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The nucleation and growth process of anatase TiO2 on several kinds of self-assembled
monolayers (SAMs) in an aqueous solution has been evaluated in detail. Homogeneously
nucleated TiO2 particles and amino groups of SAM showed negative or positive ú potential
in the solution, respectively. The adhesion of TiO2 particles to the amino group surface by
attractive electrostatic interaction caused rapid growth of TiO2 thin films in the supersatu-
rated solution at pH 2.8. On the other hand, TiO2 was deposited on SAMs without the
adhesion of TiO2 particles regardless of the type of SAM in the solution at pH 1.5 whose
degree of supersaturation is low as a result of a high concentration of H+. Additionally, the
orientation of films deposited on all SAMs was shown to be improved by enlarging the reaction
time regardless of the kind of SAM or pH. It is conjectured that the adsorption of anions to
specific crystal planes caused c-axis orientation of anatase TiO2.

Introduction

Titanium dioxide (TiO2) thin films are of interest for
various applications including microelectronics,1 optical
cells,2 solar energy conversion,3 highly efficient cata-
lysts,4 microorganism photolysis,5 antifogging and self-
cleaning coatings,6 gratings,7 gate oxides in MOSFETs
(metal-oxide-semiconductor field effect transistor),8,9 etc.
Accordingly, various attempts have been made to fab-
ricate thin films and micropatterns of TiO2 by several
methods and, in particular, to synthesize materials and
devices including TiO2 thin films from an aqueous
solution through an environmentally friendly synthesis
process, i.e., “green chemistry”.

TiO2 films have been prepared from aqueous solutions
via various methods.10-19 Deki et al.10-13 prepared

amorphous TiO2 thin films containing 37 vol %13 non-
oriented anatase TiO2 on glass substrates at 30 °C from
a (NH4)2TiF6 aqueous solution using liquid-phase depo-
sition (LPD), which was first used for SiO2.20 The TiO2
thin films were transparent because they were made of
polycrystalline particles that were smaller than the
wavelength of visible light. Rutile TiO2 thin films (0.18
µm) were also prepared on R-Al2O3 substrates by hy-
drothermal treatment of a mixed TiO4

2- (0.5 M) and
HNO3 (2.0 M) solution at low temperature (100-200
°C).14 The film, consisting of short columnar grains (50
× 20 nm2), was uniform, homogeneous, and without
visible defects. TiO2 thin films were also deposited in
aqueous HCl solutions of TiCl4 for 2 h at 80 °C on SAMs
of SO3H groups formed on glass substrates.15 TiCl4 was
hydrolyzed in an aqueous solution to produce TiO2
particles which adhered to a substrate. The films
consisted of TiO2 crystallites around 120 nm in size.

Micropatterning of TiO2 was attempted by a number
of methods referring to these thin film fabrication
processes.21-26 We fashioned an anatase TiO2 thin film
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micropattern21 on a patterned SAM.27-29 A phenyl-
trichlorosilane (PTCS)-SAM was irradiated by ultravio-
let (UV) light through a photomask to form an OH/
phenyl micropattern which was then used as a tem-
plate.21 Anatase TiO2 thin films were deposited on the
entire area of a patterned SAM from a (NH4)2TiF6
aqueous solution with the addition of H3BO3 at 50 °C
for 6 h. Thin films on phenyl regions were then peeled
off by sonication. Thin films on the OH group region
showed strong adhesion to OH groups compared with
those on the phenyl regions. Consequently, a micropat-
tern of anatase TiO2 was fabricated at low temperature.
However, the lift-off process causes deterioration of the
feature edge acuity of the micropattern, and a site-
selective deposition process is needed to fabricate the
micropattern of a TiO2 thin film that has high feature
edge acuity.

