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a b s t r a c t

The SrTi0.9Fe0.1O3�δ thin film grown on the LaNiO3 coated Si(100) substrates was prepared by a sol–gel
process. The structure, micrograph, chemical states, electrical and magnetic properties of the thin film
were investigated by using X-ray diffractometor (XRD), atomic force microscopy (AFM), X-ray photo-
electron spectroscopy (XPS), ferroelectric test system and vibrating sample magnetometer (VSM),
respectively. The results showed that the ferroelectric properties with the saturated polarization (2Ps),
remanent polarization (2Pr) and coercive field (2Ec) of 12.3 μC/cm2, 1.58 μC/cm2 and 33 kV/cm,
respectively, at applied field of 200 kV/cm. The average remnant magnetization (Mr) and saturated
magnetization (Ms) of the thin film were 3.74�10�2 and 9.22�10�2 emu/cm3, respectively. Both the
ferroelectric and ferromagnetic properties could be explained by the defect induced and the Fe ion
substitution. Such multiferroic thin film was appropriate to be used in the field of multiferroic devices.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Multiferroic materials, with the coexistence of at least two
ferroic properties, have been of great interest due to their potential
applications in memory devices, sensors and actuators [1]. How-
ever, since the competing electron configurations are required for
ferroelectricity and ferromagnetism, these materials are rare in
nature [2]. Strontium titanate SrTiO3 is known as an incipient
ferroelectric with high dielectric, low dielectric losses and high
tenability, and has been widely applied in the electronically
tunable microwave devices [3,4]. The bulk SrTiO3 shows no ferro-
electric or ferromagnetic properties; however, there are many
ways that can be used to induce the ferroic properties in SrTiO3.
For example, the ferroelectric properties can be obtained by
introducing the strain [5], substituting the O16 with O18 [6], or
doping with other elements [7], and the ferromagnetic properties
can be caused by ion irradiating [8], vacuum annealing [9] or
transition-metal doping [10]. Among these, the Fe-doped SrTiO3

has been proven to be a ferromagnetic with resistive switching
characteristics [11], and can also be used in ozone gas sensor [12].
After substituting the Ti4þ with the Fe ions, the crystal symmetry
of the SrTiO3 can be decreased to a certain degree due to the
different ionic radii of the Fe and Ti ions. Besides, Fe ions usually
exhibit a mixed valence states of Fe2þ , Fe3þ and Fe4þ in the

system [13], and oxygen vacancies is unavoidable in order to
maintain the charge balance [10,14]. In addition to the generally
observed strain in thin films, all these characteristics could
promote the ferroelectric properties in the SrTi1�xFexO3�δ system.
However, because of the paraelectric nature of pure SrTiO3, the
possible ferroelectric applications of SrTi1�xFexO3�δ have often
been ignored. Till now, we can find only few researches about the
ferroelectric properties of the SrTi1�xFexO3�δ films [15], and the
multiferroic behavior of the sol–gel derived SrTi1�xFexO3�δ thin
films has not been reported before.

In this work, SrTi0.9Fe0.1O3�δ thin film grown on the LaNiO3

coated Si(100) substrates was prepared by a sol–gel process. The
ferroelectric and magnetic properties of the SrTi0.9Fe0.1O3�δ thin
film were investigated.

2. Experimental details

SrTi0.9Fe0.1O3�δ (abbreviated as STF10) thin film was synthe-
sized on the LaNiO3 (LNO) coated Si(100) substrate by a sol–gel
route with spin-coating process. To obtain the precursor solution,
reagent-grade strontium acetate, iron nitrate nonahydrate and
titanium butyrate were dissolved under continuous stirring at
60 1C in acetic acid, 2-methoxyethanol and acetyl acetone, respec-
tively. The three solutions was then mixed and stirred at 60 1C for
1.5 h, forming a complete homogeneous transparent precursor
solution. The concentration of the final solution was adjusted to
0.25 M with a pH value of 2–3. The LNO thin layer prepared by
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chemical solutions deposition was described in previous litera-
tures [16]. The STF10 layers were spin-coated onto the LNO films in
the same way and finally annealed at 650 1C for 15 min by rapid
thermal annealing (RTA) furnace in air. The thickness of the as-
grown thin films on Si(100) substrates was measured by a surface
profiler (KLA-Tencor P-10, USA). The thicknesses of the LNO and
STF10 thin films were about 80 nm and 100 nm, respectively.

