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A B S T R A C T   

The preparation and characterization of TiO2-Fe2O3 nanocomposite thin films is reported. Films were deposited 
by magnetron sputtering using a multiple targets configuration to control the Fe content. The effect of the iron 
content in the films on the composition, structure and optical properties was investigated. With this experimental 
configuration, the iron was incorporated in a controlled way up to 23.5 at.%. X-ray diffraction and Raman results 
suggest that at low iron contents (<3.6 at.%) the obtained material consists of a mixture of the anatase and rutile 
phases of TiO2 mainly whereas at higher iron concentrations (>17.3 at.%) nanocomposites formed by the rutile 
and hematite phases are obtained. The prepared films showed enhanced photocatalytic response for the Mala
chite Green dye degradation under irradiation with visible light compared with TiO2 films being in some cases 
even better than Degussa P-25 powders.   

1. Introduction 

It is well known that TiO2 under irradiation with UV and in some 
cases visible light can degrade, in several cases completely, many 
organic compounds. This is because the interaction of light with a 
semiconductor results in the formation of electron-hole pairs, which 
through different routes can generate strongly oxidizing species as the 
hydroxyl (OH●) radicals. In presence of air, the photoelectron reduces 
the oxygen molecules into the superoxide radical (O2

●), which through 
several steps can produce the OH● radical. Similarly, in presence of 
water the hole oxidizes the H2O molecule producing directly OH● rad
icals. This is the base of photocatalysis, an advanced oxidation process, 
to decompose persistent organic molecules towards CO2 and water, 
which are innocuous for human health. Among the semiconductors 
investigated for this purpose, the TiO2 is considered as the archetypal 
photocatalyst, becoming a synonym of photocatalyst due to its good 
photocatalytic response, high stability under light irradiation, non- 
toxicity, low cost, accessibility, not soluble in liquid media and high 
oxidant power to mention just a few of its advantages. TiO2 is found 
mainly in three crystalline polymorphs, anatase (tetragonal), rutile 
(tetragonal) and brookite (orthorhombic), the first two are the most used 
as photocatalysts [1]. In spite of its advantages, the use of TiO2 as 

photocatalyst has an important drawback due to its wide band gap, 3.2 
eV for the anatase phase, it can produce electron-hole pairs only under 
irradiation with wavelengths lower than 387 nm (UV light), which 
means that it absorbs only a little fraction (3–5 %) of the sunlight 
spectrum [2]. Clearly, the use of sunlight to activate photocatalysts 
convey many advantages, mainly because its abundance and inexpen
siveness. Therefore, in recent years many efforts have been focused to 
develop photocatalysts that absorb wavelengths longer than 400 nm in 
the visible region of the electromagnetic spectrum [3–5]. 

Although there is an increasing interest in investigating other semi
conductors as alternatives to TiO2, this constitutes the benchmark in 
photocatalytic processes. Many efforts have been done to improve the 
photocatalytic activity of titania; among the strategies investigated for 
this purpose, doping with metals and non-metals, as well as its coupling 
with a second semiconductor, have been considered as good alternatives 
to develop high efficiency photocatalytic materials by inducing syner
gistic effects leading to the bandgap narrowing as well as promoting 
charge separation decreasing the recombination processes of the 
photoinduced charge carriers [6,7]. 

Particularly, the iron-doped TiO2 or mixtures of Ti-Fe oxides have 
been reported to be photoactive with visible light [8]. Additionally, the 
Fe-doped titania has the advantage of reusability and recoverability for 
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large scale industrial applications [9]. Among iron oxides, α-Fe2O3 
(hematite) has a band gap around 2.2 eV [10], absorbing wavelengths 
lower than 620 nm, which represent a significant fraction of the solar 
spectrum, making it good photocatalytic material active with solar light. 
Additionally, both oxides (TiO2 and α-Fe2O3) have good properties for 
this purpose such as chemical stability in aqueous environment, non- 
toxicity and low cost [11,12]. However, these oxides have an impor
tant disadvantage as photocatalysts, their very short diffusion length of 
photogenerated holes which increases the recombination rate and 
consequently diminishes their photocatalytic response [13]. To over
come this problem two approaches can be explored: first, combine TiO2 
and α-Fe2O3 producing nanocomposites to decrease the recombination 
rate of photogenerated electrons and holes, and at the same time nar
rowing the band gap; second, using nanostructured thin films allowing 
to reduce the depth where the electron-holes pairs are produced and 
consequently decreasing their recombination rate. The development of 
TiO2-Fe2O3 nanocomposites with enhanced photocatalytic performance 
using visible light for the degradation of organic molecules has drawn 
the interest of researchers in the last years [14–20]. 