On the other hand, a micropattern of the anatase TiO2
thin film was fabricated by the site-selective immer-
sion30 method using a SAM which has a pattern of both
hydrophilic and hydrophobic surfaces. A solution con-
taining a Ti precursor contacted the hydrophilic surface
during the experiment and briefly came in contact with
the hydrophobic surface. The solution on the hydrophilic
surface was replaced with a fresh solution by continuous
movement of bubbles. Thus, TiO2 was deposited and a
thin film was grown on the hydrophilic surface selec-
tively. The TiO2 thin film fabricated by the site-selective
immersion method had no cracks, and the feature edge
acuity of its micropattern was much higher than that
of the micropattern obtained by the lift-off process.21

However, the feature edge acuity of the micropattern
needs to be improved further in order to use anatase
TiO2 micropatterns for electronic or optical devices.
Investigation of the mechanism of nucleation and
growth of TiO2 from the aqueous solution would produce
valuable information for making desired thin films and
micropatterns. De Guire et al.31 recently reported a
systematic study of LPD TiO2 film formation on silicon
wafer substrates prepared by various means, assuming
that homogeneously nucleated particles have a positive
surface charge density at pH 2.88-3.88 in a solution
containing several ions such as TiF6

2- and BO3
3-. They

showed that the growth rate and crystallinity of these
films could be controlled by careful manipulation of
solution parameters and the surface functionality of the
substrate. Although they discussed the effects of the
substrate surface functionality on TiO2 films in detail
and suggested the mechanism of the deposition process
based on their experimental results, further quantita-
tive analyses of the growth process, such as of the
surface potential of SAMs and particles, deposition rate
on SAMs, and time dependence of the crystal-axis

orientation of anatase TiO2 thin films, are necessary to
clarify the deposition mechanism.

In this study, we evaluated in detail the deposition
process of anatase TiO2 from an aqueous solution using
a quartz crystal microbalance (QCM), an electrophoretic
light-scattering spectrometer, a scanning electron mi-
croscope (SEM), and an X-ray diffractometer (XRD). We
evaluated the surface ú potential of SAMs and TiO2

particles in a solution containing ions such as TiF6
2-

and BO3
3-. We also investigated the TiO2 deposition

rate and quantity for several kinds of SAMs and the
time dependence of the crystal-axis orientation to clarify
the mechanism of nucleation and growth.

Experimental Section

SAM Preparation. Octadecyltrichlorosilane (OTS-SAM)
and PTCS-SAM were prepared by immersing the Si substrate
(p-type Si[100]) in an anhydrous toluene solution containing
1 vol % OTS and PTCS, respectively, for 5 min under an N2

atmosphere.21,24-30 (3-Aminopropyl)triethoxysilane (APTS)-
SAM was prepared by immersion in an anhydrous toluene
solution containing 1 vol % APTS for 1 h in air. The substrates
with SAMs were baked at 120 °C for 5 min to remove residual
solvent and promote chemisorption of the SAM. Octadecyl-
mercaptan (OM)-SAM, phenylmercaptan (PM)-SAM, and 2-ami-
noethanethiol (AET)-SAM were prepared by immersing the
Au-coated quartz crystal of a QCM (QCA917, Seiko EG&G Co.,
Ltd.) in a bicyclohexyl solution containing 1 vol % OM, PM,
and AET, respectively, for 30 min under an N2 atmosphere.
The substrates with SAMs were then rinsed with anhydrous
toluene to remove residual reagents. OM-SAM on the quartz
crystal of the QCM was exposed for 2 h to UV light (184.9 nm)
to assess the deposition rate of TiO2 on OH groups.

OTS-SAM has a methyl group at the end of a long methyl-
ene chain, whereas PTCS-SAM and APTS-SAM have phenyl
groups and amino groups, respectively. OM-SAM, PM-SAM,
and AET-SAM have octadecyl, phenyl, and amino groups,
respectively, and their functional groups are similar to those
of OTS-SAM, PTCS-SAM, and APTS-SAM. They were used
instead of OTS-SAM, PTCS-SAM, or APTS-SAM for QCM
analysis because trichlorosilane reagents such as OTS, PTCS,
and APTS cannot form SAMs on Au-coated substrates. Initially
deposited OTS-SAM, PTCS-SAM, APTS-SAM, OM-SAM, PM-
SAM, and AET-SAM showed water contact angles of 96°, 74°,
48° 96°, 76°, and 53°, respectively. UV-irradiated surfaces of
SAMs were, however, wetted completely (contact angle <5°).
This suggests that SAMs of OTS, PTCS, APTS, OM, PM, and
AET were modified to hydrophilic OH group surfaces by UV
irradiation. The order of SAM hydrophobicity determined from
these measurements was OTS-SAM > PTCS-SAM > APTS-
SAM > OH groups on silicon. ú potentials measured in aqueous
solutions (pH 7.0) for the surface of a silicon substrate covered
with OH groups, phenyl groups (PTCS), and amino groups
(APTS) were measured to be -38.23, +0.63, and +22.0 mV,32

