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Roughness and fractality of nanostructured
TiO, films prepared via sol-gel technique
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Titanium dioxide nanocrystalline thin films were prepared by applying the sol-gel dipping
technique using two different titanium (IV) alkoxides: titanium isopropoxide and titanium
butoxide. Morphological, structural characterization and examination of the fractal
properties were performed by atomic force microscopy (AFM). The effect of the nature of
the precursor on the hydrolysis rate and the resulting particle size distribution, roughness,
and surface complexity of the TiO, films was investigated. Titanium isopropoxide presents
higher hydrolysis rates leading to more rough and complex characteristics whereas
titanium butoxide films show a relatively smoother surface. Higher fractal dimension
values and lower roughness were observed for titania films derived from titanium
butoxide. In both cases the obtained films present a complex granular surface network of
interconnected particles, suitable for practical applications.
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1. Introduction

The growth of metal oxide thin films of controlled
surface roughness and complexity presents a signifi-
cant theoretical and technological importance, offering
an exciting opportunity for developing a new class of
materials with unique physical, chemical, optical and
electronic properties [1]. Titanium dioxide [TiO,] thin
films have recently attracted a particularly increased
attention because of their extended use in multitude
of applications including photosensitized solar cells
[2-8], lithium batteries [9—11], photocatalytic systems
[12-14], sensors [15], and electrochromic displays
[16, 17].

In all the above applications the usual points raised
are related to the shape and order of the nanoparticles
that make up the films [18, 19], as well as the surface
texture, morphology, spatial extension, roughness, self-
similarity, fractality and thickness of the films. These
parameters might influence many of the film properties
such as chemical adsorption, light absorption and con-
ductivity. Production of open highly porous structures is
important because of their high surface area, which al-
lows extensive contact with the reaction medium. At the
same time, continuity should exist between nanoparti-
cles in order to prevent traps and dead spots that would
deplete the efficiency of the film [18]. The size of the
nanoparticles is an additional important parameter that
affects the electronic properties and the absorption on-
set of the nanocrystallites and should be carefully taken
into account [20].

It then obvious that the performance and efficiency
of the devices based on titanium dioxide thin films will
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strongly depend on the semiconductor surface prop-
erties and especially on the preparation conditions.
Among the existing thin film fabrication methods, the
sol-gel coating technique has been receiving renewed
interest, largely attributed to the fact that it combines
a number of specific advantages, such as the potential
for large area coverage, simplicity, reproducibility, low
cost and good mechanical properties [21, 22].
Titnium dioxide thin films can be prepared by
the sol-gel technique, where metal alkoxides Ti(OR)q4
(R =alkyl groups) are generally used as principal pre-
cursors. Further hydrolysis creates clusters containing
many oxide molecules and subsequent polymerization
causes the formation of a three-dimensional network
with octahedral TiOg coordination. There have been
several reports about the formation of sol-gel TiO, thin
films and it is now well established that the choice of the
precursor strongly influences the final film properties.
A variety of Ti-containing organic precursor materials
have been used, and Ti-isopropoxide and Ti-butoxide
are among the most promising of them. Thus, it has
been confirmed that the chemical reactivity of the lig-
and groups initially coordinated on the titanium precur-
sor plays a decisive role in the structure development
of as-deposited sol-gel TiO, films [23]. However, no
special attention was paid to the comparison, improve-
ment and optimization of the obtained films in terms of
roughness, nanostructure and surface complexity, para-
meters which control the optical and electronic proper-
ties and account for the performance of the material in
anumber of potential applications. In this contribution,
from a comparative point of view, we emphasize on
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the preparation and characterization of rough, fractal,
large surface area nanocrystalline titanium dioxide thin
films with highly controllable parameters derived from
Ti-isopropoxide and Ti-butoxide precursors trying to
determine, especially by AFM, at which extent the na-
ture of the ligand group in titanium precursors affects
their surface properties.