Therefore, the development of TiO2-Fe2O3 nanocomposites in thin 
film form is of great interest due to their potential applications in the 
degradation of organic molecules present in wastewaters. It is worth 
mentioning that the use of photocatalyst in thin film form has important 
advantages such as an easy recovery from the treated solution, it also can 
prevent the scattering of light due to suspended particles and enhance 
the transmittance of light resulting in higher photoreaction efficiency 
[21]. 

The magnetron sputtering technique is a widely used Physical Vapor 
Deposition method to prepare thin films. Among the main advantages of 
this technique are a high deposition rate, good lateral and in-depth 
uniformity, as well as good control of the properties of the deposited 
films through an easy variation of deposition parameters such as power, 
working pressure, target to substrate distance and deposition rate, which 
allows to obtain films with tailored properties [22]. Sputtering is 
considered a very powerful and versatile technique suitable for the 
synthesis of new nanocomposites which can be used in a wide range of 
potential applications. Thin films of iron oxide and titanium oxide pre
pared by co-sputtering of iron and titanium targets and their subsequent 
oxidation has been reported [23]. The aim of this work is to show the 
obtained results using a multitarget deposition configuration to prepare 
TiO2-Fe2O3 nanocomposite thin films with different amounts of Fe2O3 
depending on the Fe content as well as to explore its capabilities to 
synthesize nanocomposites with good photocatalytic properties. In this 
line, our research group has been working in the implementation of 
different experimental techniques to develop nanomaterials with pho
tocatalytic response under solar irradiation modifying the TiO2 with 
different elements as Co [24], Ni [25] and Bi [26] among others. It is 
worth mentioning that the development of photocatalysts in thin film 
form requires still much work, in particular, to investigate alternative 
deposition techniques capable to produce nanomaterials with good 
photocatalytic response using solar light with the advantages that this 
implies. 

2. Experimental 

Titanium thin films with different amounts of iron were deposited 
onto glass substrates using a DC magnetron sputtering system (INTER
COVAMEX). To vary the iron content, a multiple targets configuration 
was implemented. A different number of Fe targets, each one with a 
0.22″ diameter × 0.11″ thick were placed symmetrically onto the cir
cular race-track produced by the Ar ion erosion on the Ti target (2″ 
diameter × 0.25″ thick) as is shown schematically in Fig. 1. The sput
tered area reported for the titanium target corresponds to the area of the 
race-track whereas the sputtered area of each Fe target corresponds to 
their geometrical area; the Fe target diameter is lower than the width of 
the race-track. Each Fe target has a sputtered area of 25.6 mm2 whereas 
the Ti target has a maximum sputtered area of 457 mm2. The experi
mental variable was the ratio of sputtered areas of Fe to Ti (AFe/ATi) 
which was varied from 0 to 0.28. Sputtering was produced using argon 
ions, generating the plasma at a working pressure of 1.8 × 10− 2 Torr 
applying a DC power of 100 W. The substrate was placed parallel to the 
target at 9.5 cm from the target surface in an on-axis configuration; the 
substrate temperature was close to 30 ◦C during deposition only 10 ◦C 
higher than the room temperature. Deposition time was 30 min for all 
deposits. In order to obtain titanium dioxide, the as-deposited thin films 
were subjected to thermal treatments in a muffle open to the atmosphere 
at temperatures of 200, 300, 400, 500, 550 and 600 ◦C to determine the 
optimal temperature to obtain TiO2, which was established in 550 ◦C. 
Therefore, the reported results correspond to the samples subjected to a 
thermal treatment at 550 ◦C for 2 h. The effect of iron loading incor
porated in the films on the composition, structure, optical properties, 
surface morphology and photocatalytic response was investigated for 
each sample. 

