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Abstract - In this study, the optical and structural properties of an Fe-TiO2 sol were investigated. TBOT[Ti(OC2H5)4] and ferric 
nitrate[Fe(NO3)3.9H2O] were  used  as precursors  to  make  the  Fe-TiO2   sol.  The samples for measurement were 
prepared on a glass substrate using the sol-gel spin coating method. The annealing temperature (Ta) was varied in the range 
of 500 ◦C. The cut-off points of the samples were increasingly red-shifted with increasing Fe content. Characteristics and 
optical properties of TiO2 thin films doping of various Fe content were investigated by X-ray diffraction (XRD), atomic 
force microscopy (AFM), scanning electron microscopy(SEM), ultraviolet-visible spectroscopy (UV-vis). The crystalline 
phase of TiO2  thin films  comprised  only  the  anatase  TiO2,  but  the  crystallinity decreased when the Fe3+ content increased 
from 0 to 2.5 %. During the Fe3+ addition to 2.5%, the phase of TiO2 thin film still maintained the amorphous state. It was found 

that the addition of Fe ions suppressed the grain growth of crystals in the TiO2 thin film. The UV inducing hydrophilicity of the 
films was enhanced by doping Fe ions. 
 

Keywords - TiO2 thin film, Fe3+-doped, Anatase, Absorption edge. 

 

I. INTRODUCTION 

 

Titanium dioxide (TiO2) has many interesting physical 

properties, which makes it suitable for various thin 

film applications.  Since the pioneering work of 

Fujishima and Honda [1], researchers paid special 

attention to TiO2 thin films, which had many 

applications in photocatalysis, solar energy cells, 

gassensors. In 1997, Wang et al. [2] reported a new 

phenomenon, which was denoted as super-

hydrophilicity.  
That is when the TiO2 thin films are irradiated by 

ultraviolet (UV) light, the contact angle of the water 

decreases gradually and finally becomes almost 

zero.  Several commercial products (e.g. self-

cleaning construction materials) have been designed 

and produced on the basis of this phenomenon. Due 

to the potential applications of this photoinduced 

surface wettability conversion phenomenon, this 

discovery attracted the attention of much interest to 

TiO2 films [3-5].  

 

The preparation ofnanocomposites made of oxide film 
containing fine metal particles allows systems with 

peculiar optical, catalytic and other effects [6-8].   

Such uniqueproperties are derived from phenomena 

occurring at the nanoparticle-matrix interface.  Many 

transitionalmetal ion dopants have been investigated 

for the TiO2system [9-13], among which Fe3+ has 

been most extensively examined. But most of the 

researchers investigated their photocatalytic activity 

and mechanism emphatically, while few works were 

reported on the change of hydrophilicity of TiO2 films 

with the addition of metal ions. In this paper, we 
reported the effect of different amount of Fe ions 

on photogenerated hydrophilicity and the structure of 

TiO2 thin films. 

II. DETAILS EXPERIMENTAL  

 

In order to deposit the Fe-TiO2 thin films, solutions 

of titanium (IV) ethoxide(Ti[OCH2CH3]4, 99.9%, 

Merck) and iron (III) nitrate (Fe 

(NO)3)3.9H2O,Katayama Chemical) were prepared as 

precursors for Ti and Fe, respectively. 17ml of 

Ti[OCH2CH3]4 and 2.1 mol of distilled water were 

each dissolved in 20 mL of ethyl alcohol (C2H5OH, 

Merck) at room temperature. Subsequently, these two 

solutions  were  slowly  mixed  and  HCl  was added  
(up  to  pH=  2)  with continuous stirring  for 60  min 

(0Fe-TiO2),  in  order  to avoid  the  earlyprecipitation 

of the oxides, so that a hydrolysis reaction was 

provoked. Then atomic ratio of Ti/Fe 0.05-2.5% of 

Fe(NO3)3.9H2O were each dissolved in 20 mL of ethyl 

alcohol (C2H5OH, Merck) at room temperature and 

stirred for 60 min. Then, the resulting 0.05 M and 

2.5% Fe(NO3)39H2O solutions were added to the 

prepared Ti[OCH2CH3]4 solutions (0Fe-TiO2). All of 

the sols were stirred for 60 min (0.05%Fe-TiO2, 

2.5%Fe-TiO2) and then held under static conditions 

to ensure the completion of hydrolysis and condensation. 
The films were grown on glass substrates by the spin 

method. The samples were thermally preheated at 80 ◦C 

for 15 min and then annealed at various temperatures 

(Ta) in the range of 500 ◦C for 60 min. Both the pre-

heating and sintering treatments were done in an open 

atmosphere. 