2. Experimental

The significance of the hydrolysis rate was pointed
out by using two different titanium alkoxide precursors
Ti(OR)g4: titanium isopropoxide [Ti(O-i-C3H7)4] (TIP)
and titanium butoxide [Ti(O-n-C4Hg)4] (TB) (Aldrich),
which differ only in the —R group and keeping all other
parameters effecting the film’s properties constant (e.g.,
viscosity, pH, concentration, temperature, solvent). For
the preparation of the dipping solution titanium alkox-
ide (1.1 g and 1.3 g respectively) was added dropwise
(in order to avoid the formation of large agglomer-
ates, due to local excess of the precursor) in 10 ml
of a 7:10 ethanol/isopropanol mixture, under vigor-
ous stiring [24, 25]. To this solution a drop of 3N
HCI was added as the catalyst. Upon acid addition,
a homogeneous semi-transparent sol was formed and
subsequently, the reaction mixture was left standing to
peptize for 12 h prior to deposition, finally forming a
clear solution. The solution was coated uniformly over
the glass substrate surface by dipping the substrate into
the solution and lifting it at a controlled speed. Dur-
ing the whole process, the room temperature was kept
constant at 20°C. The films were then deposited by
dip-coating process on microscope glass substrates and
subjected to heat treatment (drying at 100°C for 15 min
and the sintering at 500°C for 30 min in order to remove
organic components).

Thickness measurements were performed using a
Sloan Dektak II Stylus profilometer. The film crys-
tallinity was analyzed with an X-ray diffractometer
(Siemens D-500, Cu-K, radiation) after annealing at
150°, 300° and 550°C and by Raman spectroscopy
(DILOR OMARS 89 spectrometer). Surface morphol-
ogy, roughness and fractality of the films were exam-
ined with a Digital Instruments Nanoscope III atomic
force microscope (AFM), operating in the tapping
mode (TM). For the fractal analysis the V42313 algo-
rithm was used.

3. Results and discussion

Depending on the withdrawal speed different thickness
can be attained: a speed of 1 cm/s gives rise to a mean
thickness of 0.8 um per dip while a speed 0.5 cm/s
yields an average thickness 0.4 pm/dip, Fig. 1. So, in
order to achieve a film thickness of several um, a 5 times
repetition of the cycle was essential. By this method,
TiO; films exhibiting very good adherence on the glass
substrates were obtained. Optical microscopy did not
show pinholes and micro cracks. However, Scanning
Electron Microscopy (SEM) analysis (x 1000, x 5000,
x 10000 and x 20000 magnification images) confirmed
the presence of a microporous open structure of inter-
connected particles [26].
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Figure 1 The relationship between the coating thickness and the number
of coating cycles under a withdrawal speed of 1 cm/s (squares) and
0.5 cm/s (triangles). Sintering temperature 500°C.
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Figure 2 X-ray diffraction patterns of a TIP film annealed at dif-
ferent temperatures: from bottom to above: 150°, 300°, and 550°C;
A =anatase, R =rutile.

By X-ray diffraction it has been confirmed that both
TIP and TB films exhibit similar behavior upon thermal
treatment. Fig. 2 shows the X-ray diffraction patterns of
the as-deposited and annealed TIP TiO; films. It can be
seen that at low temperatures the films are amorphous.
With increasing temperature the amorphous phase is
crystallized into anatase [27]. In fact, under these spe-
cific preparation conditions, the films are comprised
of single anatase and no trace of the rutile phase was
detected in the XRD pattern for temperatures below
450°C. Raman spectroscopy confirmed the existence
of anatase main vibration peaks at 148 cm™! (Eg, very
strong), 397 cm™! (Byg, strong), 516 cm™! (Big/Aqg,
strong) and 638 cm™! (Eg, strong) respectively [26].
This observation, is of great importance since it has
been repeatedly established that anatase is more favor-
able for energy conversion applications [28]. On the
contrary, thermal treatment to 550°C leads to films pre-
senting both the anatase and rutile diffraction peaks,
Fig. 2.