Compositional characterization was performed using three different 
techniques: the first one was Energy Dispersive Spectroscopy (EDS) 
using an EDS probe (Oxford EDS-7274) attached to a scanning electron 
microscope (JEOL, JSM-5900LV); the second one was X-ray Photoelec
tron spectroscopy (XPS) with a K-Alpha ThermoScientific spectrometer, 
the XPS Spectra were acquired in the low and high-resolution regimes 
with an Al-Kα X-ray source; the third one was the Rutherford Back
scattering Spectroscopy (RBS), in this case, a 12.0 MeV C2+ ion beam 
from a Tandem Van de Graff accelerator at a backscattering angle of 
165◦ was used. Structural characterization was carried out by micro- 
Raman Spectroscopy and X-Ray Diffraction (XRD); Raman measure
ments were carried out using a micro-Raman system (HR LabRam 800) 
with a Nd:YAG laser (λ = 532 nm) in the backscattering configuration, 
XRD patterns were obtained using a Bruker AXS D8-Discover diffrac
tometer with the Cu Kα radiation (λ = 1.5406 Å). The optical properties 
were determined from UV–Vis (Perkin Elmer lambda 35) and photo
luminescence (PL) measurements (FluoroMax 4, Horiba Jobin Yvon). 
The deposited films were evaluated in the degradation of the Malachite 
Green dye under simulated solar light (SF150 of Sciencetech solar 
simulator) at a power density close to 30 mW/cm2 to assess their pho
tocatalytic response to visible radiation. 

              0             0.056             0.168             0.280

Fig. 1. Schematic arrangement of three multitarget configurations and the corresponding ratio of sputtered areas.  
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3. Results and discussion 

In general terms, the as-deposited titanium thin films exhibit a 
metallic appearance becoming semi-transparent as result of the thermal 
treatment; this change is expected due to the Ti oxidation and the sub
sequent TiO2-x formation. 

3.1. Compositional characterization 

The EDS measurements were carried out at various positions in each 
film reporting the average of 5 measurements. Fig. 2 shows the evolution 
of the atomic content of oxygen and titanium in the thin films as a 
function of the thermal treatment temperature. As it is seen for the films 
treated at 200 and 300 ◦C the O/Ti ratio is approximately 1 indicating 
that at these temperatures the titanium film is oxidized forming TiO. 
When the temperature is increased from 300 ◦C up to 500 ◦C, it is clearly 
observed that the oxygen atomic concentration increases from 52 to 64 
at.% respectively. At the same time the titanium atomic concentration 
decreases from 48 to 36 at.%. These results suggest that a sub- 
stoichiometric titanium dioxide was obtained at 500 ◦C. For annealing 
temperatures greater than 500 ◦C, the atomic concentration of each 
element remains almost constant with an O/Ti ratio of 1.9, very close to 
the stoichiometric value corresponding to TiO2. The horizontal lines in 
Fig. 1, indicate the at.% values corresponding to Ti and O in TiO2 as 
reference. Based on these results all the samples were thermally treated 
at 550 ◦C in order to obtain titanium dioxide thin films. 

EDS measurements were carried out again at several points in the 
films with different iron content. Table 1 and Fig. 3 show the compo
sition of the films as a function of the AFe/ATi ratio. Measurements show 
that films without Fe and those prepared using an AFe/ATi ratio of 0.03 
correspond to sub-stoichiometric titanium dioxide (TiO2-x). Fig. 3 shows 
the Fe content in the films as a function of the ratio of sputtered areas 
(AFe/ATi), the monotonous behavior observed indicates that the AFe/ATi 
ratio can be used to vary the amount of iron incorporated in the film in a 
controlled way from 0 up to 23.5 at.%. 

In order to obtain information about the chemical environment and 
the oxidation state of the elements present in the films, these were 
characterized by XPS. The adventitious carbon peak at 284.8 eV (C-1 s) 
was used as the internal standard to calibrate the XPS spectra. In Fig. 4 
the XPS high-resolution spectra of the binding energy regions of interest 
are shown: (a) Fe-2p, (b) Ti-2p, and (c) O-1s, corresponding to the 
sample with a Fe content of 17.3 at.% at different etching times: 90, 600 
and 1200 sec. The spectra of the Fe-2p3/2 region (Fig. 4a) shows a peak 

