figure 4. The peak shift of the (100)
reflections was not observed after calcination even in
the sample synthesized at all the temperatures. The
d(100) spacing of the mesoporous films increases with
decreasing synthetic temperature. The reaction rate of
condensation of the Si-OH groups strongly depends on
the temperature. The rapid formation of a rigid Si-O-
Si network at high temperatures stops expansion of d
spacing. On the contrary, at low temperature, a large
amount of TEOS molecules can infiltrate into the film
before the complete condensation of the Si-OH groups,
resulting in the thick silica wall. The d spacing of the
(100) reflection of calcined mesoporous silica films was
widely ranged from 3.5 to 5.5 nm, which suggests that
the synthetic temperature makes it possible to control
the porosity of silica. Further, the porosity can be tuned
by changing synthetic conditions such as vapor pres-
sure, film thickness, and silica (TEOS and TMOS) and
catalyst (HCl and NH3) sources, as well as temperature.
The examples of these effects will be shown in this
paper.

Figure 3. FE-SEM images of the cross-section of mesostructured silica films prepared under TEOS and HCl vapors at 120 °C
for 2 h. Change in the film thickness of mesostructured silica films with time. The film thickness was plotted as a function of the
d(100) spacing.

Figure 4. (a) XRD patterns of calcined mesoporous silica films
synthesized at different temperatures. (b) Effect of synthetic
temperature on the d(100) spacing of mesoporous silica films.
Reaction time is 2 h.
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An STEM image of the cross-sectional views of the
calcined film is shown in Figure 5. The films was
prepared under TEOS and HCl vapors at 120 °C for 1
h. Ordered straight channels were observed parallel to
the surface of the silicon substrate, which is consistent
with the results of XRD measurements. The distance
from layer to layer is about 5 nm, supporting the d(100)
value shown in Figure 2(b).

Effect of Reactivity of Vapor Source. Figure 6
shows the XRD patterns of calcined mesoporous silica
films prepared under (a) TMOS and (b) TEOS vapor for
60 min. When TMOS was used as a vapor source, the
mesoporous silica film with small d(100) spacing was
obtained. This might arise from the high reactivity of
TMOS compared to that of TEOS.

Film Preparation Using NH3 as a Catalyst.
Figure 7 shows the X-ray diffraction (XRD) patterns of
(a) a surfactant-deposited silicon substrate, (b) an as-
synthesized mesostructured silica film, and (c) a cal-
cined film. The films were prepared under TEOS and
NH3 vapors at 130 °C for 90 min. Similarly to the results
of synthesis using HCl catalyst, no peak shift of the
(100) reflection after calcination was observed, indicat-
ing that the film preserves the periodic mesostructure
without contraction under calcination. This strongly
supports that the formed mesostructure on the Si
substrate is not a lamellar phase.

The d(100) spacings of as-synthesized and calcined
films prepared using NH3 vapor were plotted as a
function of synthetic temperature in Figure 8. The d
spacing decreased with increasing temperature, which
is the same trend shown in Figure 4. However, the d
spacing of the mesostructured silica films prepared

using NH3 was smaller than the ones prepared using
HCl. This implies that the reaction rate of TEOS is
higher under NH3 vapor than under HCl. The reaction

Figure 5. STEM images of the cross-sectional view of a
calcined mesoporous film on Si substrate. The film was
prepared under TEOS and HCl vapor at 120 °C.

Figure 6. XRD patterns of mesoporous silica films prepared
under vapors of (a) TMOS and HCl and (b) TEOS and HCl at
120 °C for 60 min.

Figure 7. XRD patterns of mesostructured silica films. (a) a
surfactant film before vapor infiltration, (b) an as-synthesized
film, (c) a calcined film. The film was prepared under TEOS
and NH3 vapors at 130 °C for 90 min.

Figure 8. Effect of synthetic temperature on the d spacing
of mesostructured silica films. O, as-synthesized films; 0,
calcined films. The films were prepared under TEOS and NH3

vapors.

Figure 9. FTIR spectra of mesostructured silica films. (a) a
layered surfactant film, (b) an as-synthesized film prepared
under TEOS and NH3 vapors at 135 °C, (c) a calcined film, (d)
a calcined mesoporous silica film synthesized by a conventional
sol-gel method.
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rate of TEOS can also be controlled by changing the
concentration of NH3 and HCl solutions.

Si-OH Groups in Mesoporous Silica Films. The
high structural stability shown in Figure 7 has hardly
been attained on the mesoporous silica films synthesized
by conventional sol-gel techniques (especially spin-on
silicate films).15 The structural shrinkage seems to be
very serious problem especially on supported films.
When a film adhering to a substrate shrinks, the entire
film is subjected to mechanical stress. This stress may
lead to cracking.