The fundamental chemical process involved in sol-
gel is based on hydrolytic and condensation reac-
tions, which lead to the formation of macromolecular
networks. If hydrolysis proceeds slowly (e.g., in di-
lute solutions) or the dipping is performed in a “pre-
mature” stage, the resultant films are very thin, rela-
tively smooth, non-light absorbing and improper for
solar cell applications. On the other hand, very high



hydrolysis rates are also unfavorable since they lead to
the formation of large aggregates and consequently to
quick precipitation. If the dipping is performed at a later
stage, when polymerization has proceeded and the sol
has reached a high viscosity state, relatively thick films
are produced (>1-2 pm) which tend to crack and peel
off readily. Moreover, by this means, the sol reaches
the gelation stage very fast, which is unfavorable for
industrial coating applications (low “shelf life”). These
observations clearly imply that the films properties and
surface roughness derive from a balance of some factors
playing a competing role.

Since the mechanism of the polymerization follows
Sne type, including a nucleophilic attack of the titanium
metal center, steric hindrance by the presence of the
alkyl groups is expected to play a crucial role. Thus,
the more bulkier butoxide ligand is expected to im-
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pede the access to the titanium atom, inhibiting by this
means the propagation of the hydrolysis, more than the
less bulky isopropoxide. Another additional factor con-
tributing to the slower rate for the butoxide precursor is
the formation of oligomeric structures (usually dimers
and trimers) [29, 30].

Atomic force microscopy, a mechanical technique
following “in relief” the surface morphology has been
demonstrated to be a very versatile and powerful tool
for surface imaging at the submicrometer level and the
revelation of surface characteristics of Titanium dioxide
thin films [24]. In Figs 3 and 4 top view and three-
dimensional surface plots (600 x 600 nm) AFM rep-
resentations are presented for the TIP and TB films
respectively. The TIP films are composed of relatively
large interconnected particles (the minimum grain dia-
meter ‘¢’ is about 25 nm) and pores, building up high
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Figure 3 Top view AFM images (tapping mode) of sol-gel deposited TIP (a) and TB (b) TiO; films (scan range 600 x 600 nm) sintered at 500°C.
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Figure 4 3D AFM images (tapping mode) of sol-gel deposited TIP (a) and TB (b) TiO, films (scan range 600 x 600 nm) sintered at 500°C.
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Figure 5 Grain size distribution (height histogram) for TIP (a) TB (b) sol-gelnTiO, films sintered at 500°C.

“mountains” and deep “valleys”. The TB films on the
contrary exhibit a finer microstructure and consisted of
smaller and more uniform grains (¢ = 13 nm) forming
a rather flat but more complex surface texture which is
consistent with a much less rough topography. It is im-
portant to note that the grain diameter values obtained
by AFM are comparable to the ones calculated from the
XRD spectra by applying the semi-empirical Scherrer
equation on the 25.4° peak (101). The above analysis
has given particle sizes of 35 nm and 15 nm for TIP and
TB films respectively.

Grain size analysis has shown that height distri-
butions of surface characteristics for both films are
Gaussian-like, Fig. 5. Generally, the TIP films present
surface characteristics of greater height. The height
distribution histogram of the TIP films is obviously
broader (sizes ranging from 20 to 90 nm) from the cor-
responding TB curve (range 10-50 nm). The height
distribution maximum of the TB film is quite well de-
fined (35 nm) while TIP displays more a broad max-
imum (at about 40-60 nm). Such a difference can be
reflected in the rms roughness values (rms = root mean
square = the standard deviation of the Z values, Z be-
ing the total height range analyzed) of the two films,
which were measured 19.7 nm (TIP films) and 6.4 nm
(TB films) respectively, Table 1. Therefore it can be
concluded that the broader the size distribution is, the
rougher are the resulting films. This important observa-
tion can be explained by considering that in the case of
mono-dispersed particles, a better packing of the parti-
cles is favored, leading to the formation of a less porous
structure and morphology (TB films).