 

III. RESULTS AND DISCUSSION 

3.1. Sample characterization 

The crystal structure and grain orientation of the Fe-

TiO2 films were determined by X-ray diffraction 
(XRD, Philips model pw 1800) with Cu-Kα 

radiation. The surface morphology of the films was 

characterized by scanning electron microscopy 
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(SEM, LEO 1455VP). The optical transmission 

spectra of the films were analyzed using a UV- 
Visible spectrophotometer. 

 

3.2. Structural properties 

Fig.1shows the XRD patterns of theun doped and   

Fe-TiO2 thin films (Fe: 0, 0.05, 0.2, 2.5 %) compared 

with the standard diffraction pattern. The XRD pattern 

in Fig.1a clearly indicates the presence of the anatase 

(crystalline) phase of TiO2. Also, after annealing the 

TiO2 films in the temperature range from 500◦C   to 

600◦C, the intensity of the diffraction peaks of all the 

films was decreased. Fig.1b and c display the XRD 

patterns of the crystallized samples, 0.05Fe-TiO2, 0.2 
Fe-TiO2 and 2.5 Fe-TiO2, respectively. The results 

showed that Fe interrupts the formation of the 

anatase phase of the TiO2. The phase that is formed 

reacted differently depending on the Fe dopant 

concentration. 

 
Fig.1. XRD patterns of undoped TiO2 films. (a) TiO2 film; (b) Fe - 

TiO2 film. 

 

Fig.2 illustrates the SEM images of the TiO2thin 

films deposited on the glass substrates and annealed 

at 500◦C for 1 h. The films exhibit an almost uniform 
spherical grain like structure. Shape of the particles 

is generally spherical and quite similar. The 

existence of a dense and compact surface 

morphology is evident from Fig.2. However particle 

size distribution of the powder was not determined. 

 

 
Fig.2. The morphological SEM images of the TiO2 films on the 

glass substrates annealed at 600◦C K. (a) 0Fe-TiO2, (b) 0.2Fe-

TiO2 and (c) 2.5Fe-TiO2 

With different amount of Fe ions under 0.1 

mW.cm−2 UV illumination. The undoped TiO2 thin 
film, prior to UV illumination, yields a contact angle 

of 45◦, indicative of its relative hydrophobicity. After 

UV illumination for a certain time, the contact angle of 

water decreases, which means the films convert to a 

hydrophilic state. After 2 h UV illumination, the 

undoped TiO2 film shows a contact angle of 19◦. That 

is, water entirely wets the film and the films show good 

hydrophilicity. Fe ions doped films have smaller 

contact angle of water before illumination. After UV 

illumination, the contact angle decreases and 

becomes less than 10◦ for 2.5% Fe ions doped film 

after 2 UV illumination, the films show hydrophilicity 
and are entirely wetted after 4 h UV illumination. The 

optimized hydrophilicity was achieved with 2.5% Fe 

ions doped films for the same radiation time. For 

2.5% doped films, there is a trend that Fe2O3 phase 

will separate. However, because of poor 

crystallization or the crystal size of Fe2O3 cluster is so 

small that Fe2O3 phase is not detected by XRD. 

