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Mesoporous (pore size<50 nm) anatase and rutile based films were generated in WO3 doped TiO2 films by excimer laser 
induced transformation. CeO2 (5 wt.%) and WO3

 (3 wt.%) doped TiO2 precursor films were prepared by a sol-gel method 
and spin-coated on Pt(Si) substrate. KrF (248 nm, 13 ns) pulsed excimer laser beam with variation in fluence and number of 
pulses, was applied on film surface. The effect of laser operating conditions on TiO2 crystallization, microstructure and 
morphology was studied by Raman spectroscopy, FEG-SEM and AFM respectively. Anatase was revealed at laser fluence 
of 35mJ/cm2 in both TiO2 compositions. Ce doped film was crystallized to anatase under higher number of laser pulses in 
contrast to W doped TiO2. Whereas, finer features and surface morphology was obtained in the later.    
 
(Received June 30, 2009; accepted December 3, 2009) 
 
Keywords: Pulsed excimer laser, Sol-gel, Anatase, Raman Spectroscopy, Laser Induced Phase transformation, FEG-SEM 
 
 

1. Introduction 
 
Titanium dioxide, or titania (TiO2) is a well known 

transition metal oxide due to its stability, low cost, non-
toxicity and applications in photocatalysis, self-cleaning 
surfaces, antibacterial coatings, gas sensors, organics 
decomposition and water purification etc. [1-3]. TiO2 
exists in three polymorphs namely brookite 
(orthorhombic), anatase (tetragonal), and rutile 
(tetragonal) respectively of which anatase is the most 
desired phase because of its highest photo-activity and 
anti-bacterial properties [4, 5]. However, anatase has a 
wider band gap (3.2 eV) and thus absorb light with 
wavelength of 385 nm and below to activate water 
molecules to create strongly oxidizing hydroxyl (OH) 
radicals and strongly reducing dioxygen ions (O2-)[6]. It is 
also unstable above 450°C and transforms to a stable rutile 
phase [7]. This phase transition is undesirable for most 
applications and may be suppressed to some extent by 
optimizing preparation conditions and addition of 
impurities/dopants etc. [8]. The addition of lanthanides has 
shown considerable enhancement in stabilizing anatase 
and enhanced photocatalysis of titania [9, 10]. Among 
lanthanides, CeO2 has shown significant results to control 
the stability of anatase at higher temperatures [11,12]. 
Besides, WO3 may serve dual purpose in stabilizing 
anatase as well as enhancing the photocatalysis in TiO2

 

[13]. 
A plethora of research has been devoted to prepare 

TiO2 nanoparticles and films with diverse microstructures 
to improve the photocatalysis and other properties of 
interest [3,6,14]. It is believed that increasing TiO2 surface 
area by fabricating anatase mesoporous films, 
photocatalytic behavior would be improved [15,16]. 
Generally, sol-gel method is used to fabricate mesoporous 
TiO2 films by using cationic surfactants or copolymer 
templates as structuring agents [17, 18]. Conventional heat 
treatment of sol-gel derived oxide films in furnaces has a 
major drawback of localized film-substrate interactions 

resulting in defected films hence making their deposition 
on substrates like plastics and polymers very difficult. 

Lasers find widespread applications today from 
characterizations to the preparation, and processing of a 
variety of materials to various forms [19]. Recently, 
annealing/crystallization of the sol-gel metal oxide 
precursor films by using lasers has shown promising 
results [20-23]. It is necessary to mention that 
crystallization of sol-gel derived films by continuous wave 
(cw) laser annealing such as CO2 (10.6 µm) and/or 
Nd:YAG (1.06 µm) may be ascribed to thermal effects. 
Whereas, ultraviolet (UV) pulsed excimer laser keeps a 
high photon energy (0.248 µm) coupled with nanosecond 
pulse width. As a result, excimer laser beam induces non-
thermal modifications in sol-gel film due to the 
photochemical effect [24]. In addition, thermal effect 
caused by the high energy laser beam is responsible for 
phase transformation between the amorphous, atanase and 
rutile respectively. It is assumed that as anatase phase 
crystallizes out of amorphous titania during laser 
irradiations, its absorbance to UV photons may increase 
resulting in the transformation into rutile phase 
instantaneously. With visible and infrared lasers 
(Nd:YAG, CO2 ) operating in cw mode and lower photon 
energy, the process flexibility is limited. Nevertheless, 
pulsed excimer laser offers more to process sol-gel thin 
films on any kind of substrate.  