centered at 709.9 eV for erosion times of 90 and 600 sec, this peak can be 
attributed to Fe3+ in Fe2O3 [27]; for an erosion time of 1200 sec, 
additionally to the peak at 709.9 eV a shoulder appears at 706.7 eV 
attributed to metallic Fe0 [28], in this case, in a deeper region of the thin 
film, there is a mixture of Fe2O3 and Fe0 inside the film. Two signals 
peaking at 458.5 and 464.5 eV, are observed in the Ti-2p region 
(Fig. 4b), attributed to Ti-2p3/2 and Ti-2p1/2 respectively of TiO2 in its 
anatase phase [29]. From Fig. 4a and 4b it is clearly seen that the in
tensity of the signal due to Fe decreases whereas the signal intensity of Ti 
increases as the etching time increases, that is, as the erosion depth 
become greater indicating a concentration gradient in opposite di
rections of Fe and Ti along the film thickness. Fig. 4c shows the con
volutional fitting spectrum of the Ti-2p region. Results reveal the 
existence of 4 doublets, the most intense with peaks at 458.0 and 464.0 
eV corresponding to the Ti 2p3/2 and Ti 2p1/2 orbitals respectively, 
these can be assigned to Ti4+ in the TiO2 lattice in its anatase crystalline 
phase; the second doublet at higher binding energies at 459.2 and 465.4 
eV can be assigned to Ti4+ state in the TiO2 lattice in its rutile crystalline 
phase [30]. The third doublet peaking at 456.6 and 462.5 eV can be 
assigned to the Ti3+ in the Ti2O3 [31], whereas the fourth one at 455.5 
and 460.9 eV is characteristic of Ti0 in metallic Ti [32]. These last two 
doublets appear due to the oxygen deficiency in TiO2 caused by a 
chemical reduction effect due to preferential sputtering of O by the Ar 
ions used for etching, promoting the reduction of TiO2 to Ti2O3 and 
metallic Ti [33]. 

The high resolution XPS spectra of the O-1s region are shown in 
Fig. 4d. For 90 and 600 sec of etching time a symmetric peak centered 
around 529.4 eV corresponding to O-1s in Fe2O3 is observed, whereas at 
1200 sec of etching time a shift to higher binding energies indicating a 
change of chemical state is clearly observed, in this case the peak at 
529.6 eV is attributed to TiO2. 

In order to gain better insight about the distribution of Ti and Fe in 
the film, XPS depth profiles of these elements for different films were Fig. 2. Thin film composition as a function of the thermal treatment 

temperature. 

Table 1 
Composition of the films as a function of the AFe/ATi ratio.  

AFe/ATi Fe (at.%) Ti (at.%) O (at.%) 

0 0  35.0  65.0 
0.03 3.6  33.6  62.8 
0.07 6.1  28.4  65.5 
0.10 12.2  24.8  63.0 
0.17 17.3  20.7  62.0 
0.28 23.5  12.7  63.8  
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Fig. 3. Elemental content as a function of the sputtered areas ratio.  
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obtained and shown in Fig. 5. As the Fe content increases a thicker layer 
of iron is formed on the film surface whereas the titanium appears at 
deeper depths shifting towards the substrate. This result reveals a 
segregation process resulting in a bilayer in which a Fe rich layer ap
pears on the top whereas a Ti rich layer is formed below onto the 

substrate surface. Another feature observed in these profiles reveals 
gradients of concentration of Fe and Ti indicating a region in which a 
mixture of these elements is present. 

These results were verified through RBS measurements shown in 
Fig. 6a. The RBS spectrum of the sample without Fe (at the bottom in 
black) shows the signal due to Ti with the leading edge close to the 
channel 1440 corresponding to titanium atoms on the film surface. The 
almost constant plateau of this profile indicates an uniform distribution 
of Ti along the thickness of the film. As the iron content increases a shift 
of the leading edge to lower channel number is clearly observed. The 
leading edge close to the channel 1515 corresponding to iron atoms on 
the film surface is observed. As the Fe content increases the profile of 
this signal becomes wider indicating a thicker layer of Fe on the top of 
the film. These results reveal the formation of a bilayer with the Fe2O3 
film on the top and a TiO2 film below as is shown schematically in 
Fig. 6b for each spectrum. 

A more detailed analysis of the RBS spectrum of the sample with 6.1 
at.% of iron was carried out showing a lower slope of the trailing edge of 
the Fe profile and of the leading edge of the Ti profile indicative of 
segregation of these two elements. The simulation results of this spec
trum, using a code developed in our laboratory, considering three layers 
are shown in Fig. 7. A Fe2O3 layer with a mass thickness of 30 μg/cm2 on 
top followed by an intermixed layer of 40 μg/cm2 and a TiO2 layer of 90 
μg/cm2 at the bottom. Taking into account that the deposited TiFe film 
was subjected to thermal treatment in air at 550 ◦C for 2 h, this treat
ment, in addition to produce oxidation and crystallization of the TiFe 
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Fig. 5. XPS depth profiles of Ti and Fe of films with different Fe content.  
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system, provoked the thermally induced phase separation observed. 
Such behavior has been observed in the system TiZn subjected to the 
same conditions as the previous one [34]. In both cases, we suppose that 
the positive enthalpy of mixing of these systems is the fundamental 
cause of phase separation; several reports support this interpretation 
[23,35,36]. It must be pointed out that the underlying mechanisms of 
the segregation effect observed are still under investigation. 