respectively. The order of ú potentials in the aqueous solution
of our experiment is presumed to be APTS-SAM > PTCS-SAM
> OH-SAM (OH groups on silicon).

Deposition of TiO2 Thin Films. Ammonium hexafluo-
rotitanate ([NH4]2TiF6) and boric acid (H3BO3) were separately
dissolved in deionized water at 50 °C and kept for 12 h (Figure
1). An appropriate amount of HCl was added to the boric acid
solution to control pH, and an ammonium hexafluorotitanate
solution was added.21 SAMs were immersed in the solution
containing 0.05 M [NH4]2TiF6 and 0.15 M H3BO3 at pH 1.5 or
2.8 and kept at 50 °C to deposit anatase TiO2. Deposition of
TiO2 proceeds by the following mechanisms:10-13

(25) Masuda, Y.; Seo, W. S.; Koumoto, K. Langmuir 2001, 17 (16),
4876.

(26) Masuda, Y.; Jinbo, Y.; Yonezawa, T.; Koumoto, K. Chem. Mater.
2002, 14 (3), 1236.

(27) Masuda, Y.; Seo, W. S.; Koumoto, K. Thin Solid Films 2001,
382, 183.

(28) Masuda, Y.; Seo, W. S.; Koumoto, K. Jpn. J. Appl. Phys. 2000,
39, 4596.

(29) Masuda, Y.; Itoh, M.; Yonezawa, T.; Koumoto, K. Langmuir
2002, 18 (10), 4155-4159.

(30) Masuda, Y.; Sugiyama, T.; Koumoto, K. J. Mater. Chem. 2002,
12 (9), 2643-2647.

(31) Pizem, H.; Sukenik, C. N.; Sampathkumaran, U.; McIlwain,
A. K.; De Guire, M. R. Chem. Mater. 2002, 14, 2476-2485.

(32) Zhu, P. X.; Ishikawa, M.; Seo, W. S.; Koumoto, K. J. Biomed.
Mater. Res. 2002, 59, 294-304.

2470 Chem. Mater., Vol. 15, No. 12, 2003 Masuda et al.



QCM Measurement. Quartz crystals covered with SAMs
were placed 5 mm below the surface of the solution. The
solution was kept covered to prevent the evaporation of water,
and water (50 °C) was added to compensate for any evaporated
water. A frequency decrease [∆F (Hz)] was converted into a
weight increase [∆m (ng)] by the following equation:

Results and Discussion

ú Potential of TiO2 Particles. In the solution at pH
2.8, many homogeneously nucleated particles were
deposited on the substrate and grew to form thin films
because of the solution’s high degree of supersaturation.
It is important to understand the interactions between
homogeneously nucleated particles and a substrate in
order to investigate the deposition mechanism. There-
fore, we evaluated the ú potential of homogeneously
nucleated TiO2 particles in the solution.

A 0.05 M TiF6
2- solution and a 0.015 M BO3

3-

solution were kept at 50 °C for 24 h. They were then
mixed and kept at 50 °C for 30 min to grow TiO2
particles. The surface character (ú potential) of homo-
geneously nucleated anatase TiO2 particles in the solu-
tion containing TiF6

2- and BO3
3- ions was examined by

direct measurement of electrophoretic mobility using an
electrophoretic light-scattering spectrometer (Zetasizer
3000HS, Malvern Instruments Co., Ltd.). The ú poten-
tial of TiO2 particles was determined to be -14 mV at
pH 2.8 (Figure 2), though the isoelectric point (IEP) of
TiO2 was reported to be 2.7-6.0 (anatase),33 3.4-5.5
(rutile),33 5.6 (rutile),3434 5.9 (rutile),3535 or 6.2 (rutile).3636

The ú potential of anatase TiO2 particles in the solution
was also confirmed to be negative in these pH regions
[-16.6 V at pH 3.8 (plotted in Figure 2)] with another
electrophoretic light-scattering spectrophotometer (ELS-
8000, Otsuka Electronics Co., Ltd.).

