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a b s t r a c t

The influence of Fe content on the structural, microstructural, dielectric, ferroelectric and optical
properties was investigated in Pb1/2Sr1/2Ti1�xFexO3 films deposited on Si/SiO2/Ti/Pt and quartz
substrates. X-ray diffraction showed that all films presented polycrystalline and single perovskite phases
and the change of lattice parameters caused by increasing Fe-doping content replacing Ti4þ ions is very
small to be detected by X-ray diffraction technique. Micro-Raman analysis showed the tetragonal nature
for both undoped-PSTF and doped-PSTF (1%Fe) films, while both doped-PSTF (5%Fe) and PSTF-10 (10%Fe)
films presented a pseudocubic structure. It was noticed that all films exhibited a homogeneous
microstructure, compact and crack-free. The remnant polarization in the Fe-doped PSTF films was
weaker than that for undoped-PSTF films which was attributed to structural changes and smaller grain
size. The increasing of Fe content leads to a red shifted band gap relative to undoped PSTF films due
localized levels within the forbidden band of PSTF.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

During the last decade, research on PbTiO3 derived materials
have resulted in a broad range of products with different applica-
tions for these materials [1–5]. It is well known that perovskite
ABO3-type PbTiO3 (PTO) is an excellent ferroelectric oxide, which
exhibit band gap about 3.4 eV, high tetragonal distortion and a
high ferroelectric–paraelectric transition temperature around
763 K [6,7]. However, other systems have emerged as of great
interest such as ABO3-perovskite family oxide: in recent years,
researchers have been conducting fruitful research on transition
metals doped-ABO3 perovskite-family oxide. Regarding doping
with iron, it is relevant to mention that BaTiO3, SrTiO3 and PbTiO3

perovskite-family oxides has been successfully used as subject of
numerous studies. In this class of compounds this is an issue of
technological and scientific importance [8–12]. For example, from
optical properties of strontium titanate ferrite, SrTi1�xFexO3�δ, the

bandgap energy was observed to move to higher energy region as
iron content is increased [13]. Actually, doped PbTiO3 oxides have
been intensively studied and results point to remarkably different
electronic structure and physical properties when Pb is replaced
by Ca, Sr, Ba, La and Ti by Zr, Fe, Co, Cu, Ni, Mn, Al [11,14–22].
In addition, several groups reported that the defects and vacancies
generated by doping using transition metal ions reduce the lattice
distortion responsible for ferroelectricity. However, Palkar and
Malik results seem not to be in agreement with lattice distortion
reducing for PbTi0.50Fe0.50O3�δ samples [11]. More recently, Verma
et al. investigated the effect of Sr doping in Pb1�xSrx(Fe0.012Ti0.988)
O3 complex ceramics [23,24]. The authors reported that the
tetragonal distortion and particle size have been reduced with
increasing strontium concentration. Hence the combination of
these doping materials at preferential sites A, B or both is essential
to realizing practical perovskite-family oxide based functional
devices as reported in literature.

In this report, we systematically investigate the effects of the
different Fe-doping concentrations on the crystal structure, micro-
structure, dielectric, ferroelectric and optical properties of (Pb1/2Sr1/2)
(Ti1�xFex)O3 samples synthesized by simple solution-based method,
such as the chemical polymeric precursor method.
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2. Experimental procedure

Strontium acetate, lead acetate, iron nitrate [Fe(NO3)3 �9H2O],
and titanium isopropoxide Ti[OCH(CH3)2]4 were used for precur-
sor materials of Sr, Pb, Fe, and Ti, respectively. Initially, Ti[OCH
(CH3)2]4 was dissolved in a mixture of deionized water and citric
acid at 80 1C under stirring on magnetic stirrer. Separately,
[Fe(NO3)3 �9H2O] was dissolved in a mixture of deionized water
and citric acid at 80 1C under stirring on magnetic stirrer. Then, the
titanium–citrate and iron–citrate solutions were mixed at a
stoichiometric quantity in order to produce a Ti1�xFex solution at
80 1C under constant stirring. Then, lead acetate trihydrate
was dissolved in deionized water, which was added into the
Ti1�xFex solution drop by drop under constant stirring to produce
a Pb–Fe–Ti complex solution. After homogenization, strontium
acetate was slowly added under constant stirring resulting in a
clear Pb–Sr–Ti–Fe complex solution. In addition, a small amount of
citric acid was added in order to increase the stability of the
polymeric network structure. Finally, 40% by weight of ethylene
glycol monomer was added on the basis of the final product of
(Pb1/2Sr1/2)(Ti1�xFex)O3 complex solution. The solution was stirred
constantly at 90 1C until a transparent and stable yellow precursor
complex solution was obtained. This solution was more viscous
but devoid of any visible phase separation. The precursor solution
was deposited onto the Pt/Ti/SiO2/Si and quartz substrates by spin
coating at 6500 rpm for 20 s using a spinner (spin-coater KW-4B,
Chemat Technology) via a syringe filter to avoid particulate
contamination.