3.2. Structural characterization 

Structural characterization results reveal that films without thermal 
treatment were amorphous whereas the films thermally treated at 
550 ◦C crystallize differently depending on the iron content. Fig. 8 shows 
the Raman spectra of samples with different Fe load after the thermal 
treatment. The Raman spectrum of the sample without iron presents 
peaks at 143, 198, 399, 517 and 638 cm− 1 characteristics of the anatase 
phase of TiO2, additional peaks are observed at 240, 442 and 609 cm− 1 

corresponding to the rutile phase of TiO2 [37] indicating that a mixture 
anatase–rutile is present. The presence of the rutile phase at this tem
perature can be attributed to the fact that magnetron sputtering involves 
energetic species which provide additional non-thermal energy during 
film growth due to a higher surface mobility promoting the anatase to 
rutile phase transition occurrence at lower temperatures. The film with 
3.6 at.% of iron shows peaks at 143, 393, 512 and 637 cm− 1 as well as at 
442 and 610 cm− 1 corresponding to the mixture anatase–rutile, addi
tionally, new peaks at 225, 245, 291, 298, 411 and 659 cm− 1 are 
observed. These new signals are indicative of the formation of iron oxide 

[38]. At the iron content of 6.1 at.% more intense peaks, suggesting an 
improvement of crystallinity, are observed; the Raman features of TiO2 
at 142, 444, and 611 cm− 1 remain, whereas the peaks attributed to iron 
oxide are now clearly observable. Raman spectra of samples with iron 
contents greater than 16.2 at.% are characterized by peaks at 221, 240, 
286, 402, 493, 601 and 1308 cm− 1 that agree very well with the he
matite (α-Fe2O3) Raman features [39]. It is evident that as the Fe content 
increases the spectra are more intense. The spectra corresponding to the 
samples with iron contents greater than 17.3 at.% show still the peak at 
143 cm− 1 indicating the presence of the titania phase suggesting the 
formation of the TiO2-Fe2O3 nanocomposite for iron contents greater 
than 3.6 at.%. The percentage of each titania phase in the mixture was 
determined following the procedure proposed by Clegg [40]; the ob
tained results shown in Table 2 reveal that as the iron content increases 
the amount of the Rutile phase increases as well, suggesting that Fe 
promotes the phase transition from Anatase to Rutile. 

Fig. 9 shows the X-ray diffraction spectra of the different films. The 
sample without iron displays diffraction lines at 27.4, 36.1, 41.2 and 
54.3◦ (labeled as R) attributed to the TiO2 rutile phase (JCPDS 01-071- 
0650). Two weak signals at 25.3 and 37.8◦ (labeled as A) assigned to the 
anatase phase of TiO2 (JCPDS 01-071-1166) are also observed. These 
results indicate a Rutile-Anatase mixture being the Rutile the predomi
nant phase. At 3.6 at.% of iron, the peaks corresponding to Rutile 
become sharper and more intense suggesting and improved crystallinity 
of this phase. In this X-ray pattern a weak reflection at 30.0◦ (labeled as 
T) that could be attributed to the (220) plane of titanomagnetite, 
Fe2.5Ti0.5O4 (JCPDS 01-075-1375), is also observed. At 6.1 at.%, besides 
the diffraction lines of the rutile and the titanomagnetite phase, new 
diffraction peaks close to 23.7, 32.5, 35.2, and 53.0◦ (labeled as I) that 
could be assigned to the (012), (104), (110) and (1 1 –6) planes of iron 
titanate (Fe1.04Ti0.96O3) appear with very low intensity. Additionally, it 
is observed a decrease in crystallinity as the lower peak’s intensity re
veals. This could be attributed to distortion of the titania lattice due to 
the iron incorporation. Therefore, at this iron content, a mixture of 
rutile-titanomagnetite-iron titanate compose the film. The diffraction 
pattern of the film with 12.2 at.% of Fe shows reflections at 27.7, 33.4, 
35.6, 36.4, 41.2, 49.5 and 54.3◦ (labeled as P); these can be attributed to 
the formation of the pseudorutile phase (JCPDS 01-013-0326) with the 
composition Fe2(TiO3)3 and has been reported as a phase transition 
between ilmenite (Fe1.04Ti0.96O3) and rutile (TiO2) [41]. A further in
crease in the Fe content up to 17.3 at.%, results in strong and sharp 
diffraction peaks at 2θ = 24.2, 33.2, 35.7, 40.9, 49.5, 54.2 and 57.6◦

(labeled as H) corresponding to the α-Fe2O3 hematite phase (JCPDS 01- 
079-0007); a weak signal appears at 27.7◦ indicating that the 

Fig. 6. (a) RBS spectra of films with different Fe content and (b) schematic of the bilayers formed.  

