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1. Introduction 

Many researchers have reported on obtaining TiO2 thin films, using different methods [1-7]. 
These extensive studies on TiO2 have been due to the importance of these films in variety of 
applications including low-loss, low-scatter optical coating for visible and near infrared 
optics [8-11] and electrical devices [12,13]. These applications have stimulated a considerable 
amount of activity in fabrication of dielectric films with high refractive index and low 
absorption. Compact thin films of TiO2 on conducting glass are used in new types of solar 
cells: liquid and solid dye-sensitized photo-electrochemical solar cells [14,15]. These films 
are also of interest for the photo-oxidation of water [16], photo-catalytisis [17], electro 
chromic devices [18] and other uses [19]. Due to the need of cost competitive devices in 
these application areas, simple and inexpensive techniques are required for film deposition 
and preparation. 

Different properties of thin films are strongly influenced by the nanostructure of films such 
as grain sizes, nano-strain, crystallographic orientation and other features. It is shown that 
nanostructure of thin films are strongly affected by film preparation procedures and 
deposition conditions. For example, the substrate temperature [20-22], angle of incidence 
[23-25], deposition rate [26,27], and film thickness [28] have important effects on the 
morphology and nanostructure of thin films. Some synthetic methods for TiO2 
nanostructures are: 

1.1 Sol-gel method 

In a typical sol-gel process, a colloidal suspension, or a sol, is formed from the hydrolysis 
and polymerization reactions of the precursors, which are usually inorganic metal salts or 
metal organic compounds such as metal alkoxides. 

TiO2 nanomaterials have been synthesized with the sol-gel method from hydrolysis of a 
titanium precursor. This process normally proceeds via an acid-catalyzed hydrolysis step of 
titanium(IV) alkoxide followed by condensation. The development of Ti-O-Ti chains is 
favored with low content of water, low hydrolysis rates, and excess titanium alkoxide in the 
reaction mixture. Three-dimensional polymeric skeletons with close packing result from the 
development of Ti -O- Ti chains. The formation of Ti(OH)4 is favored with high hydrolysis 
rates for a medium amount of water. The presence of a large quantity of Ti-OH and 

www.intechopen.com



 
Scanning Probe Microscopy – Physical Property Characterization at Nanoscale 

 

130 

insufficient development of three-dimensional polymeric skeletons lead to loosely packed 
first-order particles. Polymeric Ti -O- Ti chains are developed in the presence of a large 
excess of water. Closely packed first-order particles are yielded via a three-dimensionally 
developed gel skeleton. From the study on the growth kinetics of TiO2 nanoparticles in 
aqueous solution using titanium tetraisopropoxide (TTIP) as precursor, it is found that the 
rate constant for coarsening increases with temperature due to the temperature dependence 
of the viscosity of the solution and the equilibrium solubility of TiO2. Secondary particles are 
formed by epitaxial self-assembly of primary particles at longer times and higher 
temperatures, and the number of primary particles per secondary particle increases with 
time. The average TiO2 nanoparticle radius increases linearly with time, in agreement with 
the Lifshitz-Slyozov-Wagner model for coarsening.  

A series of thorough studies have been conducted by Sugimoto et al. using the sol-gel 
method on the formation of TiO2 nanoparticles of different sizes and shapes by tuning the 
reaction parameters Typically, a stock solution of a 0.50 M Ti source is prepared by mixing 
TTIP with triethanolamine (TEOA) ([TTIP]/[TEOA] = 1:2), followed by addition of water. 
The stock solution is diluted with a shape controller solution and then aged at 100 °C for I 
day and at 140 °C for 3 days. The pH of the solution can be tuned by adding HCI04 or NaOH 
solution. Amines are used as the shape controllers of the TiO2 nanomaterials and act as 
surfactants. These amines include TEOA, diethylenetriamine, ethylenediamine, 
trimethylenediamine, and triethylenetetramine. 