In continuation to our previous work [25], this paper, 
reports on a single-step process using a KrF laser to 
crystallize sol-gel prepared Ce and W ions doped TiO2 
thin films respectively. These dopant ions were added with 
the aim to study their effect on phase transformation and 
the microstructure of titania films.  

 
 
2. Experimental 
 
Two types of TiO2 precursor films were prepared by 

sol-gel method. The first composition was doped with 5 
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wt. % CeO2 and the other with 3 wt. % WO3 respectively.  
In both compositions, titanium n-butoxide Ti(C4H9O)4  was 
used as the TiO2 precursor, cerium nitrate Ce(NO3)2, acetic 
acid (CH3COOH), n-butanol (C4H9OH) and de-ionised 
(DI) water to prepare a cerium modified TiO2 precursor 
sol-gel system. The molar ratio of Ti:CH3COOH:H2O was 
selected as 1:2:2. The WTO sol-gel films were prepared 
with same precursors/solvents as above with the addition 
of tungsten (VI) isopropoxide W(iPr)6 as the WO3 
precursor inplace of Ce(NO3)2. Cerium and tungsten doped 
titanium oxide film may be named as CTO and WTO 
respectively hereafter for brevity. Moreover, pure titania 
precursor sol-gel batch was also prepared without any 
doping additions. 

The chemicals were mixed stepwise while 
magnetically stirred overnight at room temperature. This 
step gave a 0.36 Molar Ti sol for subsequent spin coating. 
The sol-gel solutions were aged at room temperature for 
24 hours in a sealed beaker. Later the films were deposited 
on Pt coated Si (100) substrate by spin coating method. 
Each sample was prepared by coating up to four 
consecutive layers of TiO2 precursor sol while each layer 
was dried at 300°C for 2 minutes. The drying step was 
necessary to evaporate free volatiles and to decompose the 
organic species inside the sol-gel film. This led to a TiO2 
precursor film in a dried amorphous state before laser 
processing.  

The dried films were subjected to Lumonics PM-840 
KrF excimer laser (λ=248 nm, pulse width=13 ns) using a 
wide range of laser operating parameters. Typically, laser 
fluence was varied from 35-45 mJ/cm2 and up to 800 
number of pulses, were used. It must be noted that in all 
experiments the laser repetition rate was set to be 10 Hz. 
The samples were moved across the stationary laser beam 
in x-y to cover approximately 1x1cm2 area.  

The laser processing was carried at ambient 
atmosphere. The laser beam was masked through 0.5x0.5 
cm2 and de-focused onto the work piece in order to obtain 
a uniform energy distribution over the film surface. Laser 
fluence was varied between 25-50 mJ/cm2 and the number 
of laser pulses up to 500 at a fixed pulse repetition rate of 
10 Hz. The parameters were varied keeping at least one 
constant to study their effect on film transformation. Laser 
irradiated films were characterized against their structural 
changes by using Ar ion laser (512 nm) Raman 
spectroscopy. Raman spectra were recorded in the range of 
100-1000 cm-1 with accumulation time of 10-20 seconds. 
The microstructural features were imaged using a Field 
emission gun scanning electron microscope (FEG-SEM). 
The film thickness and 3-D surface profile were measured 
using an atomic force microscope (AFM). 