Fig. 7. Schematic drawing showing the tri-layer system resulting of the 
RBS simulation. 
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Fig. 8. Raman spectra of thin films with different iron content, from 0 to 23.5 at.%.  

Table 2 
Crystalline phases identified from XRD and Raman spectroscopy in the films with different Fe load.  

Fe (at.%) Phases present  

0 TiO2 Rutile (82 %) TiO2 Anatase (18 %)      
3.6 TiO2 Rutile (80 %) TiO2 Anatase (20 %) Fe2.5Ti0.5O4     

6.1 TiO2 Rutile (87 %) TiO2 Anatase (13 %) Fe2.5Ti0.5O4 Fe1.04Ti0.96O3    

12.2 TiO2 Rutile (91 %) TiO2 Anatase (9 %)   Fe2(TiO3)3   

17.3 TiO2 Rutile (93 %) TiO2 Anatase (7 %)   Fe2(TiO3)3 α-Fe2O3  

23.5     Fe2(TiO3)3 α-Fe2O3  
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pseudorutile phase is still present. At the highest Fe content, 23.5 at.%, a 
very similar diffraction pattern, but with higher intensity, corresponding 
to the hematite phase was obtained. Table 2 shows a summary, obtained 
from the XRD and Raman results, of the phases present in the different 
films depending on the iron content. As it is seen, the TiO2 phase is 
present in all the samples. Depending on the Fe load, mixtures of titania 
with different iron oxides compose the films being the dominating 
phases Rutile at low Fe loads and Hematite at higher Fe loads. 

3.3. Optical characterization 

Fig. 10 shows the transmittance spectra obtained by UV–Vis spec
troscopy. As it can be observed, the incorporation of iron has an 

important effect on the position of the absorption edge which shifts 
towards longer wavelengths with increasing iron content. This indicates 
that films containing iron absorb a greater fraction of the visible region 
of the electromagnetic spectrum including wavelengths up to 570 nm. 
Additionally, the transmittance spectra show maxima and minima due 
to interference effects from which the refractive index and thickness can 
be determined approximately using the Goodman model [42]. For this 
purpose, the values of the maximum (TMAX) and minimum (TMIN) of 
interference are determined from the transmittance spectra. The 
Goodman model proposes that the refractive index of the film can be 
calculated using the following equation [42]: 
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np =

{
−
(
n2

0 + n2
2

)
(1 − 2ρT2) +

[(
n2

0 + n2
2

)
(1 − 2ρT2)

2
− 4n2

0 + n2
2

]1/2

2

}1/2  

Where: 
np: refractive index of the thin film. 
n0: refractive index of air (1.0). 
n2: refractive index of the glass substrate (1.5). 
and ρT2 = TMAX

TMIN
. 

Once the refractive index of the thin film has been calculated, the 
thickness can be determined from the values of the wavelengths corre
sponding to the maximum and minimum of transmittance using the 
equation [42]: 

t =
Mabλaλb

2(λa − λb)
(

n2
p − sin2θ0

)1/2  

Where: 
np: refractive index of the thin film. 
λ a: wavelength of maximum transmittance. 
λ b: wavelength of minimum transmittance. 
Mab: number of maxima or minima that separate λ a from λ b. 
θ0: angle of incidence of light (0◦). 
The obtained results reveal thicknesses from 476 to 676 nm, which in 

some cases were confirmed with profilometry measurements with a 
good agreement. Meanwhile, the index of refraction decreases from 2.23 
to 1.89. 

The band gap was determined using the Tauc method assuming 
direct transitions [43]. This was done by plotting (αE)1/2 as a function of 
the photon energy. The Eg values were obtained by a linear fit of the 
linear portion of the curve as the quotient of the intercept to the slope. 
Fig. 11 shows the (αE)1/2 versus E graphs as well as the linear fits and the 
Eg values obtained in each case. In general, good fits to the experimental 
curves were obtained. The obtained results are presented in Table 3 
where it is seen that the sample without iron has a band gap energy of 
3.1 eV. Incorporation and further increase of Fe content decreases the 
band gap to values as low as 1.7 eV. 