By a combination of the sol-gel method and an anodic alumina membrane (AAM) template, 
TiO2 nanorods have been successfully synthesized by dipping porous AAMs into a boiled 
TiO2 sol followed by drying and heating processes. [38] 

1.2 Micelle and inverse micelle methods 

Aggregates of surfactant molecules dispersed in a liquid colloid are called micelles when 
the surfactant concentration exceeds the critical micelle concentration (CMC). The CMC is 
the concentration of surfactants in free solution in equilibrium with surfactants in 
aggregated form. In micelles, the hydrophobic hydrocarbon chains of the surfactants are 
oriented toward the interior of the micelle, and the hydrophilic groups of the surfactants 
are oriented toward the surrounding aqueous medium. The concentration of the lipid 
present in solution determines the self-organization of the molecules of surfactants and 
lipids. The lipids form a single layer on the liquid surface and are dispersed in solution 
below the CMC. The lipids organize in spherical micelles at the first CMC (CMC-I), into 
elongated pipes at the second CMC (CMC-II), and into stacked lamellae of pipes at the 
lamellar point (LM or CMC-III). The CMC depends on the chemical composition, mainly 
on the ratio of the head area and the tail length. Reverse micelles are formed in 
nonaqueous media, and the hydrophilic head groups are directed toward the core of the 
micelles while the hydrophobic groups are directed outward toward the nonaqueous 
media. There is no obvious CMC for reverse micelles, because the number of aggregates is 
usually small and they are not sensitive to the surfactant concentration. Micelles are often 
globular and roughly spherical in shape, but ellipsoids, cylinders, and bilayers are also 
possible. The shape of a micelle is a function of the molecular geometry of its surfactant 
molecules and solution conditions such as surfactant concentration, temperature, pH, and 
ionic strength. [38] 
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1.3 Sol method 

The sol method here refers to the nonhydrolytic sol-gel processes and usually involves the 

reaction of titanium chloride with a variety of different oxygen donor molecules, e.g., a 

metal alkoxide or an organic ether.  

 Ti X4 + Ti(OR)4 → 2TiO2 + 4RX (1)  

 TiX4 + 2ROR →TiO2 + 4RX (2) 

The condensation between Ti-CI and Ti-OR leads to the formation of Ti-O-Ti bridges. The 

alkoxide groups can be provided by titanium alkoxides or can be formed in situ by 

reaction of the titanium chloride with alcohols or ethers. In the method by Trentler and 

Colvin, a metal alkoxide was rapidly injected into the hot solution of titanium halide 

mixed with trioctylphosphine oxide (TOPO) in heptadecane at 300 °C under dry inert gas 

protection, and reactions were completed within 5 min. For a series of alkyl substituents 

including methyl, ethyl, isopropyl, and tert-butyl, the reaction rate dramatically increased 

with greater branching of R, while average particle sizes were relatively unaffected. 

Variation of X yielded a clear trend in average particle size, but without a discernible 

trend in reaction rate. Increased nucleophilicity (or size) of the halide resulted in smaller 

anatase nanocrystals. Average sizes ranged from 9.2 nm for TiF4 to 3.8 nm for TiI4. The 

amount of passivating agent (TO PO) influenced the chemistry. Reaction in pure TOPO 

was slower and resulted in smaller particles, while reactions without TOPO were much 

quicker and yielded mixtures of brookite, rutile, and anatase with average particle sizes 

greater than 10 nm. [38] 

1.4 Hydrothermal method  

Hydrothermal synthesis is normally conducted in steel pressure vessels called autoclaves 

with or without Teflon liners under controlled temperature and/or pressure with the 

reaction in aqueous solutions. The temperature can be elevated above the boiling point of 

water, reaching the pressure of vapor saturation. The temperature and the amount of 

solution added to the autoclave largely determine the internal pressure produced. It is a 

method that is widely used for the production of small particles in the ceramics industry. 

Many groups have used the hydrothermal method to prepare TiO2 nanoparticles. [38]  

1.5 Solvothermal method  

The solvothermal method is almost identical to the hydrothermal method except that the 

solvent used here is nonaqueous. However, the temperature can be elevated much higher 

than that in hydrothermal method, since a variety of organic solvents with high boiling 

points can be chosen. The solvothermal method normally has better control than hy-

drothermal methods of the size and shape distributions and the crystallinity of the TiO2 

nanoparticles. The solvothermal method has been found to be a versatile method for the 

synthesis of a variety of nanoparticles with narrow size distribution and dispersity. The 

solvothermal method has been employed to synthesize TiO2 nanoparticles and nanorods 

with/without the aid of surfactants. [38]  
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1.6 Chemical vapor deposition  