TABLE I Minimum grain diameter, roughness and fractal dimension
of TIP and TB Sol-Gel TiO; thin films sintered at 500°C

Mean grain Roughness Fractal dimension,
TiO; films diameter ¢ (nm) rms (nm) Dy
TIP 25 19.7 2.12
TB 13 6.4 2.31
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Besides the surface roughness, the film fractal dimen-
sions can be also measured using AFM microscopy.
Thus, in order to evaluate and compare the geometric
complexity of the film surfaces, qualitative analysis in-
cluding measurements of parameters such as feature
frequency and fractal dimension Dy (3> Dy > 2) was
performed. An analytical presentation of fractal anal-
ysis in TiO; films is given in [31]. For calculating the
fractal dimension (a parameter which reflects the scal-
ing behavior and is an intrinsic property of the material)
of a surface, several techniques may be applied. The one
used in this work divides the three-dimensional film sur-
face into a series of triangles. The size L of triangles
is varied and the surface area of each triangle is calcu-
lated and recorded for each size L. The logarithmic plot
of the cell size versus the surface area determines the
fractal value of the surface (the fractal dimension D
is defined as the slope of the line obtained by plotting
the log of the cell size versus the log of the cell surface
area).

The fractal analysis performed, Fig. 6, has shown
that the as-prepared films exhibit also self-affine char-
acter over a significant range of length scales as a con-
sequence of a “chaotic” dynamic deposition process,
very sensitive to the initial alkoxide precursor. It is
worthwhile mentioning that the TB films have higher
fractal dimension Dy than the TIP films, Table I. The
measured values were 2.31 (+0.02) and 2.12 (£0.02)
respectively. This difference can be explained taking
into account the fact that the fractal dimension Dy
characterizes mainly the complexity of the surface and
not its roughness. The TB TiO, films present a more
complex topography characterized by a greater num-
ber of surface features of higher frequency and conse-
quently, their effective surface extension is expected to
be several hundred times greater than their geometric
one [31].

Such high surface area fractal TiO, films may have
important applications in photochemical and solar en-
ergy conversion processes. Recently, the fractal char-
acteristics of TiO, nanocrystalline films were studied
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Figure 6 Fractal analysis on TIP (a) and TB (b) sol-gel TiO, films sintered at 500°C.

and related to the efficiency of light absorption [8, 32].
It has been proved that the light-receiving surface may
be hundreds of times larger than the geometric area and
efficient energy captivation takes place, which consid-
erably increases the rate of photochemically, and pho-
toelectrochemically induced reactions.

4. Conclusions

An investigation of the conditions under which uniform
nanocrystalline thin TiO; films are formed via the sol-
gel dipping method using titanium isopropoxide and
titanium butoxide precursors has led to the following
conclusions:

e The surface properties (parameters, such as size
of nanoparticles, surface roughness, morphology,
fractal dimension, and spatial extension) of the
films strongly depend on the choice of the alkoxide.
Higher hydrolysis rates obtained by using titanium
isopropoxide lead to poly-dispersed particle sizes.
The roughness of the deposited films can be tai-
lored by controlling the hydrolysis rate. A narrow
size distribution of the film particles leads to rel-
atively smooth films while a large poly-dispersed
one leads to more rough and textured films.

e The film’s surface complexity derives from a com-
petitive balance of a number of factors, one of them
being the alkoxide precursor. The use of titanium
butoxide leads to films with higher values of frac-
tal dimension. This is very important for applica-
tions where large surface area films are required.
In fact, novel applications and/or more efficient de-
vices based on light absorption or chemical adsorp-
tion, which will take into advantage the self-similar
character of fractal surfaces, will be developed.
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