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Transparent (1-x)TiO,—xFe,O4
(x=0,5, 10, 15and 20 mol%)
thin films prepared by sol-gel process
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Transparent iron-doped titanium oxide thin filmswere prepared on soda-lime-silicaglass substrate
from atitanium naphthenate precursor. Films prefired at 500°C for 10 min were finally annealed
at 500°C for 30 min in air. Field emission—scanning electron microscope and scanning probe
microscope were used for characterizing the surface structure of the film. A sharp absorption edge
of the film was observed. The film containing iron showed a shift towards the visible in the
absorption threshold.
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1. Introduction

Titanium oxide TiO, has universally been recognized as one of the better
photocatalysts in heterogeneous photocatalysis applications as it combines two
important complementary features for a photocatalyst: good UV absorption efficiency
for thelight harvesting process and good adsorption capacities, due particularly to the
density of OH™ groups of amphoteric character. However, the band gap energy requires
that near-UV light be used to photo activate this very attractive photocatalyst [1-3].
Unfortunately, in solar energy applications only ~3% of the solar light is absorbed. It
would be advantageous, therefore, if this metal oxide semiconductor (SC) could be
photosensitized by visible light.

Doping TiO, with Fe or other metal cations has been attempted for photocatalytic
applications by shifting the threshold for photonic excitation of the titanium oxide
towardsthe visible. These systems are being prepared in the form of thin films due to
the advantages of their use as electrodes, transparent coatings, etc. [4-6]. However, as
far as we know, there is little information to prepare Fe-doped TiO, thin films by
chemical solution deposition (CSD).
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In this study, we report on the preparation of transparent Fe-doped TiO, thin films
on soda-lime-silicaglass (SL SG) substrate by CSD using metal naphthenate precursor.

2. Experimental procedure

The preparation for the TiO, thin films from titanium naphthenate is described in
detail in our previous work [7]. Briefly, a precursor sol was prepared using Ti- and
Fe-naphthenates (Nihon Kagaku Sangyo Co., Ltd., Japan) and by diluting the sol with
toluene (concentration: 4 wt% metal/100 ml sol). Theiron contents, asmol percentage,
were 0, 5, 10, 15, and 20. Samples are denoted as T100, T95F5, T90F10, T85F15, and
T80F20, the numbers after the letters give the nominal total titanium and iron contents
expressed as mol percentage. SL SG was cleaned in distilled water, immersed in H,O,
and finally rinsed in toluene. The precursor sol was spin coated onto the cleaned SL SG
at 1500 rpm for 10 sec. The as-deposited film was prefired at 500°C for 10 minin air.
Thecoating processwasrepeated fivetimes. A final annealing was performed at 500°C
for 30 minin air by directly inserting the samples into a preheated tube-type furnace,
followed by fast cooling.

The crystallinity of the annealed film was examined by high resolution X-ray
diffraction system (HRXRD, X’pert-PRO, Philips, Netherlands). Transmittance in
the visible wavelength range was observed by using a UV-visible-NIR
spectrophotometer (Cary 500 Scan, Varian Co., Australia). The thickness of the
annealed film was determined by observation of fracture-cross sections by means of
afield emission—scanning electron microscope (FE-SEM, S-4700, Hitachi Co., Japan)
and F20 (Filmetric Inc., San Diego, U.S.A.) using reflection spectrum. The surface
structure of thefilm was studied with FE-SEM and ascanning probe microscope (SPM,
XE-200, PSIA, Korea). All the SPM measurements were performed in air using the
tapping mode. The hydrophilic property of the films was evaluated by examining
the contact angle between water and the films. Irradiation in the UV wavelength range
was performed using an UV lamp (UVGL-58, UVP Co., U.SA.) at 1.0 mW/cm?.
Contact angles were measured with horizontal microscope with a protractor eyepiece
at room temperature (contact angle micrometer, CAM Plus-Microx12, Tantec Inc.,
U.S.A.). Water droplets were placed at five different positions for one sample and the
averaged value was adopted as the contact angle.

