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Abstract
Nanostructured single layered (pure TiO2 , pure α-Fe2O3 and mixed Fe2O3 /TiO2 with two different oxide 
ratios, 2 : 3 and 3 : 2) and double layered (TiO2 layer over a Fe2O3 layer) thick films have been fabricated 
by screen printing technology on a glass substrate. The pastes used for film preparation were obtained 
by adding an organic vehicle to the oxide powders together with a small percentage of binding glass frit. 
Samples were dried up to 100 °C and sintered at 650 °C/60 minutes. Structural, morphological and optical 
studies have been carried out using XRD, SEM analyses and UV/Vis spectroscopy. The prepared pure and 
mixed Fe2O3 /TiO2 thick films had a homogenous nanostructure without secondary phases. Indirect band 
gaps were determined from the measured transmission spectra and the obtained values are in the range of 
literature data.
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I. Introduction
Significant modifications of the properties of 

bulk materials provided by nanosized materials have 
opened many new fields of applications. One field of 
application is in photoelectrochemical cells. New gen-
eration photovoltaic cells are based on nanocrystalline 
materials and conducting polymer films [1]. Nano-
structured materials are also optimal candidates for 
gas sensing [2]. 

Nanostructured titania (TiO2) films are widely ap-
plied as photovoltaic solar cells, photovoltaic reactors, 
high performance anodes in ion batteries, gas sensors, 
electrochromic displays and electrical insulators [2,3]. 

Hematite (α-Fe2O3) is a low cost, naturally abun-
dant, stable material that has many potential applica-
tions [4]. Some of the limitations of hematite in view 
of application as a photoelectrochemical anode can be 
overcome using nanostructures. Another approach to 
improving the properties of hematite is elemental dop-
ing with dopants such as Ti, Sn, Si [5,6].

Thick film technology offers the possibility of produc-
ing high performance devices at a very low cost [3]. Be-
cause of that, in this work we have fabricated nanostruc-
tured single layered (pure TiO2, pure α-Fe2O3 and mixed 
Fe2O3 /TiO2 with two different oxide ratios, 2 : 3 and 3 : 2) 
and double layered (TiO2 layer over a Fe2O3 layer) thick 
films by screen printing on a glass substrate. Structural, 
morphological and optical studies have been carried out.

II. Experimental
Starting powders of TiO2 (Alfa Aesar, 99.7% ana-

tase, grain size 15 nm) and α-Fe2O3 (Alfa Aesar, 99%, 
grain size 20–60 nm) were used. The two oxide mixtures 
(40% α-Fe2O3 / 60% TiO2 and 60% α-Fe2O3 / 40% TiO2) 
were homogenized in a planetary ball mill (Fritsch 
Pulverisette 5) in stainless steel bowls with stainless 
steel balls for 60 min. Four thermistor pastes were 
made by mixing the initial starting powders (TiO2 and 
α-Fe2O3) or oxide mixtures (40% α-Fe2O3 / 60% TiO2 
and 60% α-Fe2O3 / 40% TiO2) with an organic vehi-
cle (butyl cellulose) and a small amount of binding 
lead boron silicon oxide glass frit to improve adhesion 
to the substrate. The pastes were screen printed on a 
glass substrate and five different thick films were pre-
pared (Table 1). Samples were dried up to 100 °C and 
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then fired at 650 °C/60 minutes in a hybrid conveyor 
furnace in air. XRD analysis of the samples was per-
formed on a Rigaku RINT 2000 device. SEM analy-
sis was performed on a TESCAN Electron Microscope 
VEGA TS 5130MM. Transmittance was measured on 
a UV/Vis Shimadzu UV-2600 with an ISR2600Plus 
Integrating sphere attachment in the measuring range 
220–1400 nm. Baseline correction was made using the 
glass plate substrate.

III. Results and discussion
XRD diagrams of thick film samples are shown 

in Fig. 1. Three phases were noted: hematite, accord-
ing to JCPDS card 89-8104, rhombohedral space 
group R3c (167), anatase, according to JCPDS card 
89-4921, tetragonal space group I41/amd (141) and 
rutile, according to JCPDS card 89-4920, tetrago-
nal space group P42/mnm (136) in the thick films 
of oxide mixtures (40% α-Fe2O3 / 60% TiO2 and 

Figure 1. XRD diffractograms of prepared thick films: a) TO, b) 40FO/60TO, c) 60FO/40TO and d) FO

c)

a)

d)

b)

Table 1. Composition and notation of prepared thick films

Sample notation Composition a-Fe2O3 
[wt.%]

TiO2
[wt.%]

TO TiO2 0 100
FO a-Fe2O3 100 0

40FO/60TO 40% a-Fe2O3 / 60% TiO2 40 60
60FO/40TO 60% a-Fe2O3 / 40% TiO2 60 40

TO@FO bi-layered TiO2/a-Fe2O3 film 100* 100**

* the first layer, ** the second layer
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60% α-Fe2O3 / 40% TiO2), while the hematite FO thick 
film contained only this phase, and the TO thick film 
contained anatase and rutile phases. As the sintering 
temperature of the thick films was low (650 °C) and 
below the irreversible transformation temperature of 
anatase to rutile of 700 °C [3], the anatase phase was 
the dominant TiO2 phase especially in the TO thick 
film. Slightly more rutile was present in the thick films 
made of oxide mixtures that can be the result of ho-

mogenization of starting powders combined with sub-
sequent sintering. 