After spin coating, the samples were preheated at 200 1C for
10 min on a hot plate to remove residual solvent. Then, the thin
films were annealed layer by layer at 400 1C/4 h and 700 1C/2 h in
air to remove residual organic components and crystallization at a
heating rate of 5 1C/min, respectively. The thin films were pre-
pared by repeating the deposition and pyrolysis/crystallization
cycle.

The phase structures of the (Pb1/2Sr1/2)(Ti1�xFex)O3 samples
were identified using a Rigaku D/Max 2400 X-ray diffractometer
(CuKα¼1.54056 Å radiation). Thin film thicknesses were charac-
terized using a field-emission scanning electron microscopy
(FE-SEM) (FEG-VP Zeiss Supra 35) with a secondary electron lens
detector on a freshly fractured film/substrate cross-section. Surface
microstructures of these samples were characterized using atomic
force microscope (AFM). A Bruker Dimension ICON was used in
these experiments. The optical transmittance of the (Pb1/2Sr1/2)
(Ti1�xFex)O3 thin films were recorder in wavelength range from
200 to 3300 nm using a PerkinElmer Lambda 1050 spectro-
photometer.

Raman measurements were taken with a T-64000 Jobin-Yvon
triple-monochromator coupled to a charge-coupled device (CCD)
detector. An optical microscope with a 100� objective was used
to focus the 514.5 nm line of a Coherent Innova 90 argon laser onto
the sample. The power was maintained at 15 mW.

For electrical property measurements, circular Au electrodes
were prepared by evaporation through a shadow mask with a
4.9�10�2 mm2 dot area to obtain an array of capacitors. The
deposition was carried out under vacuum (10�6 Torr). Ferroelec-
tric and dielectric properties were undertaken using Premier
Precision from Radiant Technology and Agilent 4294A Precision
Impedance Analyzer, respectively, at room temperature.

3. Results and discussion

Fig. 1a shows the X-ray diffraction patterns of 0%, 1%, 5% and
10% Fe-doped PSTF-0, PSTF-1, PSTF-5 and PSTF-10 thin films on
Si/SiO2Ti/Pt substrates, respectively. All the films annealed at

700 1C show a single perovskite phase. No second phase pyro-
chlore was detected in these Fe-doped PSTF films indicating that
Fe-doping concentration even up to 10% did not introduce any
deleterious effects. The values of the lattice parameters of the PSTF
films remained almost unchanged except for a small variation in
the c/a ratio (1.0069, 1.0035, 1.0026 and 1.0013, corresponding to
PSTF-0, PSTF-1, PSTF-5 and PSTF-10 samples, respectively). In
addition, these results are similar to those observed by Ganegoda
et al. [25], Sun et al. [14], in Fe-doped PbTiO3 specimens and by Ye
et al. [26], Gong et al. [27], in Fe-doped Ba0.65Sr0.35TiO3 thin films.

Fig. 1. (a) X-ray diffraction of Fe doped PSTF films deposited on Si/SiO2/Ti/Pt;
(b) quartz substrates and (c) micro-Raman spectra of Fe doped PSTF films deposited
on Si/SiO2/Ti/Pt substrate.
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In order to optical measurements Fig. 1b shows the X-ray diffrac-
tion patterns of 0%, 1%, 5% and 10% Fe-doped PSTF-0, PSTF-1, PSTF-
5 and PSTF-10 thin films on quartz substrates, respectively. All thin
films showed similar XRD patterns in comparison Fig. 1a. In Fig. 1c
are shown Raman spectra of PSTF samples as a function of Fe-
doping. The PSTF-0 thin films obtained by treatment at 700 1C
show strong bands at 121, 178, 277, 459, 566, and 736 cm�1,
corresponding to tetragonal PSTF-0 structure as seen in Fig. 2. In
contrast, Fe-doped PSTF-1 thin films show similar Raman spectra
but the wavelength peak positions are slightly shifted toward
lower frequencies for A1(1TO) and A1(3TO) modes (at 116 and
546, respectively), suggesting a reduction to the tetragonal lattice.
Surprisingly, the Raman spectra of the Fe-doped PSTF-5 and PSTF-
10 thin films show lower and broad intensity peaks (or shoulders)

at 105, 176, 277, 520 and 736 cm�1. In addition, the strong A1(3TO)
band at 566 cm�1 which is observed in PSTF-0 and PSTF-1 is
almost absent in PSTF-5 and PSTF-10 thin films. From these results,
it seems that Fe ions substituting Ti4þ ions into BO6 lattice
undergo a drastic short- and medium-range structural change.
Thus, Raman studies confirmed that both PSTF-5 and PSTF-10
samples might be assigned to pseudocubic phase.