3. Results and discussion

Figure 1 shows the XRD curve of the films deposited on SLSG substrate. The XRD
pattern of T100 and T95F5 consists of only anatase peaks such as (110) reflections.
The films after prefiring exhibit amorphous character, not shown here. By contrast,
peak intensity of the anatase TiO, comparatively decreased for the sample containing
iron (T90F10, T85F15 and T80F20). From XRD result, we can assumethat iron forms
a solid solution in the TiO, structure and that there is no iron oxide precipitated as
secondary phase when making a solid solution with TiO,.
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There is an interesting difference in the crystalline structure between pure TiO,
and Fe-doped TiO, samples. Pure TiO, thin film was crystallized into the anatase
structure. By contrast, the films containing Fe yielded amorphous structure for thefilm
with the Fe content above 10 mol%.

Many transition metals, such as Fe, Ni, V, Cr and Co are known to promote the
anatase-rutile transition in TiO, [8]. This enhancement effect has been explained on
thebasisof M (M = metal) diffusioninto the TiO, | attice, which generatesthe oxygen
vacancies that are needed to maintain charge neutrality, favoring rutile nucleation.
These oxygen vacancies are responsible for the enhancement of transformation from
anatase to rutile [8]. However, in this work, it is very difficult to identify crystalline
phases in the films containing high Fe-doping mol%. We assume that lower annealing
temperature, 500°C, was insufficient for transformation from anatase to rutile.

Figure 2 shows FE-SEM photographs for the films on SLSG substrates finally
annealed at 500°C. Particulate structureis evident in Fe-doped TiO, film. The particle
size increases with an increase of iron doping mol%. It is noted that no evidently
aggregated particles are present and the nano-sized particles were obtained in all the
films except 20 mol% Fe-doped TiO, film annealed at 500°C. Generally, in the CSD
method, pores and cracks are easily recognized in the product films. On the contrary,
the surface of the film produced in this work was flat and smooth.

Figure 3 shows FE-SEM images for the fractured cross-section of the T95F5 and
T80F20 thin films. The interfaces between the films and the substrates were very flat
and homogeneous. The thickness tended to increase with increasing the Fe-doping
mol%, being 523, 541, 580, 634 and 691 nm for the films T100, T95F5, T90F10,
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Fig. 2. FE-SEM photographs of the films on SLSG substrates after annealing at 500°C.
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Fig. 3. FE-SEM photographs for the fractured cross-section of the films T95F5 (a) and T80F20 (b) after
annealing at 500°C.

T85F15, and T80F20, respectively. Thickness of the film was increased with
Fe-doping mol%. We assumethat anincrease of the viscosity of the coating sol induced
variation of the film thickness according to the Fe-doping mol % since Fe-naphthenate
was stickier than Ti-naphthenate in appearance.

To evaluate the surface topology of the films according to Fe-doping mol%, SPM
analysis was performed. Figure 4 shows the SPM images of the films on SLSG
substrate anneal ed at 500°C. The surface of T100iscomposed of relatively low-surface
roughness without 3-dimensional grain outgrowth, as shown in Fig. 4. Furthermore,
for the Fe-doped TiO, thin films, it is difficult to identify large grain outgrowth, such
as island growth on the 2-dimensionally grown layer. The smoothness of the surface
of the films from SPM analysisis relatively high. On the other hand, in our previous
work, the TiO, film coated on SL SG substrate exhibited needle-shape grain outgrowth
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owing to nonstoichiometry of the TiO, film annealed at 600°C [7]. We assumed that
formation of the second phases was caused by sodium or calcium diffusion near the
interface between TiO, and SL SG substrate[7]. We can concludethat low-temperature
annealing at 500°C was sufficiently effective to suppress akali-diffusion from the
substrate used.