SEM micrographs of the thick film samples show 
that all films were homogenous, with relatively small 
grains, agglomerates and porosity typical of thick 
films. Figures 2a,b,c,d shows the surface and cross-
section of the TO and FO thick films. The thickness of 
the film samples was estimated to be between 10 and 
15 mm. The pure TiO2 thick films are slightly coars-

c)

Figure 2 SEM micrographs of prepared thick films: TO (surface (a), cross-section (b)); FO (surface (c) and 
cross-section (d)); 40FO/60TO (surface in back scattering electrons (BSE) mode (e) and secondary

electron (SE) mode (f)); and 60FO/40TO (cross-section (g) and surface (h))

a) b) c)

d) e) f)

g) h)
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er, with more agglomerates even though the sintering 
temperature was low. Grain-size increase due to co-
alescence of grains has previously been noticed for 
TiO2 thin [2] and thick [3,7] films. The pure hematite 
FO thick films retained the fine small grain structure of 
starting powders. Both thick films made of oxide mix-
tures (40% α-Fe2O3 / 60% TiO2 and 60% α-Fe2O3 / 40% 
TiO2) had a homogenous structure with small grains 
as shown on Figs. 2e,f,g,h. The grain size was slightly 
larger than for the pure hematite thick films, but small-
er than for the pure titania TO thick films. Inhibition of 
grain growth suffered by titania nanograins through ad-
dition of iron oxide was noted by Comini et al. [8] in the 
case of the titanium and iron oxide nanosized thin films. 
Such a structure enables possible application of the ob-
tained mixed oxide thick films as gas sensors.

Figure 3 shows the cross section of the TO@FO 
sample (bi-layered Fe2O3/TiO2 thick film). As the TiO2 
layer was screen printed over the α-Fe2O3 layer the film 
thickness was estimated to be about 30 mm.

Figure 4 shows the transmittance spectra measured 
for the analysed thick film samples. The absorption co-
efficient was calculated from measured transmission 
values using the UV-Probe software. The optical band 
gaps of the investigated thick films can be estimated us-
ing Tauc plots that relate the absorption coefficient with 
the density of optically absorbing energy transitions 
within a semiconductor [9]. The relationship of Davis 
and Mott [10] was used where, α = [A(hν–Eg)

m]/(hν), 
where A is a constant related to the density of electron-
ic states above and below the band gap, hν is the ab-
sorbed photon energy and Eg is the optical band gap re-
lating to direct allowed transitions, when m = 1/2 and 
indirect phonon assisted transitions, when m = 2. For 
titania TO thick films the indirect band gap energy was 
determined as 2.99 eV, as shown in Fig. 5a. This was 
in accordance with the literature values [7,11]. The in-
direct band gap determined for the FO thick film was 
2.05 eV, as shown in Fig. 5b, that is in the range of 
the determined literature data for hematite [5,12]. For 
the mixed oxides, the indirect band gap energies deter-
mined for the 40FO/60TO and 60FO/40TO thick films 
was 1.92 eV and 1.99 eV, respectively, while the de-
termined direct band gap energies were 1.97 and 2.04, 
respectively. These values were in the range of the de-
termined literature values for hematite, taking into 
account the differences reported for crystalline and 
nanocrystalline α-Fe2O3 thin films, concerning the in-
fluence of the film thickness and grain structure on op-
tical properties [13,14].

IV. Conclusions
In this work single layered (pure TiO2, pure 

α-Fe2O3 and mixed Fe2O3/TiO2 with two different ox-
ide ratios, 2 : 3 and 3 : 2) and double layered (TiO2 
layer over a Fe2O3 layer) thick films on a glass sub-
strate were fabricated using starting nanopowders of 
TiO2 (mostly anatase) and α-Fe2O3 and screen print-
ing technology. The deposited films were sintered at 
650 °C/60 minutes. Structural (XRD) and morpholog-
ical (SEM) studies revealed homogenous thick films 
with a small grain size and thickness between 10 and 
15 mm for the single layered and about 30 mm for 
the bi-layered films. The optical band gap was deter-
mined from measured transmission spectra, and for 
the mixed oxide thick films was in the literature range 
of pure and doped hematite. This initial research con-
firms possible wide applicability of the fabricated 
thick films. Further research will involve a detailed 
analysis of a wide range of properties of thick films 
made of the fabricated mixed oxide thick film pastes 
on different substrates such as alumina and fluorine-
tin-oxide coated glass.
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Figure 3. SEM micrograph of TO@FO (bi-layered Fe2O3/TiO2) 
thick film – cross section

Figure 4. Transmittance spectra of TO, FO, 40FO/60TO, 
60FO/40TO and TO@FO thick film samples
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