The structure and micrograph of the STF10 thin film was
identified by the X-ray diffractometor (XRD, Pgeneral XD-2, China)
and atomic force microscopy (AFM, BenYuan CSPM-5500, China),
respectively. The surface chemical states of the thin film were
characterized by X-ray photoelectron spectroscopy (XPS, Thermo
Fisher Scientific ESCALAB 250, USA) with Al Kα radiation source.
For the electrical measurements, top gold (Au) electrodes of
0.2 mm diameter were deposited through a shadow mask onto
the STF10 thin films by a vacuum evaporation. The ferroelectric
properties (P–E) and the leakage current characteristics (I–V) were
measured by a ferroelectric test system (Radiant Precision Premier
II, USA). The room temperature magnetic properties of the film
were measured by a vibrating sample magnetometer (VSM,
Quantum Design PPMS-9, USA).

3. Results and discussion

The XRD patterns of the STF10 thin film grown on the LNO
buffered Si(100) substrate was shown in Fig. 1(a). Three peaks, (100),
(110) and (200) were observed in the XRD pattern of the STF10 thin
films on LNO buffered Si(100) substrate which suggests a polycrystal-
line perovskite structure with a slight (110) preferred orientation [16].
The magnified plot of the peaks was presented in the inset of Fig. 1,
which indicates the superposed peak of the LNO (110) and STF10 (110)
clearly. The highly orientation of the LNO is related to concentration of

precursor concentration [17], and the slight orientation of the STF10
thin can be ascribed to its quite similar lattice constant and crystal
structure to LNO thin films. The image of the STF10 thin film was
displayed in the Fig. 1(b), which exhibits a dense micro-structure with
no cracks. The calculated results of the AFM image showed that the
surface grain size is about 86 nm and the root mean square roughness
of the STF10 thin film is 5.8 nm.

The composition of STF10 thin film was analyzed by XPS as well.
The atomic ratio of Sr:Ti:Fe is found to be 10.35:10.49:2.35, which
slightly deviated from the theoretical value of 10:9:1 of stoichio-
metric thin film. Besides the analytical error, the deviation may be
relevant with the presence of divalent Fe ions. Since the ions can be
incorporated in the SrO sublattice, higher Fe concentration may
indicate its migration towards extended defects and surface [18],
which is however not sufficient to kill the long range atomic order.
The valence states of the Fe ions in STF10 thin film characterized by
XPS were shown in Fig. 2. The Fe 2p 2/3 and 2p 1/2 doublets of STF10
were seen in the vicinity of 706 eV (705.5, 707.3 eV) and 721.76 eV,
respectively. These peaks appear at lower binding energy compared
to measurements on Fe2O3 with Fe3þ [10], implying the existence of
Fe2þ and Fe3þ in STF10. The clear Fe3þ satellite peak was present at
718.48 eV. The peak at 711.6 eV is about 0.9 eV higher than the
Fe 2p 2/3 of Fe2O3, indicating the possible existence of Fe4þ . Thus,
the XPS result shows the coexistence of Fe2þ , Fe3þ and Fe4þ mixed
valence states in STF10 thin film, with dominance of the Fe3þ states,
which is consistent with the previous works and corresponds to the
existence of oxygen vacancies [10].

