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Abstract
Two samples of  Bi1−xBax(Fe1−xTix)O3 with x = 0.1 thin films were deposited by RF sputtering method, on commercial indium 
tin oxide∕glass substrates, using different deposition procedures. The effects of deposition conditions on the structural, mag-
netic and electrical properties of the thin films are studied. X-ray diffraction, scanning electron microscopy (SEM), dielec-
tric and magnetic characterization techniques were performed at room temperature. The results show that the two samples 
exhibit rhombohedral perovskite structure without the presence of undesired phases of mixed iron bismuth oxides. The SEM 
micrographs reveal a huge difference in grain size between the films obtained by the two distinct deposition procedure. The 
analysis of the reflection and transmission spectra in the UV–vis range allowed us to determine the thickness and roughness 
of thin films synthesized. Also, from this analysis, the optical band-gap energy increases compared with that obtained for 
this doped compound in volume and with pure  BiFeO3.

1 Introduction

Multiferroics systems have caught the attention of the 
research community [1–5], mainly due to the impact they 
would have on the development of new applications. The 
availability of materials, in which magnetic and electric 
order coexist, opens a window of possibilities for the devel-
opment of new technologies with potential applications in 

electronics, magnetoelectric sensors and memory devices 
[6].

Bismuth ferrite  (BiFeO3) continues to attract interest as 
a multiferroic material due to the coexistence of ferroelec-
tric and ferromagnetic properties above room temperature. 
From the magnetic point of view, BFO exhibits a canted spin 
arrangement between near  Fe3+ ions leading to a local weak 
ferromagnetism, although the system is antiferromagnetic at 
macroscopic level due to its spiral spin structure [5, 7]. How-
ever, the antiferromagnetic order, the high electrical conduc-
tivity and poor phase stability at the sintering temperature 
are the principal drawbacks in the possible applications of 
this material.

Two different approaches can be made to overcome these 
difficulties: (1) doping the system, depending on the ionic 
radius and valence of dopants, either in the A sites  (Bi3+ 
sites) or the B sites  (Fe3+ sites) of the perovskite structure 
or in both simultaneously [1–3, 8, 9]; (2) synthesizing the 
system as a thin films over a substrate of Pt/Ti/SiO2/Si or 
 SrTiO3/Si [9–11].

The first approach can effectively improve the thermal 
stability of the BFO phase during the synthesis step. In this 
case, the electric conductivity decreases due to the reduc-
tion in oxygen vacancies and Fe valence fluctuations via the 
charge compensation mechanisms introduced by dopants. 
The second approach improves the thermal stability of 
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the BFO phase due to the significant reduction in sinter-
ing temperature (i.e., around 200 °C lower than that of the 
bulk sample). Lower sintering temperatures avoid the Bi 
volatilization, promoting a reduction in oxygen vacancies 
and Fe valence fluctuations and, accordingly, a reduction 
in electric conductivity. Additionally, the low thickness of 
the film permits to reach the high electric fields, needed to 
achieve polarization switching, with the use of very low 
applied voltages.

On the other hand, both approaches can improve the 
magnetic properties of the system via structural distortion 
(i.e., changes in bonds length, Fe–O–Fe bond angle,  FeO6 
octahedral tilting angle or all) caused by dopant incorpora-
tion or the strain induced by the substrate in the case of thin 
films [12]. These distortions cause changes in the coopera-
tive interaction between neighboring magnetic  Fe3+ ions that 
can promote the suppression, partial or total, of the spiral 
spin structure. Additionally, in the case of thin films, net 
non-zero macroscopic magnetization can be achieved if the 
thickness of the film is below the modulation length (62 nm) 
of the spiral spin structure [13].

As the magnetic and/or electric properties, of these sys-
tems, are highly dependent on sintering conditions or depo-
sition technique and substrate types, we propose in this work 
the sintering of thin films using two different deposition 
procedures over indium tin oxide (ITO)/glass substrates by 
radio frequency (rf) sputtering. The aim of the present man-
uscript is addressing the influence of the deposition route, 
in the modified BFO film with Ba and Ti, on the structural 
features and magnetic properties of the system. The results 
are discussed and compared with its bulk counterpart.

