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Abstract−A method for enhancing surface uniformity was investigated during the formation of titania film. A self-
assembling technique with ultrasonic applications was effectively used to fabricate titania nanoparticles on the solid
substrate after surface functionalization by APTES (3-amino-propyl-tri-ethoxy-silane). Morphological changes asso-
ciated with structural evolution were observed by using AFM (atomic force microscopy). Results showed that ultrasonic
waves were very effective in both enhancing the surface uniformity and narrowing the particle size distribution of the
titania nanoparticles.
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INTRODUCTION

Nanostructured titania materials are of interest due to their tech-
nical applications in photocatalysis and photoelectric conversion
[Aguado et al., 2002; Nakashima et al., 2002; Zakeeruddin et al.,
2002]. In particular, the fabrication technique of these nanoparti-
cles is important in terms of their effective utilizations. A variety of
methods have been developed for fabricating titania nanoparticles
including a sol-gel process, gas condensation technique and hydrol-
ysis technique [Lin et al., 1997; Xianyu et al., 2001; Xie et al., 2002;
Xiaoli et al., 2003]. Among the thin film formation strategies, self-
assembled monolayer (SAM) is the most feasible and widely used
technique for producing materials in the nanosize scale range [Ulman,
1996; Burnside et al., 1999; Chen et al., 2001]. SAM has the ad-
vantage that it is possible to fabricate materials layer-by-layer. The
surface uniformity, however, becomes worse with the increase in
the number of deposited layers. In this study, we propose a method
for enhancing surface uniformity during the self-assembly process
using ultrasonic waves.

EXPERIMENTAL

The film formation procedure consists of three steps. The first
step is the preparation of colloidal titania particles. Colloidal titania
particles were synthesized as described in the literature [Wang et
al., 1998]. Two ml of 0.2 mol l−1 HCl was added to 88 ml ethanol
(A). Titanium-tetraisopropoxide, 0.5 ml, was dissolved in 9.5 ml of
ethanol (B). Solution A was slowly added dropwise to solution B
with vigorous stirring at 0 oC. The resulting solution was peptized
by further stirring for 3-5 h to give a transparent titania sol which
contained 1.8×10−2 mol l−1 titania. Using this method, 2-3 nm size
colloidal titania particles were prepared.

The second step involves the self-assembling of APTES on sub-
strate (Quartz). After the substrate was cleaned, it was immersed in
piranha solution (H2SO4 : H2O2=7 : 3 vol%) at 110 oC for 30 min

to convert siloxane bonds to hydroxyl groups on the substrate. The
resulting quartz surface was considered to have ca. five hydroxyl
groups per nm2 [Zhuravlev et al., 1987; Hu et al., 2001]. After the
number of hydroxyl groups was maximized, the substrate was dried
under a stream of nitrogen. The substrate was immersed in a 4.0
mmol l−1 APTES solution (H2O concentration was less than 300
ppm) for alcohol condensation between the ethoxy-silane groups
and the hydroxyl groups for 6 hr. As a result, the silanol groups pro-
duced siloxane bonds and ethyl alcohol was formed as a by-prod-
uct.

The third step is the fabrication of the thin solid film of titania
nanoparticles on the substrate. At this stage, the substrate was im-
mersed into the titania sol for 1 hr with or without the ultrasonic
application to the solution. As a result, titania particles were attached
onto the amine groups of APTES. Fig. 1 shows a schematic dia-
gram of a titania thin film formed by SAM on the solid substrate.

RESULTS AND DISCUSSION

Results show that the titania absorption spectrum (dash-dot line
in Fig. 2) clearly appeared in the UV region after the titania par-
ticles were self-assembled onto the solid substrate. This titania ab-
sorption spectrum did not appear when the second step described
in the experimental section was omitted. This result provides evi-

Fig. 1. Schematic diagram of titania thin film.
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dence that the titania particles are attached on the substrate as de-
picted in Fig. 1.