The ú potential is very sensitive to the surface
conditions of particles, ions adsorbed on the particle
surfaces, and the kinds and concentrations of ions in
the solution. The variations in the ú potential were likely
caused by the difference in the surface conditions of TiO2
particles affected by the interactions between particles
and ions in the solution.

The adsorption of ions which affect the ú potential was
observed in HCl,37 KCl,37 BaCl2,37 KOH,37 dodecyltri-
methylammonium bromide,38 and sodium dodecyl sul-
fate (SDS)38 aqueous solutions. The ú potential of rutile
in pure water was -17 mV (IEP pH 4.5) and decreased
with the addition of SDS to -43 mV (SDS: 1 mM).38 It
is concluded that DS- ions (C12H25OSO3

-) replaced
hydroxyl ions (HO-) on the surface of rutile to decrease
the ú potential. The effect of anions should be more
pronounced than that of cations under the conditions
in our study.

Additionally, the ú potential of rutile treated at 1000
°C was -18 mV in pure water and decreased with the
addition of sodium triphosphate to -53 mV (4 × 104

equiv/L).37 The positively charged surfaces in water
were all inverted by the addition of triphosphate, and
the negatively charged rutile surface became more
negative, even at an extremely low concentration of
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Figure 1. Conceptual process for fabricating a micropattern of anatase TiO2 thin film from an aqueous solution.

TiF6
2- + 2H2O / TiO2 + 4H+ + 6F- (a)

BO3
3- + 4F- + 6H+ f BF4

- + 3H2O (b)

∆m (ng) ) -1.068∆F (Hz) (c)

Figure 2. ú potential of homogeneously nucleated TiO2

particles in the solution containing TiF6
2- and BO3

3- ions.
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triphosphate. This was obviously caused by the strong
adsorption of triphosphate, suggesting the formation of
a complex compound on the surface of TiO2.37 These
findings reported in the literature strongly support our
conjecture that anions must have adsorbed to the
surfaces of TiO2 particles, giving rise to highly negative
ú potential because many kinds of anions, such as F-,
BO3

3-, BF4
-, and TiF6

2-, were contained in our solution
with a concentration of more than 2 × 10-2 M.36

We have reported that negatively charged micropar-
ticles of hydroxyapatite were drawn to attach to a
positive silicon surface covered by amino groups owing
to an attractive electrostatic force, whereas no particles
were observed on a negatively charged silicon surface
covered by OH groups.32 We therefore evaluated the
deposition rates for several kinds of SAMs at pH 2.8.

Nucleation and Crystal Growth of TiO2 on SAMs.
SAMs of OM-SAM, PM-SAM, AET-SAM, and UV-
irradiated OM-SAM (OH-SAM) were immersed in the
solution containing 0.05 M TiF6

2- and 0.015 M BO3
3-

at pH 1.5 (Figure 3a) and pH 2.8 (Figure 3b) to evaluate
the reaction rate on SAMs in the solution. The degree
of supersaturation is high at pH 2.8 because a low H+

concentration promotes TiO2 generation as indicated by
eq a. Thus, many homogeneously nucleated TiO2 par-
ticles were observed in the solution. Although no
significant variation in the induction time was observed
among these SAMs, the deposition rate on AET(NH2)-
SAM was much higher than that on OH-SAM (OH
groups) and showed the following order: APTS (AET)-
SAM > OTS (OM)-SAM > PTCS (PM)-SAM > OH-SAM
(Figure 3a). This order of the deposition rate is similar
to that of the ú potential of SAMs, indicating that
negatively charged TiO2 particles are definitely at-
tracted to positively charged SAMs by the attractive
electrostatic interaction and form a TiO2 film. Accord-
ingly, the amount of TiO2 deposited on OH-SAM was
less than that on APTS (AET)-SAM.