2  Experimental details

Bi0.9Ba0.1(Fe0.9Ti0.1)O3 (BBFT) thin films with different 
deposition procedures were fabricated on commercial ITO/
glass substrates by radio frequency (rf) sputtering. The 
ceramic target of BBFT was sintered by the solid reaction 
method, from oxides and carbonates [14]. Specifically we 
use high-purity oxides  (Bi2O3: 99.9%,  BaCO3: 99%,  TiO2: 
99.5%,  Fe2O3: 99.0%). The powders were ball-milled for 2 h, 
pressed at 100 MPa and calcined at 700 °C for 1 h. Then, 
the calcined powders where re-milled for 2 h, pressed in a 
2-in. diameter die at a pressure of 200 MPa and sintered at 
900 °C during 1/2 h in air. No excess  Bi2O3 was added dur-
ing the process.

The films were prepared in two different processes. The 
first one was deposited, using a single-step deposition, 
with a substrate temperature of 35 °C for 40 min with a 
target power supply of 50 W, frequency of 13.56 MHz, 19.8 
sccm argon flux and working pressure of 1.8 × 10−2 mBar. 
These parameters were selected by trial and error until the 

deposition procedure was optimized. The film obtained, 
labeled BBFT-1S, was subjected to an ex situ post-heat treat-
ment of 600 °C, 650 °C and 700 °C for 1 h in air in order 
to choose the adequate sintering temperature. The samples 
sintered at 700 °C were chosen for the present study due to 
its better crystallization and surface quality. The thickness 
of the layer, obtained by fitting the experimental reflection 
and transmission spectra in the UV–vis range of thin films, 
was approximated to 157 nm. The second film was depos-
ited with a substrate temperature of 35 °C for 10 min with a 
target power supply of 50 W and frequency of 13.56 MHz 
and 19.8 sccm argon flux. The film was subjected to an ex 
situ post-heat treatment of 700 °C for 1 h in air. After that, 
a second layer was deposited in the same conditions with 
a deposition time of 30 min (in order to achieve the same 
time deposition that the former film) and an ex situ post-heat 
treatment of 700 °C for 1 h in air. The total thickness of this 
film, using a two-step deposition and labeled BBFT-2S, was 
132 nm.

The crystalline structure of the films was performed using 
a Dmax 2100 diffractometer (Rigaku) with Cu  Kα radiation 
(λ = 1.5405 Å) by grazing incidence diffraction (1° incident 
angle, 0.02° step resolution, 0.4 s integral time) in the 2θ 
range. The diffractometer was operated at 40 kV and 30 mA. 
Surface morphology of the films was studied with an XL30 
environmental scanning electron microscope (Phillips) in 
secondary electron (SE) mode.

The magnetic properties of the samples were measured 
using an Evercool Physical Properties Measurement System 
(PPMS P525 Quantum Design) in the VSM mode. The max-
imum applied field used in the measurements was 30 kOe. 
The magnetic hysteresis loops of the films were corrected by 
subtracting the offset background signals (sample holder and 
ITO/glass substrate) as a function of the applied field. Fer-
roelectric characterization, using a metal–insulator–metal 
configuration, was performed in a Radiant precision LC 
coupled to a voltage amplifier TRek 609E-6 at frequency of 
100 Hz. For that purpose, gold electrodes (1 mm diameter) 
were deposited in the top of the film while the ITO substrate 
served as a bottom electrode.

Piezoresponse force microscopy (PFM) and switching-
PFM (SPFM) measurements were conducted using a Bruk-
er’s Dimension Atomic Force Microscopy (AFM) System. 
Measurements were carried out in an environment of con-
trolled humidity and temperature, < 5% RH, ~ 23 °C.