Fig. 2 show the surface morphology from atomic force micro-
scopy for the 0%, 1%, 5% and 10% Fe-doped PSTF films deposited on
Si/SiO2/Ti/Pt and quartz substrates after annealing at 700 1C,
respectively. It can be observed that the all PSTF films exhibit a
rather relatively smooth, precipitates-free and dense surfaces,
spherical grains morphologies and crack-free, indicating the good
quality of the PSTF films. The estimated values of grain sizes from
the AFM images of PSTF-0, PSTF-1, PSTF5 and PSTF-10 films on
Si/SiO2/Ti/Pt substrate are 66, 54, 42 and 35 nm, respectively.

The dielectric and ferroelectric properties of the PSTF films
were investigated as a function of the Fe doping, Fig. 3a and b,
respectively. The PSTF films thicknesses were measured to be
approximately 260, 250, 340 and 330 nm for PSTF-0, PSTF-1, PSTF-
5 and PSTF-10 films, respectively. Fig. 3a shows the frequency
dependence of the dielectric permittivity and dielectric loss
ranging from 102 to 106 Hz of the films, measured at room
temperature. These results show that the dielectric permittivity
response decreases significantly as the Fe doping level increases.
It can also be observed that the dielectric loss of all Fe-doped films
are slightly smaller than that for undoped PSTF films. The values of
dielectric permittivity and dielectric loss measured at a frequency
of 100 kHz were 788, 704, 442, 396 and 0.056, 0.045, 0.044, 0.016
for PSTF-0, PSTF-1, PSTF-5 and PSTF-10 films, respectively. A
possible scenario for the dielectric permittivity decrease at higher

Fig. 2. Atomic force microscopy image of Fe doped PSTF films deposited on (a) Si/
SiO2/Ti/Pt and (b) quartz substrates. (i) PSTF-0; (ii) PSTF-1; (iii) PSTF-5 and (iv)
PSTF-10.

Fig. 3. (a) Frequency dependence of the dielectric permittivity and dielectric loss
and (b) hysteresis loops of the PSTF-0, PSTF-1, PSTF-5 and PSTF-10 films on
platinum bottom electrode.
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Fe-doping concentration is given in the following. It is well known
and reported in literature that (1) the intrinsic oxygen vacancies
normally occur in the ABO3�δ perovskite-family structure (see
Eqs. (1) and (2)) when doping ion contains a valence lower than
the ion at the B site, extrinsic oxygen vacancies with positive
charge are found to occur (see Eq. (2)).

Ox
O2Vdd

O þ2e
0 þ1/2O2(g) (1)

FexTi22Fe
0
TiþVdd

O þ1/2O2(g) (2)

In this approach, the extrinsic oxygen vacancy in PSTF films
may exceed the intrinsic oxygen vacancy due higher Fe concentra-
tion in the perovskite phase structure; so the excess of extrinsic
oxygen vacancies can be deleterious to the dielectric properties. In
contrast, when Fe3þ substitutes Ti4þ , Fe

0
Ti extrinsic defects behave

as electron acceptors in the perovskite structure and they can
effectively reduce the dielectric loss. Fig. 3b shows the ferroelectric
polarization for PSTF films at room temperature. In the present
case, it can be observed that an increase in Fe content leads to a
remnant polarization decrease, indicating a reduction of ferroelec-
tricity. Under applied voltage of 6V, 0%, 1%, 5% and 10% Fe-doped
PSTF films presented remanent polarization (Pr) values around of
8.5, 6.5, 1.5 and 0.2 μC/cm2, respectively. This behavior may be
attributed to the following: (i) reduction of the average grain size
with increasing Fe concentration, (ii) the more Fe-doping concen-
tration, the smaller tetragonal distortion as observed in Raman
data, (iii) when the Fe-doping level is up to 5%, the acceptor
Fe-doping causes significant increase in extrinsic oxygen vacancy
concentration which in turn, results in the decrease of
polarization.