On the other hand, no significant variation in the
amount of deposition and deposition rates was observed
among the four SAMs at pH 1.5 (Figure 3b). The
solution was transparent during the whole experiment.
The supersaturation degree of the solution at pH 1.5

was low as a result of the high concentration of H+

which suppressed the deposition of TiO2. TiO2 is prob-
ably deposited mainly by heterogeneous nucleation in
this solution, and nucleation and growth events are
scarcely affected by surface functional groups of SAMs.
This suggests that the critical free energies for hetero-
geneous nucleation of anatase TiO2 may be similar for
the SAMs employed here. Additionally, TiO2 probably
grew on pinholes and other defects in SAMs as
reported39-44 because they can act as nucleation sites
for TiO2 growth. As the deposition was carried out at
elevated temperature (50 °C), it is likely that pinholes
and defects continuously opened and closed on SAM
surfaces because of the thermal motions of organic
groups in these films.

Moreover, the numerical density of particles and the
particle size were measured directly from SEM micro-
graphs (S-3000N, Hitachi, Ltd.; Figure 4). The particle
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4343, 294-305.

Figure 3. Deposition rate and deposition quantity of TiO2 in
the solution at (a) pH 2.8 or (b) pH 1.5 as a function of the
deposition time.

Figure 4. SEM micrographs of (a) TiO2 on OH groups
deposited for 6, 12, 18, or 24 h in the solution at pH 1.5 and
(b) TiO2 on OH groups deposited for 1, 2, 3, or 4 h in the
solution at pH 2.8.
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size on the OH-group surface nearly equaled that on
other SAMs, although the particle size on OTS-SAM
was slightly smaller than that on the OH-group surface
at pH 1.5. Whereas the particle size on each SAM
increased with the reaction time [240 nm (6 h), 380 nm
(12 h), 530 nm (18 h), and 1100 nm (24 h) at pH 1.5
and 400 nm (1 h), 480 nm (2 h), 770 nm (3 h), and 960
nm (4 h) at pH 2.8], the numerical density of particles
reached a maximum after 10-16 h of reaction at pH
1.5 or after 1-2 h of reaction at pH 2.8 (Figure 5). This
shows that small particles were incorporated into large
particles because they began to contact each other after
these periods. The difference in the amount of deposition
determined from QCM measurements did not stem from
particle size variations but from particle density. The
order of the particle numerical density at pH 2.8 (NH2

> CH3 > Ph > OH) (Figure 5b) agrees with the order of
the amount of deposition at pH 2.8 measured by QCM
(Figure 3b).

Deposition processes in solutions at pH 1.26, 1.72,
2.22, and 3.75 were further studied, but no marked
difference in the deposition behavior was observed. The
dissimilarity in either the ú potential or hydrophobicity
of SAMs showed no salient difference in the deposition
behavior in our solution.

Crystal-Axis Orientation of the TiO2 Thin Film.
The growth process of TiO2 thin films and the crystal-
axis orientation changes were investigated using an
XRD (RAD-C, Rigaku) with Cu KR radiation (40 kV and
30 mA) and a Ni filter plus a graphite monochromator.
Deposited films on all SAMs showed XRD patterns of
anatase TiO2 after 24 h at pH 1.5 or after 4 h at pH
2.8. XRD patterns showed the same tendency regardless
of the type of SAM, and the intensities of (004) and (105)
peaks on all SAMs increased with the deposition time
faster than they did for other peaks (Figure 6). The
degree of crystal-axis orientation (f) was evaluated using
the Lotgering method45 taking into account the following
diffraction peaks: (101) ) 25.3, (004) ) 37.8°, (200) )
48.0°, (105) ) 53.9°, (204) ) 62.7°, (116) ) 68.8°, (215)
) 75.0° (Figure 7).

where P is calculated for the oriented sample and P0 is
P for the nonoriented sample (JCPDS card).