Vapor deposition refers to any process in which materials in a vapor state are condensed to 

form a solid-phase material. These processes are normally used to form coatings to alter the 

mechanical, electrical, thermal, optical, corrosion resistance, and wear resistance properties 

of various substrates. They are also used to form free-standing bodies, films, and fibers and 

to infiltrate fabric to form composite materials. Recently, they have been widely explored to 

fabricate various nanomaterials. Vapor deposition processes usually take place within a 

vacuum chamber. If no chemical reaction occurs, this process is called physical vapor 

deposition (PVD); otherwise, it is called chemical vapor deposition (CVD). In CVD 

processes, thermal energy heats the: gases in the coating chamber and drives the deposition 

reaction. [38]  

1.7 Physical vapor deposition  

In PVD, materials are first evaporated and then condensed to form a solid material. The 
primary PVD methods include thermal deposition, ion plating, ion implantation, sputtering, 
laser vaporization, and laser surface alloying. TiO2 nanowire arrays have been fabricated by 
a simple PVD method or thermal deposition. [38] 

1.8 Electrodeposition  

Electrodeposition is commonly employed to produce a coating, usually metallic, on a 

surface by the action of reduction at the cathode. The substrate to be coated is used as 

cathode and immersed into a solution which contains a salt of the metal to be deposited. The 

metallic ions are attracted to the cathode and reduced to metallic form. With the use of the 

template of an AAM, TiO2 nanowires can be obtained by electrodeposition. [38] Optical 

properties of Ti thin films, despite their importance in different technologies, are only 

reported by Johnson and Christy [29] and for Bulk Ti samples by Lynch et al [30] and Wall et 

al [31].Therefore, it is of interest to find out the relationship between different theories [32-

34] given for optical parameters and the structural changes described by variation of film 

thickness [35-37]. Accordingly, it was decided to investigate the influence of film thickness 

on the optical and structural properties of Titanium oxide films produced at high 

temperature of 473 K. 

2. Experimental details 

Titanium oxide films of 10, 50, 100 and 200 nm thickness were deposited by evaporation of 

TiO2 powder, on glass substrates at 473 K deposition temperature. The residual gas was 

composed mainly of H2, H2O, CO and CO2 as detected by quad ro pole mass spectrometer. 

The substrate normal was at 8.5 degree to the direction of evaporated beam and the distance 

between the evaporation crucible and substrate was 54.5 cm. Substrates were glasses ( 2×2×1 

cm3) of minimum roughness. 

Just before use, all glass substrates were ultrasonically cleaned in heated acetone, then 
ethanol. The near normal incidence reflectance spectra were obtained using a double beam 
spectrophotometer (carry 500) in the spectral range of 200-2500 nm corresponding to the 
energy range of 0.6-6.215 eV. 
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Nanostructures of these films were obtained using a Philips XRD X pert MPD 
Diffractometer (CuKα radiation) with a step size of 0.03 and count time of 1s per step, while 
the surface physical morphology and roughness were obtained by means of AFM (Dual 
ScopeTMDS95-200/50)analysis  

3. Results and discussion 

3.1 Optical constants of TiO2 fils as a function of film thickness 

Kramers-Kronig relations were used to convert the measured reflectivity spectra of complex 
dielectric function, from which the optical conductivity absorption coefficient and other 
parameters were calculated. 

Figures 1(a) and 1(b), show spectra of ε1 and ε2 for TiO2/glass films of different thicknesses 
(10 nm to 200 nm) produced at 473 K deposition temperature, respectively. Johnson and 
Christys results [29] for thin Ti films (30 nm) and Lynch et al results [30] for bulk Ti samples 
are also included for comparison. Ti is a getter metal and a rare Ti film can not be prepared 
even in UHV conditions. The general trend of our results is similar to those of Johnson and 
Christy, and Lynch et al (Figure 1(a,b)). As it can be seen in Figure 1(a), all curves begin 
from negative values and reach to a maximum pick at about 0.9 eV. Generally by increasing 
film thickness, real part of dielectric constant increases (Figure 1(a)) and that is because of 
producing TiO2 dielectric layers. As it can be seen in Figure 1(b), there is a peak at about 1.5 
eV for all layers. By increasing the thickness, in the energy range of 1 eV up to 4 eV, general 
trend of ε2 curves increases. For the rest of energy range (4 eV up to 6 eV), there is no general 
trend for ε2 curves, and that is because of competition between increasing film thickness and 
surface and bulk diffusion of grains at high 473 K temperature. 