Fig. 3 displays the polarization–electric filed (P–E) hysteresis
loop of the STF10 thin film. The loop showed an almost perfect
symmetry along both the electric field axes and the polarization
axes, indicating the existence of ferroelectric properties. The
obtained values of double saturated polarization (2Ps), remanent
polarization (2Pr) and coercive field (2Ec) at the applied E of
200 kV/cm were 12.3 μC/cm2, 1.58 μC/cm2 and 33 kV/cm, respec-
tively. The improved ferroelectric properties in STO could be
explained by the defect induced by the Fe ion substitution [15].
Based on the XPS results, Fe ions exhibit a mixed valence of
þ4/þ3/þ2. When substitute the Ti4þ with the Fe ion in the STO
lattice, oxygen vacancies (VÖ) are generally created in order to
maintain the charge balance [10,19], forming the defect dipoles of
cations (i.e. Fe ions)-VÖ complex, therefore increasing the total
polarization [20]. Besides that, the internal strain and the decrease
of crystal symmetry induced by the misfit of substrate and
aliovalent ionic substitution may also be beneficial for the enhan-
cement of spontaneous [21].

Fig. 1. (Color online) (a) XRD patterns of STF10 and LNO thin films, and (b) AFM
image of the STF10 thin film. Inset shows the magnified plot of the peaks (110).
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Fig. 2. (Color online) Fe 2p XPS splitting spectrum of the STF10 thin film on LNO/Si
(100) substrate.
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Fig. 4(a) shows the leakage current densities (J) as a function of
electric field (E) with the bottom LNO electrode having a dc bias
voltage ranged from �9.9 to 9.9 V for the STF10 thin film. The
leakage current densities of the STF10 thin films were about
2.76�10�6 and 1.6�10�5 A/cm2, respectively, at applied field of
100 and 500 kV/cm, which is low enough to provide the potential
application in dielectric devices. In order to analyze the leakage

conduction mechanisms of the SFT10 films leakage curves are
divided into several regions and the slopes (α¼ log J/log E) of each
region are fitted, as shown in Fig. 4(b). When a positive dc bias
voltage was applied to the bottom LNO electrode, the α values of
the BNF film is 1.0, which indicates the thermally simulated free
electrons dominated Ohmic conduction behavior for BFT/LNO
interface [22]. When a negative dc bias voltage was applied to
the bottom LNO electrode, the α values of the BNF films are 1.1 and
6.6, respectively at low and high electric field. The leakage follow
the Ohmic conduction at the electric field of o710 kV/cm, and
follow the space–charge–limited current (SCLC) mechanisms at
the electric field of 4710 kV/cm [23,24].

The room temperature magnetization of the STF10 thin film as
a function of in-plane external magnetic field in the range of �15
to 15 kOe was shown in Fig. 5. Hysteresis loop characteristic of
weak ferromagnetism was clearly observed in the figure. The
average remnant magnetization (Mr), saturated magnetization
(Ms) and coercive magnetic field (Hc) are 3.74�10�2 emu/cm3,
9.22�10�2 emu/cm3 and 1.23 kOe, respectively. Magnetoelastic
effects may be an important contributor to the ferromagnetic
properties in STF10 thin films [13]. Besides, the F-center exchange
(FCE) mechanism can also be used to explain the ferromagnetism
[25]. When F-center was formed by a VÖ-trapped electron, the
electron will occupy an orbital which overlaps the d shells of both
Fe3þ neighbors, thereby forming the ferromagnetic exchange
interaction through the help of Fe3þ–VÖ–Fe3þ complex.

4. Conclusions

In summary, the multiferroic SrTi0.9Fe0.1O3�δ thin filmwas synthe-
sized on the LaNiO3 coated Si(100) substrates by the sol–gel process.
The double saturated polarization (2Ps), average remnant magnetiza-
tion (Mr) and saturated magnetization (Ms) of the STF10 thin filmwere
12.3 μC/cm2, 3.74�10�2 emu/cm3 and 9.22�10�2 emu/cm3, respec-
tively. Both the ferroelectric and magnetic properties could be
explained by the defect induced by the Fe ion substitution. The
leakage current density of the STF10 thin film was about
2.76�10�6 A/cm2 at applied field of 100 kV/cm. Such thin film was
appropriate to be used in the field of multiferroic devices.
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