The PL spectrum of the TiO2 (black spectrum in Fig. 12) is charac
terized by a broad emission band from 350 to 550 nm attributed mainly 
to oxygen vacancies according to the elemental composition results. The 
maximum of emission, at 403 nm (3.08 eV), agrees very well with the 
band gap value and can be attributed to an interband transition. The PL 
emissions observed at 450, 470 and 567 nm can be attributed to exci
tonic PL emission due to the surface states of oxygen vacancies in TiO2 in 
its anatase phase [44]. A strong quenching of the PL emission at 407 nm 

due to Iron incorporation in the thin film is observed as well as an in
crease in intensity of the emissions at longer wavelengths caused by a 
decrease in the band gap originated from structural defects created in
side the gap. Additionally, the intensity of the peak around 569 nm in
creases, reaching its maximum at a Fe load of 6.1 at.%, indicating an 
increase in the number of oxygen vacancies. 

These results show that PL emission strongly depends on the Fe 
content. Additionally, this behavior shows that PL efficiency decreases 
with decreasing optical gap and the PL spectra are red-shifted consistent 
with previous reports [45]. At the highest Fe contents, a new emission 
peaking at 615 nm (2.01 eV) is clearly observed, revealing the presence 
of new levels of energy. This emission can be assigned to the band gap 
transition of α-Fe2O3 [46] whose reported value is close to 2.1 eV. 
Clearly, these new levels are responsible for the band gap change due to 
the Fe incorporation. 

3.4. Morphological characterization 

The AFM analysis reveal differences in the surface morphology of the 
films with different Fe content as is shown in Fig. 13. The TiO2 film, 
without iron, shows a homogeneous surface morphology with only 
slight roughness and without evidence of granular structure. On the 
contrary, the surface morphology is significantly changed when Fe is 
incorporated into the film. As the Fe content increases, the formation of 
granular structures with increasing size is observed. This is indicative of 
a coalescence process followed by the formation of granular structures 
thus increasing the roughness of the film. This is a typical behavior of 
crystalline or quasicrystalline materials, suggesting that the structure 
became increasingly ordered in good agreement with XRD results. 
Additionally, this increased roughness of the film could be responsible 
for the decrease in the intensity of the photoluminescent response 
because a lower number of defects. 

3.5. Photocatalytic activity 

As first step for the photocatalytic response measurements, the 
relation of the absorbance as a function of the Malachite Green dye 
concentration was determined. The intensity of the characteristic 
absorbance band of MG, peaking at 620 nm, was measured by UV–Vis 
spectroscopy for solutions with different known MG concentrations. In 
this way a calibration curve is obtained. The obtained results followed a 
linear relation, and a linear fitting was used to determine the MG con
centration as function of the absorbance. The photocatalytic reaction 
system consists of 25 mL of the malachite green (MG) solution in which 
the thin film is introduced. The reaction system was kept in dark to reach 
equilibrium adsorption between the solution and the photocatalyst. 
Afterwards, the thin film was irradiated using a solar light simulator, 
taking aliquots to measure the absorbance at different irradiation times. 
The MG degradation was determined correlating the absorbance values 
at each time to MG concentrations using the calibration curve previously 
determined. Fig. 14 shows the change in intensity of the absorption band 
depending on the irradiation time corresponding to the sample with a Fe 
content of 6.1 at.% which showed the highest photocatalytic response. A 
clear intensity decrease as the irradiation time increases is observable 
suggesting the degradation of the dye molecule. 

Fig. 15 shows the degree of MG degradation as a function of the 
reaction time. It is observed that the TiO2 film degrade around 21 % 
after 120 min. Further increase of the Fe content from 3.6 to 16.2 at.%, 
improves the photocatalytic activity reaching approximately 45 % for 
the sample with 6.1 at.% of iron. This attained degradation degree is 
100 % better than the response of the TiO2 film without Fe. The 
enhanced photocatalytic response at this iron content could be attrib
uted to the fact that this sample is composed by a mixture of the titania 
crystalline phases, anatase and rutile, as well as hematite, according to 
the Raman spectroscopy results presented before. These phases can 
behave as coupled semiconductors promoting the charge transfer 
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Fig. 10. Transmittance spectra of the different samples showing the effect of 
the Fe content. 
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between their conduction bands and thus inhibiting the photoinduced 
electron-hole pair recombination rate as the PL measurements reveal 
and consequently enhancing the photocatalytic activity. The samples 
with higher Fe contents i.e. greater than 17.3 at.%, show lower degra
dation degrees than the obtained for the film without iron. It is worth 
mentioning that according to the PL characterization, the excitonic PL 
emission for the film with 6.1 at% of Fe is higher than for films con
taining 3.6, 12.2 and 17.3 at% of Fe. It has been reported that the in
crease of defects and oxygen vacancies at the thin film surface can 

produce higher photoluminescence intensity due to excitonic PL pro
cesses and higher photocatalytic activity [47]. This is attributed to a 
strong interaction between the photo-induced electrons bound by oxy
gen vacancies and the adsorbed O2 producing the superoxide radical 
which explain the correlation of surface oxygen vacancies with photo
luminescence and the photocatalytic activity [48]. 