The c-axis (00l) orientation of the film was enhanced
by increasing the reaction time for all kinds of SAMs
and pH (Figure 7a,b). This result suggests that the
orientation of the film is determined not at the initial
nucleation or deposition stage but at the film growth
stage. The intensity of the (004) peak quickly increased
but that of (105) increased only gradually with reaction
time, and the intensities of the (101) and (200) peaks
decreased after reaching their maxima regardless of the
type of SAM or pH condition (Figure 7c).

Furthermore, the orientation of thin film deposited
at pH 2.8 for 4 h was evaluated by a field emission SEM
(FE-SEM; JSM-6700F, point-to-point resolution 1 nm,

(45) Lotgering, F. K. J. Inorg. Nucl. Chem. 1959, 9, 113-123.

Figure 5. Numerical density of TiO2 particles on SAMs which have phenyl, methyl, OH, or amino groups in the solution at (a)
pH 1.5 or (b) pH 2.8 as a function of the deposition time.

f )
P - P0

1 - P0
(d)

Figure 6. XRD patterns of anatase TiO2 deposited onto OH
groups in the solution at pH 2.8 as a function of the deposition
time. A randomly oriented powder pattern for anatase (JCPDS
card no. 21-1272) is shown for comparison.

P ) ∑I(00l)

∑I(hkl)
(e)
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JEOL Co., Ltd.) and a transmission electron microscope
(TEM; JEM4010, 400 kV, point-to-point resolution 0.15
nm, JEOL Co., Ltd.). The cross-sectional profile of TiO2
thin films showed columnar morphology (Figure 8).
However, the columns were not clearly identified com-
pared with the needlelike morphology of TiO2 thin films
reported recently.46,47 This columnar morphology is
consistent with the XRD measurement which showed
weak c-axis orientation (Figure 6; pH 2.8, 4 h). Figure
9 shows a TEM micrograph and electron diffraction
pattern for the cross-sectional profile of a TiO2 thin film.
Many small crystals of anatase TiO2 were observed
throughout the thin film. The electron diffraction pat-
tern also showed a weak orientation of anatase TiO2
crystals.

These observations firmly indicate that TiO2 particles
whose c axes were perpendicular to the substrate
surface may have grown faster than other crystals.
Hence, the diffraction intensities of crystal planes
almost perpendicular to the c axis such as (004) and
(105) increased with the deposition time (Figure 7).
These particles then consumed other particles whose c
axis was far from perpendicular to the substrate, thus
lowering the diffraction intensities of crystal planes such
as (101) and (200).

This phenomenon is plausible if the (00l) surface of
an anatase crystal possesses the lowest energy com-
pared to other crystallographic surfaces. However, the
(002) surface has a high Gibbs free energy, and the (110)
plane has the lowest Gibbs free energy.48 In general,
the crystal plane with the lowest Gibbs free energy will
grow preferentially; that is, the preferred orientation
is the one having the lowest surface free energy. Hence,
the preferred orientation should be (110) in the condition
without any influence on crystal orientation in which
atomic diffusion is more significant, and the preferred
orientation is affected more by thermodynamic factors.
From these facts, the crystal growth of TiO2 is consid-
ered to be controlled by some other factors.

De Guire et al.31 suggested that the selective adsorp-
tion of ions occurs on specific surfaces of anatase
crystals. Oriented films do not always need oriented
nucleation. The film can have an oriented fiber structure
if crystals grow anisotropically. Preferential adsorption
of ionic or polymeric species from the solution onto
certain crystallographic faces induces anisotropic growth.
The elongated growth tendency of the crystals shown
in Figure 8 indicates that such growth anisotropy exists
in our films. Additionally, the growth and crystallinity
of anatase were discussed based on a systematic study
of LPD TiO2 films.31 Growth via attachment of particles
is usually associated with high growth rate but also high
roughness and reduced crystallographic orientation.
However, De Guire et al. concluded that our method21,30

provides anatase TiO2 thin films with a high growth
rate, high crystallinity, and the smoothest surfaces in
their comparative experiments.31