3.2 Effective-media appraximation (EMA) approach 

The correlation between the nanostructure of TiO2 thin film and it's optical property 
achieved through using the effective-media approximation (EMA) method. The changes in 
fraction of voids can be attributed to the change of nanostructures in the evolution of film 
nanostructures by substrate temperature, film thickness and deposition rate. 

The effect of voids on optical properties of thin films can be investigated by the Bruggman 
effective-media approximation method [33] or its version developed by aspens and 
coworkers [32]. As it can be seen in Figure (2), by increasing film thickness, in 1 eV up to 4 
eV energy range, fraction of voids decreases. For the rest of analysis range (4 eV up to 6 eV), 
fraction of voids due to competition between increasing film thickness and surface and bulk 
diffusion of grains at high 473 K temperature, cross each other. So there is a good correlation 
between nanostructures and optical properties in our results. 

3.3 Interband region 

The energy bands for TiO2 were calculated using potential in Shroudinger equation. The 
obtained experimental absorption coefficients (α=2Ek/hc) for TiO2 films, were plotted in 
Figure (3). The plots have a good agreement with those of Janson and Cheristy and Lynch et 
al. In general by increasing film thickness, absorption coefficient also increases. By 
increasing the thickness, fraction of voids decreases, specially in the energy renge of  
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(a) 

 
(b) 

Fig. 1. The dielectric constants of deposited TiO2/glass films of Different thicknesses at 473 k 
(a) Real port (b) Imaginary Port. 

1 eV – 4 eV, which is in agreement with fraction of voids (Figure 2). In the energy renge of 1 
eV - 4 eV, transmittance decreases and absorbance increases. In the energy renge of 4 eV - 6 
eV, there is no general trend for absorption coefficient curves and they cross each other. That 
is because of competition between surface and bulk diffusion in one hand and increasing 
thickness on the other hand. This result is also in agreement with EMA results. There was an 
inter band transition at energy value of about 4.5 eV. 
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Fig. 2. Void fraction Vs. energy for different film thicknesses deposited TiO2/glass films at 
473 k. 

 

Fig. 3. Absorption coefficient vs. energy for different film thicknesses deposited TiO2/glass 
films at 473 k. 

Transmission spectroscopy was used to study optical properties of thin TiO2 films. It was 
found that, low independent transmission absorbance measurements of a thin film, if the 
thickness is unknown, are sufficient for numerical inversion to determine the complex index 
of refraction of a film. Real part of refractive index (n) and imaginary part of refractive index 
(k) are shown in Figure 4 (a) and (b) respectively. As it can be seen in Figures 4(a) and 4(b), 
by increasing film thickness, general trend of the curves increases. 10 nm thickness is very 
thin so produced layer is uncompleted and we expect unusual behavior. By increasing 
thickness at high temperature (473 K), because of surface and bulk diffusion bigger grains 
form (will be discus in AFM analysis), that tends to increase refractive indexes (Figure 4(a)). 
Also by increasing thickness at high temperature (473 K), due to migration of grains, 
fraction of voids decreases, which results in, less transmittance as well as an increase in 
imaginary part of refractive index (k), see Figure 4 (b). 
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(a) 

 
(b) 

Fig. 4. Refractive index Vs. energy for different film thicknesses deposited TiO2/glass films 
at 473 k,(a) Real part (b) Imaginary part. 

3.4 AFM analaysis 

Figure 5, shows the AFM images of TiO2 / glass layers of different thicknesses at 473 k 

temperature. Figure 5(a), shows topography of TiO2 / glass of 10 nm thickness. As it can be 

seen there are small grains on surface and the film surface is almost the same as substrate. 

By increasing thickness to 50 nm and in presence of 473 K temperature, surface diffusion 

happens and it forms bigger grains with small grains between them (Figure 5(b)). By 

increasing thickness to 100 nm in Figure 5 (c), most of the holes are covered with metallic 

grains and smoother layer produces and by increasing thickness to 200 nm, due to surface 

and bulk diffusion, domed grains appear (Figure 5(d)). By increasing thickness at high 

temperature, needle like and small grains change to big and domed grains. 
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Fig. 5. The topography of TiO2 / glass with (a)10 nm, (b)50 nm, (c)100 nm, (d)200 nm 
thickness at 473 k. 