The contraction of silica under calcination is associ-
ated with the condensation of residual silanol (Si-OH)
groups in the wall. The FTIR spectra of mesostructured
films prepared under TEOS and NH3 vapors at 135 °C
are shown in Figure 9. We compared these spectra to

the one obtained by a sol-gel process. The sharp
absorption bands at 1100 cm-1 observed in the spectra
(b), (c), and (d) are ascribed to the Si-O-Si framework.
The broad band observed at about 3500 cm-1 in the
spectrum (d) is assigned to the Si-OH groups and
adsorbed H2O on the Si-OH groups. The absence of this
broad band in the spectra of the samples synthesized
by vapor infiltration shows that the concentration of
residual Si-OH groups is extremely low even before
calcination. This is the reason the mesostructured films
hardly contract during calcination. The vapor infiltra-
tion process was conducted at high temperatures in the
absence of aqueous solution, which are advantageous
synthetic conditions to the complete condensation of the
Si-OH groups. The silica wall densified by successive
penetration of TEOS molecules has high structural
stability and hardly contracts under calcination process.

The pore surface of silica films is thought to be more
hydrophobic than the ones by the sol-gel method
because of low concentration of the Si-OH groups and
the adsorbed H2O. If the films are used as low-k
dielectric film, the low adsorption capacity of water is
an attractive feature because the dielectric constant of
water is very large (k ) 81). The calcined films main-
tained their ordered structure after hydrothermal treat-
ment exposing them to a saturated water vapor at 90
°C for 2 h, showing excellent hydrothermal stability. The
band at 2900 cm-1 disappeared in the calcined film,
confirming the complete removal of surfactant molecules
after calcination at 400 °C.

Effect of Film Thickness Of Surfactant Films.
Figure 10 shows FE-SEM images of the cross-sections
of calcined mesoporous silica films. The films (a) and
(b) were prepared under TEOS and NH3 vapors at 130
°C. Surfactant films were deposited on the Si substrate
spinning (a) 4000 rpm and (b) 6000 rpm. Continuous
and flat mesoporous silica films about (a) 200 nm and
(b) 150 nm thick were grown from the silicon substrate.
There existed no silica particles on the silica film. The
difference in the film thickness is associated with the
thickness of originally deposited surfactant films. The
surfactant films, which are deposited on the substrate
with a high spinning rate, give thinner mesoporous
silica films. This result shows that the thickness of
mesoporous silica films can be controlled by changing
the thickness of surfactant films before the vapor
infiltration process.

Figure 10. FE-SEM images of the cross-section of calcined
mesoporous films. Surfactant films were deposited on silicon
substrates spinning (a) 4000 rpm and (b) 6000 rpm. The films
were prepared under TEOS and NH3 vapors at 130 °C.

Figure 11. Graphical illustration of the proposed model for the formation of a mesoporous silica film on a Si substrate via vapor
infiltration.
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Formation of Mesostructured Silica Films. We
proposed a model for the formation of mesostructured
film under vapor infiltration as shown in Figure 11. The
TEOS molecules infiltrate into a surfactant film on the
silicon substrate. The TEOS molecules in the film
interact with the hydrophilic headgroups of surfactants
and form TEOS-surfactant composites. The TEOS-
surfactant composites dynamically rearrange to self-
assemble in a hexagonal symmetry (nano-phase tran-
sition). Simultaneously, the penetrating TEOS molecules
react with the Si-OH groups, resulting in the densifi-
cation of silica wall.

We found that the nano-phase transition under vapor
infiltration occurs not only in the film but also in the
powder preparation. After surfactant powder was treated
in TEOS vapor, we found that the power was swelled.
The calcined powder shows a hexagonal structure. It
seems that the vapor-infiltration method can expand to
the synthesis of powder mesoporous materials, which
might have phisicochemical characteristics different
from those of conventional sol-gel products.

Conclusions

Here we showed a vapor infiltration synthesis for
mesoporous silica films with high structural stability.
The self-assembling (nano-phase transition) of surfac-
tant-silicate composites under vapor infiltration implies
their high mobility in the absence of solvent. This
process can be applied to the fabrication of films and
powders made of inorganic-surfactant composite ma-
terials. This new synthetic method provides opportuni-
ties for the creation of new materials technologies.

Acknowledgment. This work was supported by the
New Energy and Industrial Technology Development
Organization (NEDO) under Millennium Research for
Advanced Information Technology (MIRAI) project. We
thank GHAS laboratory and M. Kawashima (Osaka
University) for FE-SEM measurements. We also thank
S. Kanemaru and H. Yamauchi (AIST, Tsukuba) for
STEM measurements.

CM021011P

Vapor-Phase Synthesis of Mesoporous Silica Thin Films Chem. Mater., Vol. 15, No. 4, 2003 1011