The adsorption of anions to anatase surfaces and its
influence on the preferred orientation were discussed
by Yamabi and Imai.46,47 The anatase TiO2 films depos-
ited from a TiOSO4 solution containing urea and from
a TiF4 solution were composed of fine needles perpen-
dicular to the substrate. The selective adsorption of
coexisting species, such as SO4

2- and F-, on specific
surfaces parallel to the c axis inhibits the crystal growth
perpendicular to the c axis. In contrast, a randomly
oriented uniform film consisting of fine spherical crys-

(46) Yamabi, S.; Imai, H. Chem. Mater. 2002, 14, 609-614.
(47) Shimizu, K.; Imai, H.; Hirashima, H.; Tsukuma, K. Thin Solid

Films 1999, 351, 220-224.

(48) Leng, Y. X.; Huang, N.; Yang, P.; Chen, J. Y.; Sun, H.; Wang,
J.; Wan, G. J.; Tian, X. B.; Fu, R. K. Y.; Wang, L. P.; Chu, P. K. Sci.
Coating Technol. 2002, 156, 295-300.

(49) Wyckoff, R. W. G. Crystal Structures, 2nd ed.; Interscience:
New York, 1963; Vol. 1.

(50) Wells, A. F. Structural Inorganic Chemistry, 5th ed.; University
Press: Oxford, 1975.

Figure 7. f (the degree of crystal-axis orientation) of anatase TiO2 thin films deposited from the solution at (a) pH 1.5 or (b) pH
2.8 and (c) intensities of peaks as a function of the reaction time (at pH 1.5 on OH groups).

Figure 8. FE-SEM micrograph for a cross-sectional profile
of the TiO2 thin film deposited at pH 2.8.
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tallites with diameters of 10-20 nm was deposited from
the TiOSO4 solution without urea.46 A high reaction rate
compared with a TiOSO4 solution containing urea46 or
a TiF4 solution47 induces the random orientation of
spherical particles.

Likewise, many kinds of anions, such as F-, BO3
3-,

BF4
-, and TiF6

2-, were included in our solution, and
these would adsorb to the surfaces parallel to the c axis,
inhibiting the growth in the direction perpendicular to
the c axis. The anatase crystals probably grow in the
c-axis direction. The initial nuclei which have c axes
parallel to the substrate cannot grow fast because of the
presence of neighboring particles, but in contrast the
particles which have c axes perpendicular to the sub-
strate can grow fast in the direction perpendicular to
the substrate. Particles probably grow in the direction
perpendicular to the substrate and give rise to columnar
morphology, as shown in Figure 8a, which would have
caused the high degree of the (00l) plane perpendicular
to the substrate.

Conclusions

The nucleation and growth process of anatase TiO2
on several kinds of SAMs in an aqueous solution has

been evaluated in detail. Homogeneously nucleated TiO2

particles and amino groups of SAM showed negative or
positive ú potential in the solution, respectively. The
adhesion of TiO2 particles to the amino group surface
by attractive electrostatic interaction would cause rapid
growth of TiO2 thin films in the supersaturated solution
at pH 2.8. On the other hand, TiO2 was deposited on
SAMs without the adhesion of TiO2 particles regardless
of the type of SAM in the solution at pH 1.5 whose
supersaturation degree was low as a result of the high
concentration of H+. Furthermore, the crystal-axis
orientation of films deposited on substrates was shown
to be improved by changing the reaction time. TiO2

crystals whose c axes were perpendicular to the sub-
strate surface may have grown faster than other crystals
possibly because of the selective adsorption of the
coexisting species, such as F-, BO3

3-, BF4
-, or TiF6

2-,
on specific surfaces parallel to the c axis. The growth
via attachment of particles is usually associated with
high growth rate but also high roughness and reduced
crystallographic orientation. However, our method
avoided this compromise, yielding a high growth rate
as well as partial crystallographic orientation and
smooth surfaces.

Figure 9. TEM micrograph and electron diffraction pattern for a cross-sectional profile of the TiO2 thin film deposited at pH 2.8.
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