3.5 Roughness 

Figure (6), shows the roughness curve of produced layers. As it can be seen by increasing 
thickness to 50 nm, roughness increases. At 100 nm and 200 nm thickness, due to surface 
and bulk diffusion and coalescence of grains, a decrease in fraction of voids happens ( as 
discussed in optical properties) and roughness decreases. Generally by increasing thickness 
in high temperature almost roughness decreases. 

 

Fig. 6. The roughness curve of produced TiO2 / glass layers at 473 k. 

3.6 XRD analysis 

Figure (7), shows the XRD patterns of produced layers. As it can be seen in Figure 7(a), for 
the layer of 10 nm thickness, no clear peak is appeared so the layer is amorphous. By 
increasing thickness to 50 nm, TiO2 layer is getting crystallized and anatase A(200) 
crystallographic direction begin to grow (Figure 7 (b)). By increasing the thickness to 100 nm 
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and 200 nm (Figure 7(c) and 7(d)), layers are crystallized and anatas A(004) crystallographic 
direction appear. By increasing thickness the pick becomes sharper. High temperature and 
thickness play an important role on the layers crystallization. 

 

Fig. 7. The XRD pattern of TiO2 / glass layers with different thicknesses at 473 k. 

3.7 AFM Analaysis of other samples 

Figure 8(a-d), shows AFM images of different thicknesses 20 nm, 70 nm, 200 nm and 250 nm 

respectively in presence of 600 K annealing temperature and Oxygen flow. As it can be seen 

heat and oxygen have different effects on different thicknesses. Morphology of these layers 

are completely different. For thinner layers (Figure 8(a) and 8(b)), Oxygen penetrate to 

 
(a) (b) 

 
(c) (d) 

Fig. 8. The topography of TiO2 / glass with (a)20 nm, (b)70 nm, (c)200 nm, (d)250 nm 
thickness at 600 k. 
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depth of the layers and by exerting high temperature, coalescence of grains happen and 

big domed grains appear. For thicker layers of 200 nm and 250 nm layers (Figure 8(c) and 

8(d)), it seems that oxygen is penetrating to a special depth of surface and by exerting heat 

coalescence happens but grains are smaller in comparison with thinner layers. It was 

found that, film thickness play an important role on nanostructures of produced thin 

layers.  

4. Conclusion 

The relationship between nanostructure of TiO2 thin films of different thicknesses (10 nm to 

200 nm) produced at 473 K deposition temperature were studied. Optical properties, 

topography, roughness and crystallization of these films were investigated. Optical 

properties were investigated by studying the relationship between nanostructure and EMA, 

while the EMA results were dependent on dielectric constant of both film and bulk samples. 

The optical constants of the films were effected by the film thickness and high deposition 

temperature. By increasing film thickness, dielectric constants, absorption coefficient and 

real and imaginary parts of refractive indexes increased. Almost for all plots of 4 eV - 6 eV 

energy range, curves cross each other, that is because of competition between surface and 

bulk diffusion in one hand and increasing thickness on the other hand. The fraction of voids 

were obtained using the EMA method. The deviation from a general increasing or 

decreasing trend is due to the competition between surface and bulk diffusion of grains and 

film thickness. The results of absorption coefficient versus photon energy in inter band 

region for TiO2 films were found to fall into a band, which is confined by Johnson and 

Christy’s results (for thin film) at the top of band and those of Lynch et al (bulk Ti sample) at 

the bottom. 

Topography of layers showed that, by increasing thickness at high temperature (473 K), 
surface and bulk diffusion happened and changed the shape of grains. Roughness curve 
showed that only for 50 nm thickness, roughness increased but for 100 nm and 200 nm due 
to surface and bulk diffusion and migration of the grains, roughness decreased. 

XRD pattern of the layers showed that the 10 nm TiO2 layer is amorphous and by increasing 
thickness, layers become crystallized. Crystallographic direction as A (200) for 50 nm and 
A(004) for 100 nm and 200 nm TiO2 layers, appeared. By increasing thickness A(004) peak 
become sharper. 

Finally the AFM images of another samples of 20 nm, 70 nm, 200 nm and 250 nm thicknesses 
deposited at 600 k were studied and it was found that, film thickness play an important role 
on nanostructures of produced thin layers.  
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