 
 
3. Results and discussion 
 
3.1 Raman spectroscopy of CTO and WTO films 
 
Fig. 1(a-d) compares the Raman spectra from CTO 

and WTO films treated by laser at various parameters i.e. 
laser fluence, number of pulses etc. Both of the films 

revealed amorphous structure in the as dried state (before 
laser irradiation) as shown in Fig. 1a and 1b respectively. 
CTO films were irradiated first by excimer laser beam at 
35 mJ/cm2 fluence for 100 pulses respectively. Anatase as 
a dominant phase was identified after analyzing by Raman 
spectrum as shown in Figure 1a. However a small shoulder 
from rutile peak was also evident. The CTO film irradiated 
at a higher laser fluence of 45 mJ/cm2 and 100 pulses, 
indicated rutile phase from Raman spectrum in Figure 1a. 
Therefore indicate that increasing the laser fluence has a 
direct effect on phase transformation from anatase to 
rutile[26]. As anatase is a metastable phase it can be 
converted to rutile by experiencing higher laser fluence at 
the same number of pulses. It may be inferred that by 
increasing laser fluence, the peak temperature produced by 
excimer laser pulse interaction with CTO film would 
subsequently increase. 

On the other hand, WTO films were laser irradiated at 
the same operating conditions and results obtained are 
shown by Raman spectra in Figure 1b. Excimer laser 
irradiation of WTO film at 35 mJ/cm2 with 100 laser 
pulses formed anatase and rutile combined phase as shown 
in Fig. 1(b). However the peaks were rather weak as 
compared to the CTO film. The WTO film laser irradiated 
at 45 mJ/cm2 was partially converted to rutile phase as 
shown in Figure 1b. The phase transformation from 
amorphous to anatase and then to rutile in WTO was 
different as compared to CTO film. In order to study this 
phenomenon, WTO films were irradiated with excimer 
laser keeping the fluence fixed at 35 mJ/cm2. The number 
of laser pulses was varied from 10-100. Results obtained 
were quite surprising as only 10 laser pulses (processing 
time=1 second) crystallized WTO film to anatase as shown 
in Fig. 1d. As the pulses were increased from 50 to 100, 
additional peaks from rutile appeared in Raman spectra 
indicating the meta-stability of anatase. Most of anatase 
was converted to rutile phase after 100 laser pulses as 
shown in Fig. 1d. It may be noted that the samples results 
shown in Figure 1b and 1d look a bit different from each 
other. The reason for this behavior may be due to pulse to 
pulse energy variation from the laser at different spots on 
film. 

CTO films on the other hand, exhibited a dissimilar 
behavior against transformation. Laser pulses below 100 
did not show any major effect on CTO films. The laser 
pulses were increased upto 800 at a fixed fluence of 35 
mJ/cm2 with a pulse repetition rate of 10 Hz respectively. 
The sample irradiated at 100 pulses produced crystalline 
anatase as shown in Fig. 1c. The peaks intensity of anatase 
was increased with increasing laser pulses up to 500 but 
rutile also appeared as shown in Figure 1c. Further laser 
irradiation up to 800 pulses gave mixed anatase and rutile 
phases. These results may be attributed to Ce ions activity 
in hindering the phase transformation from anatase into 
rutile [12]. The results indicated that CTO required greater 
number of laser pulses for crystallization as compared to 
WTO. 

The Raman spectra results indicated a relationship 
among phase transformation, laser fluence and the number 
of pulses.  
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Fig. 1. Raman spectra of CTO (a, c) and WTO (b, d) 
laser irradiated films at various parameters. 

 
 

 
Increasing the number of laser pulses, irradiation time 

of the film is increased from 10 seconds at 100 pulses to 
80 seconds at 800 pulses respectively which lead to the 
formation of rutile. However, laser irradiation time should 
not be associated with the laser interaction time which is 
derived from the laser pulse width (13 ns).  