Morphological changes associated with structural evolution were
observed by using an AFM with the tapping mode. Application of
ultrasonic waves to the solution was very effective in enhancing
surface uniformity of the thin film of titania nanoparticles on the
solid substrate. Fig. 3 shows AFM images of the assembled titania
nanoparticles and cross-sectional views of the film. Without appli-
cation of ultrasonic wave, titania particles with an average diameter
of ca. 20 nm were fabricated on the substrate but the morphology

was quite rough (Fig. 3(a)). However, the surface uniformity was
considerably increased after the application of ultrasonic waves (fre-
quency=40 kHz, power=154 W), as seen in Fig. 3(b).

The results show that the particles grew to a size of ca. 20 nm
on the substrate in both cases, while the uniformity was changed.
Two types of particle growth mechanisms are reported elsewhere
[Lu et al., 1999]. The first one is that primary particles are coa-
lesced into one another. This type of particle growth occurs when
the coalescence time is shorter than the collision time among pri-
mary particles. In case of the small particles, they have a greater
chance to coalesce because small particles have larger surface activ-
ity than large ones. The second possible growth mechanism is that
primary particles are aggregated with each other. This type of par-
ticle growth occurs when the coalescence time is longer than the
collision time. When the particles are relatively large, they have a
greater chance to aggregate because large particles have continuous
collisions before complete coalescence. These particle growth mech-
anisms simultaneously occur during the fabrication of titania parti-
cles. It is well known that coalescence is dominant at the beginning of
the process, while aggregation is effective during the particle growth.
Consequently, the particle sizes become non-uniform.

In this study, sonochemistry was successfully applied to prepare
titania thin films with uniform particle size. During the fabrication
of titania nanoparticles, the application of ultrasonic waves has two
main advantages for increasing surface uniformity. The first one is
that ultrasonic waves play a role in reducing the size of coalesced
particles. When titania particles are placed under the ultrasonic waves,
the collision time among the particles is reduced. As a result, the
size of the primary particles is decreased. The second advantage is
that ultrasonic waves play a role in reducing the tendency of par-
ticle aggregation. Since the ultrasonic waves force the particles to

Fig. 2. UV-Vis. absorption spectra of a titania thin film at each step.

Fig. 3. Atomic force microscopy images of self-assembled titania nanoparticles and a cross-sectional views: (a) without ultrasonic wave (b)
with ultrasonic wave.
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form relatively large shear gradient in the titania sol, the particles
do not have the much chance to agglomerate to form a bunch of
particles. Because of these advantages, the size distribution of the
titania particles tends to be uniform as shown in Fig. 3(b).

Additional experiments were performed to investigate the effect
of the temperature and power of ultrasonic waves on the particle
size. The average particles size was changed from 18 nm to 30 nm
by changing the reaction temperatures from 5 oC to 90 oC (Table 1).
When the reaction temperature was increased, the coagulation time
was decreased. As a result, the secondary particles size was increased.
This suggests that the average particle size can be controlled by chang-
ing the reaction temperature. In case of the power effect, the results
showed that titania surface uniformity in terms of particle size distri-
bution was gradually increased with increasing ultra sonic power

from 57 W to 154 W.
In conclusion, films of uniform titania nanoparticles were effec-

tively fabricated onto a solid substrate by using SAM under the ap-
plication of ultrasonic waves. During the fabrication process, ultra-
sonic waves play a role in preventing the irregular growth of the
secondary titania particles because of the large shear gradients. The
high sonic power results in a narrow particle size distribution. As a
result, surface uniformity was highly increased when ultrasonic waves
were applied. In addition, the size of the titania particles was con-
trollable from 18 nm to 30 nm by changing reaction temperature.
This study provides a method for the preparation of nanoparticles
with a better surface uniformity on a self-assembly, and layer-by-
layer film fabrication of nanoparticles with a narrow size distribution.
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