Because Fe2O3 itself does not exhibit hydrophilicity, 

so with increasing content of Fe2O3, the 

hydrophilicity decreases comparatively to 2.5% doped 

films. On the correlation of the hydrophilicity with 
surface properties, it is well known that a rough 

surface improves the hydrophilicity. However, the 

improvement of hydrophilicity was not due to the 

change of roughness in this research. It reported 

that the generation of a highly hydrophilic TiO2 

surface is closely related to the preferential 

absorption of water on the photogenerated surface 

defective sites. Photogenerated electron/hole could 

either recombine or move to the surface to react with 

species adsorbed on the surface. Some of the 

electrons react with lattice metal ions (Ti4+ and Fe3+) 

to form Ti3+ and Fe2+ defective sites (surface  trapped  
electrons). It was likely that the number of defective 

siteincreased with Fe ions doping and this leading 

to the improvement of hydrophylicity. The energy 

level for Fe
3+

/Fe
2+

 lies below the conduction band 

edge (Ecb) and above valence band edge (Evb).  It 

allows the verticaldisplacement of holes from one 

semiconductor to another and retards the 

recombination of the electron-hole pairs. 

 
Fig.3. Changes in the water contact angle of the TiO2 thin films 

doped with (a) 0 at.% Fe, (b) 0.05 at.% Fe, (c) 0.2 at.% Fe and 

(d) 2.5 at.% Fe when illuminated by UV light for 60 min. 
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AFM was used to characterize theuniformity and 

particle size of undoped and doped films. As 
shown in Fig.4, the TiO2 crystals of the two 

samples both exhibit spherical shape. The TiO2 

crystal of the undoped film has a particle size of 40-

60 nm, while TiO2 thin film added 2.5 % Fe ions 

(Fig.  4(b)) has the particle size of TiO2 crystals as 

small as about 60-70 nm. Films with different 

amount of Fe ions have similar surface 

morphologies. The crystal size of TiO2thin film 

increase significantly during the calcining 

process, for the Fe ions doped samples, the grain 

growth of TiO2 is inhibited and the particle size is 

much smaller. 
 

 
Fig.4. AFM images of (a) undoped TiO2 film; (b) 2.5% Fe ions 

doped TiO2 film. 

The ultraviolet-visible (UV-vis) spectra of TiO2 thin 

films with different Fe3+-doped concentrations in 

the wavelength range of 300-800 nm are illustrated 

in Fig.5. It reveals that the transmittance of TiO2 thin 

film without Fe3+ doping has an abrupt decrease when 

wavelengths are below 360 nm.  This indicates a 

shoulder at near 360 nm and a base which approaches 

near zero at about 300 nm. The transmittance quickly 

decreases when below 360 nm due to the absorption 

of light  caused  by  the  excitation  of electrons  
from  the  valence  band  to  the conduction band 

of TiO2. The absorption   edge shifted towards 

longer wavelengths (i.e. red shifted) from 360 to 

415nm with the Fe3+-doped concentration increasing 

from 0 to 2.5%. Red shift associated with the 

presence of dopants can be attributed to a charge 

transfer transition between the iron d electrons and 

the TiO2 conduction or valence band. Moreover, the 

wavy nature of transmittance between 355 and 800 

nm is due to the interference between the TiO2 thin 

films and substrate. 

 
Fig.5. UV-VIS spectra of undoped and Fe ions doped films. 

CONCLUSIONS 

 
Characteristics and optical properties of Fe3+-doped 

TiO2 thin films prepared by a sol-gel spin coating 

have been investigated using XRD, SEM, ultraviolet-

visible spectroscopy and AFM. The results in the 

present study are summarized as follows: 

 

1. The crystalline phase of TiO2 thin films 

comprised only the anatase TiO2 when Fe3+ 

content increased from 0 to 2.5 wt% after 

calcined at 500 ◦C for 1 h. However, the phase of 

TiO2 thin film still maintained an amorphous 

state with the addition of Fe3+ up to 2.5 %. 
2. The crystallinity of TiO2 thin films decreased when 

the Fe3+- doped concentration increased from 0 to 

2.5 %. In other words, the crystallite size of anatase 

TiO2 decreased from 70 to 40nm when the Fe3+ 

content increased from 0 to 2.5 %. 

3. SEM micrographs show that the TiO2 thin films, 

with various Fe3+ content, all have smooth surfaces 

containing granular nanocrystallines and are 

without cracks. 

4. The absorption edge of TiO2 thin films shifted 

towards longer wavelengths from 360 to 415nm 
with the addition of Fe3+ concentrations increasing 

from 0 to 2.5 %. 
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