It seems that the degradation values reached are low; however, it 
must be considered that the mass of the thin film employed as photo
catalyst, estimated from RBS measurements, is around 150–200 μgrs. 
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These values agree well with the density values reported previously for 
TiO2 thin films [49]. 

In an attempt to gain insight about the photocatalysis mechanism 
involved in the degradation process of the MG dye, experiments using 
two photocatalysts, with iron contents of 3.6 and 6.1 at.%, in presence of 
scavenger molecules were performed. The p-Benzoquinone (BZQ) 
molecule was used to block the superoxide radicals (O2•); triethanol
amine (TEOA) was used to block the holes (h+) and 2-propanol (IPA) 
was added to block the hydroxyl radicals (OH•) [50]. Fig. 16 shows the 
kinetic rate constants determined in each case. The results show that the 
kinetic rate constants are very low when IPA and BZQ are used. This 
indicates that holes (h+) and OH• radicals practically do not contribute 

Table 3 
Band gap, thickness, and refractive index of the samples with different iron 
content.  

Fe (at.%) Eg (eV) Thickness (nm) n 

0  3.1 514  2.23 
3.6  2.7 476  2.20 
6.1  2.2 569  2.18 
12.2  1.9 655  2.07 
17.3  1.7 667  1.89 
23.5  1.8 620  2.08  
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Fig. 12. PL spectra of the different samples showing the effect of the Fe content.  
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to the dye degradation. In contrast, the incorporation of TEOA to the 
reaction system increases, almost 3 orders of magnitude, the kinetic rate 
constant, which is explained because the TEOA blocks the holes inhib
iting the recombination of the electron-hole pairs, allowing that the 
electrons can reduce the oxygen dissolved in water producing super
oxide radicals increasing the photocatalytic activity. This result in
dicates that the MG dye degradation is driven by the reduction reaction 
route, being the main active site the superoxide radicals. 

In order to investigate if the found degradation results represent any 
advantage, they were compared with the degradation values obtained 
using 5 mg of TiO2 Degussa P25, a well-known photocatalyst that has a 
high photoactivity due to the optimization of key parameters such as 

phase composition, crystallite size, and surface area. Additionally, the 
reaction rate constant values, kapp (min− 1) were obtained assuming a 
pseudo first-order expression and determining the slope of the linear 
fitting [51]. The obtained values are shown in Fig. 17 where it is clearly 
seen that the photocatalytic activity of the TiO2-Fe2O3 nanocomposites, 
with iron contents from 3.6 to 16.2 at.%, becomes substantially higher 
than the photocatalytic activity of TiO2 Degussa P25 (horizontal line). 
Particularly, the sample containing 6.1 at.% shows a reaction rate 
almost of two times the value of the commercial photocatalyst. These 
results prove that the prepared photocatalysts under sunlight irradiation 
are a good option to degrade the MG dye because of the use of 25–33 

Fig. 13. Topography AFM images of films with different Fe content (a) 0 at.%, (b) 3.6 at.%, (c) 6.1 at.%, (d) 12.2 at.%, (e) 17.3 at.%, (f) height scale of the 
AFM images. 

Fig. 14. Malachite Green dye absorbance spectra at different photocatalytic 
reaction times. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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times less mass of photocatalyst and additionally without the problem of 
the P25 powders recovery. 

4. Conclusions 

TiO2-Fe2O3 nanocomposite thin films with good photocatalytic 
response were prepared by magnetron sputtering using a multiple tar
gets configuration. The iron load and the temperature of thermal 
treatment of the films are key parameters for the physical properties of 
the obtained materials. Their photocatalytic activity for Malachite Green 
dye degradation under simulated solar light is found to be higher than 
TiO2 and in some cases even better than Degussa P-25 nanopowders. The 
obtained results suggest that the coupling of these semiconductors re
sults in a higher photocatalytic activity for iron loads of 6.1 at.%. This is 
confirmed by PL measurements that show an important hindering of the 
electron–hole pairs recombination at the same Fe load. Finally, it is 
important to remark that this improved photocatalytic activity was 
obtained using photocatalysts amounts as low as 150 μgrs. 
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