 
3.2 FEG-SEM Imaging 
 
SEM image obtained from the as dried CTO and 

WTO films is shown in Figure 2a and 2d respectively. 
Those appeared featureless with a flat surface. However, 
after laser irradiation for 100 pulses at 35 mJ/cm2, CTO 
film roughness increased and a new microstructure was 
obtained as shown in Figure 2b. In addition, CTO film was 
mesoporous as shown by the inset (scale bar=500nm) in 
Figure 2b which is a magnified image of the same sample. 
The average pore size measured by SEM line marking was 
38 nm. The meso-porosity may be produced during laser 
irradiation as a result of decomposition of the remaining 
organic constituents in the film.  

As the laser fluence was increased up to 45 mJ/cm2, 
CTO film revealed a coarse surface morphology after 
receiving 100 pulses as shown in Figure 2e. Earlier, 
Raman results identified rutile phase in the same sample. It 
may be inferred that the laser fluence was high enough to 
cross the anatase phase boundary and transformed it to 
rutile with larger surface features. This is because rutile is 
formed after anatase grains coalesce and grow in size by 
receiving energy/heat from the incident laser beam. The 
pores may also be seen as retained in the image after laser 
treatment and the pore size was also increased.  

On the other hand, SEM image in Figure 2b was taken 
from WTO film surface before laser irradiation. Figure 2d 
shows the microstructure obtained after laser treatment at 
35 mJ/cm2 and 100 pulses. A uniform fine grained 
microstructure was observed. In addition, a mesoporous 
structure similar to the CTO sample was also indicated by 
sample. The pore size obtained from SEM was 34 nm. 
Anatase and rutile mixed phases were identified earlier by 
Raman spectroscopy from the sample. As laser fluence 
was increased up to 45 mJ/cm2, the microstructure was 
changed to a coarser one after receiving 100 pulses as 
shown in Figure 2f. Again, this was result of the formation 
of a denser phase i.e. rutile. The features were smaller in 
size as compared to a similar CTO sample. The actual 
science involved is not very clear yet as many factors may 
be involved such as film composition, optical effect of W 
ions in TiO2 lattice etc. Further experiments are required to 
explore this mechanism. 
 
 
 
 



592                                                                                     Yasir F. Joya, Zhu Liu 
 

 

  

     
a                                                                                  b 

  
c                                                                           d  

 

  
e                                                                                    f 

 
Fig. 2. FEG-SEM images of as dried and laser irradiated films at 35 and 45 mJ/cm2 for 100 pulses from CTO (a,c,e) and WTO 

(b,d,f) batches respectively (scale bar=5µm). 
 

3.3 AFM Surface Analysis 
 
Surface profiles of CTO and WTO films were 

measured by using AFM three-dimensional imaging. The 
image and histogram obtained from laser irradiated CTO 
film at 35 mJ/cm2 for 100 pulses, are shown in Fig. 3a. The 
surface revealed a near spherical morphology and a quite 
uniform distribution in three dimensions. Average feature 
size was less than 200 nm in x and y directions, and less 
than 100 nm in z direction respectively.  

On the other hand, laser irradiated at the same 
parameters, WTO film exhibited finer features as shown in 
Fig. 3b. The surface features were smaller in geometry as 
compared to CTO films and exhibited agglomerated 
particles. The average feature size was less than 100 nm in 
x and y axis and about 55 nm in z axis respectively. 
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Fig. 3. AFM 3-D surface profile obtained from laser irradiated for 100 pulses at 35 mJ/cm2 CTO a) and WTO b) film. (scale 
bar=1µm) . 

 
4. Conclusions 
 
Anatase and rutile based TiO2 thin films were 

successfully synthesized by a single-step pulsed excimer 
laser irradiation. CeO2 and WO3 additions to TiO2 
produced fine features and mesoporous anatase without 
any template addition to the sol-gel. Anatase phase was 
achieved by optimizing the laser fluence and the number 
of pulses applied. A uniform distribution of grains after 
laser processing was demonstrated by the films. WTO 
yielded finer features as compared to CTO. Experiments 
on photocatalytic performance of these films would be 
important for their evaluation and is underway.  
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