The optical properties of the PSTF films with different propor-
tion of Fe-doping ion deposited on quartz substrates were inves-
tigated by recording transmission response in a wide region, from
200 to 3300 nm. All prepared films were highly transparent from
UV–visible/near infrared region as seen in Fig. 4a. As Fe doping
level increased, replacing Ti4þ ions, a shift of the fundamental
optical absorption edge to high wavelength occur, indicating a
decrease of the band gap energy. The magnified view of the
spectrum in 200–800 nm range (inset of Fig. 4a) clearly exhibits
this red shift. In addition, the band gap energies of the PSTF films
were estimated by the Tauc’s law described as [28]:

αhν¼ Aðhν�EgÞn; ð3Þ
where n is a constant which characterizes different types of
transition (n¼1/2, 3/2, 2 or 3 for allowed direct, forbidden direct,
allowed indirect, and forbidden indirect, respectively), h is the
Planck constant, ν is the photon frequency, hν is the incident
photon energy, α is the absorption coefficient, A is a constant and
Eg is the band gap energy value. Thus, the dependence of (αhν)n

versus incident photon energy (hν) yields the band gap Eg value. As
depicted in Fig. 4b, the relationship between (αhν)2 plotted against
(hν) varies linearly in the high energy region of the absorption
edge, which is consistent with a direct band gap. The band gap
energies were found to be 3.74, 3.61, 3.48 and 3.32 eV for PSTF-0,
PSTF-1, PSTF-5 and PSTF-10 films, respectively. As can be noted,
the PSTF band gap energies decrease with increase of the Fe
doping level. This a direct consequence of the change of the band
structure (electronic states) from the undoped PST to the doped
PSTF samples. According to band-structure calculations, the
energy band gap of (Pb,Sr)TiO3 (PST) crystal is determined by
the difference between the conduction band, mainly constituted
by Ti 3d orbitals and by valence band, mainly described by O 2p
orbitals. Therefore, the impurity states due to oxygen vacancies
and 3d Fe doping levels play an important role in the formation of
the band structure, with the introduction of localized bands within
the original band gap of PST crystal. These localized states induced

by Fe-doping are expected to form deep and/or shallow levels,
leading to a significant decrease in band gap energy. Insulating
perovskites present semiconducting or metallic character depend-
ing on the presence of defects (mainly oxygen vacancies) or
doping. Oxygen vacancies act as donor centers resulting in
n-type semiconductors with the Fermi level near to the bottom
the conduction band. Fig. 5 depicts a sketch of the electronic
configuration of PST films when in presence of doping or vacan-
cies. There is a band gap narrowing in both cases but we believe
that Fe doped samples should present a lower band gap due to the
contribution of Fe orbitals to both valence and conduction bands.
Similar behavior of the optical band gap has been reported in the
literature by Tin et al. in Ba(MnxTi1�x)O3 thin films [29]. It was
found a strong dependence of the optical band gap on Mn/Ti
ratios. Recently, other researchers have observed the decreasing of
the optical band gap by increasing the transition metal doping
[30–32]. In addition, there is an approximately linear relation
between band gap energy and Fe-doping level (inset Fig. 4b),
similar to what happens in classical semiconductor alloys [33].

4. Conclusion

In conclusion, Pb1/2Sr1/2Ti1�xFexO3 films with different Fe-
doping levels were successfully prepared by spin coating

Fig. 4. (a) Optical transmission spectra of the PSTF-0, PSTF-1, PSTF-5 and PSFT-10
films on quartz substrate and (b) plots of (αhν)2 versus (hν) for PSTF-0, PSTF-1,
PSTF-5 and PSFT-10 films on quartz substrate. The optical band gap energy Egap is
obtained by extrapolation of the linear region for (αhν)2¼0.
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technique on Si/SiO2/Ti/Pt and quartz substrates. X-ray diffraction
structural analysis suggests that all films are pure perovskite
structure with random crystalline orientation. A deep investiga-
tion of the crystal structure by Raman spectroscopy showed
drastic changes in bands intensity, phonon positions, line widths
as a function of increasing Fe doping levels. These results strongly
suggest a change short- and medium-range structural order
parameter, a direct evidence of a possible structural phase
transition from tetragonal-to-pseudocubic at room temperature.
Increasing the Fe doping level the PSTF films exhibits weak
ferroelectric properties (attributed to smaller tetragonal distor-
tion), a decrease in grain sizes and a large contribution from
oxygen vacancies. The optical transmittance studies revealed that
all films are highly transparent from 400 to 3300 nm while a red
shift was observed in the typical spectra. Also it was observed a
decrease in band gap energies as a function of Fe doping level. It
is a consequence of the modification of the band structure due
the inclusion of localized states into the forbidden band. The
present studies reveal that the adjusting structural, microstruc-
tural, dielectric, ferroelectric and band gap properties can be
achieved by controlling the Fe-doping content accurately in Pb1/
2Sr1/2Ti1�xFeO3 complex oxide.
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