Figure 5 showsthevisible spectrain thewavel ength range 300—-900 nm of thefilms
on SLSG substrates annealed at 500°C. Relative high transmittance at visible range
and a clear absorption edge of the film were observed. The high transmittance of the
film is attributed to the small particle size which eliminates light scattering [7]. From
these spectra, it is apparent that films present relatively high optical quality, with an
absorption in the visible region that is characterized by the typical interference pattern
found when atransparent thin film is deposited onto a substrate of different refractive
index. Furthermore, the film containing iron showed a clear shift towards the visible
in the absorption threshold. This shift was higher as the amount of iron in the films
increased.

The optical absorption coefficient ¢, is defined as,

| = loexp(-at) )

where | is the intensity of transmitted light, 1, is the intensity of incident light, and
t is the thickness of TiO, film. Since the transmittance is defined as I/1;, we obtain o
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from Eq. (1). In the direct transition semiconductor, o and optical energy band gap
Eqarerelated by [9]

a=(hv—Ey)"? 2

where h is Planck constant, and v is the frequency of the incident photon. As shown
in Fig. 6, thelinear dependence of o on hvindicatesthat filmson SLSG arethe direct
transition-type semiconductor. The photon energy at the point where o is zero is Ey
Then Ey is determined by the extrapolation method [10]. Optical band gap Egisin the
range between 3.696 eV and 3.018 eV, as shown in Fig. 7. The estimated value of the
band gap for the T100 is larger than that of TiO, bulk (3.3 €V). The film consisting of
fine crystallites shows blue shift [11]. We assume that the increase in the band gap is
dueto the quantum size effect (QSE), which occurs for semiconductor particles below
100 nm. Moreover, it can be clearly observed that for each sample the band gap energy
decreases with an increase of Fe-doping mol%, as shownin Fig. 7.

A comparison of optical energy gaps between pure TiO, and Fe-doped TiO, thin
films shows an obvious red shift in Fe-doped TiO, films at the same annealing
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temperature. Thelargered shift in optical energy gapsis considered dueto two factors.
Thefirst comesfrom the mixture effect of band gap of composite semiconductor. When
TiO, with a relatively high band gap is mixed with alow band gap Fe,O,, the band
gap of the composite semiconductor Fe-doped TiO, will locate between these two
materials, i.e., the shift to lower energy compared with pure TiO, thin film. The second
one is considered due to the interface effect between Fe,O5; and TiO, particles, TiO,
particlesareisolated by Fe,O5 particles and theincreased di el ectric confinement effect
at the interface can also cause the red shift [4].

The contact angle was being measured to examine the surface wettability of the
thin films. Figure 8 shows the time dependence of the water contact angle of the films
upon UV illumination. When UV light shone on the film surface for above 45 min, the
surface gradually converted to a hydrophilic state. Stored in the dark for 300 min,
the surface gradually reconverts to the hydrophobic state. The hydrophobic to
hydrophilic state conversion is explained by assuming that surface Ti** sites are
photoinduced to the Ti®* state [12]. This processis essentially the same as the surface
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reduction process of Ti** to Ti* induced by Ar ion sputtering [13] and electron beam
exposure [14]. However, the films containing iron showed high contact angle despite
sufficient UV illumination time, 300 min. The best hydrophilicity was achieved with
apure TiO, film. The hydrophilicity of the high doping TF films was not preferable.

4. Conclusions

Pure TiO, and Fe-doped TiO, thin films were prepared on SLSG substrate at 500°C
from metal naphthenate precursor. The surface of the films showing a high
transmittance at the visible wavelength range is composed of relatively high surface
smoothness without grain outgrowth. A comparison of optical energy gaps between
pure TiO, and Fe-doped TiO, thin films shows an obvious red shift in Fe-doped TiO,
films at the same annealing temperature. With an increase of Fe content on the film,
the contact angle for water increased.
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