PFM takes advantage of the inverse piezoelectric effect 
of a piezo- or ferro- electric material, i.e., expansion and 
contraction of the material as consequence of an alternating 
electrical field (sinusoidal ac signal) applied between the 
conductive probe-tip and the bottom electrode located under 
the material. Such an expansion and contraction are trans-
mitted into deflection of the AFM probe, which are moni-
tored by a position sensitive device (PSD). Vertical signal 
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from the PSD is sent to a lock-in amplifier (LIA) which uses 
the sinusoidal ac signal as a reference. From LIA, ampli-
tude gives information about local piezoelectric strength, 
whereas the phase contains information about orientation 
of the ferroelectric domain. PFM contrast is improved by 
using frequencies corresponding to the contact resonances of 
the probe. Here, concentric micrometric areas were poled at 
± 12 Vdc and the typical operating conditions for PFM were 
3 Vpp at 460 kHz.

In switching PFM (SPFM), the sinusoidal ac signal is 
mounted on variable-amplitude voltage pulses (dc signal) 
with a triangular envelope in order to change the orienta-
tion of the ferroelectric domains. A pulse consists on one-
half with positive or negative dc value (on-field) and the 
other with null value (off-field). Thus, it is possible to obtain 
phase-switching and amplitude butterfly loops in the excited 
and remnant states. An optimal signal-to-noise ratio was 
achieved by applying contact resonance tracking (CRT) in 
the on- and off-fields of each pulse. Phase switching and 
butterfly presented here are an average of ten loops. Typi-
cal operating conditions for SPFM assisted by CRT were 
3 Vpp at 450–470 kHz. At least five different locations on 
the surface of the samples were evaluated with the SPFM 
technique.

X-ray photoelectron spectroscopy (XPS) of the thin 
films was performed with an Alpha 110 X-ray Photoelec-
tron Spectrometer (ThermoFisher Scientific) equipped with 
a monochromatic Al  Kα1 (1.486.7 eV) X-ray source, and 
a hemispherical electron analyzer with seven channeltrons. 
The spectrum was captured with a step size of 0.05 eV and 
pass energy of 20 eV at a takeoff angle of 90° (analyzer with 
normal incidence to the film). The optical transmission and 
reflection spectra were captured with a Scientific Comput-
ing International (SCI) FilmTekTM3000 spectrometer in the 
UV–vis spectral range (250–850 nm).

3  Results and discussion

Figure 1 shows the X-ray diffraction patterns of the thin 
films and target. The patterns, typical of the BFO rhom-
bohedral R3c perovskite structure, are observed in all the 
samples, including the target. The ITO reflections of the 
substrate are marked as ∇ (pdf # 89-4598 from ICSD). The 
identification of the crystallographic family of planes, cor-
responding to BFO phase, according to (pdf # 86-1518 from 
ICSD) is presented as well.

As can be observed, the reflections of the thin films are 
shifted towards higher 2θ angle in comparison to those of 
the target. An increase in the 2θ angles implies a decrease in 
the interplanar distances [15]. Hence, this is indicative of a 
contraction of the unit cell when the system crystallizes as a 
thin film. Additionally, the intensities of the ITO reflections 

are higher for the BBFT-2S film, suggesting that this sample 
is thinner than BBFT-1S. The reduction in films thickness 
could be related to a better match between the film and the 
substrate during the crystallization process and to higher 
grain growth uniformity. The sample BBFT-1S crystalize 
direct over the ITO substrate, while the BBFT-2S crystallize 
over a thin layer of the same phase.

Note that for BBFT-2S film, a two-step deposition route 
was used. In the first step, a thin layer, deposited for 10 min, 
was sintered at 700 °C for 1 h. This first thin layer could 
act as a buffer layer, improving the interface coupling and 
serving as a nucleation center/layer that controls the grain 
growth uniformity of the subsequent layer deposited over it, 
that promote the film thickness reduction.

Figure 2 shows SEM images (at two different magnifi-
cations) of the films samples in secondary electrons (SE) 
mode (BBFT-1S: Fig. 2a, c, BBFT-2S: Fig. 2b, d). As can 
be observed, there is a huge difference in the grain morphol-
ogy and surface quality between the films obtained by one 
or two-step deposition route. The sample BBFT-2S presents 
uniformly distributed submicron grains with well-defined 
grains and grains boundaries, without showing the formation 
of pores on the surface.

On the other hand, the SEM micrograph of the BBFT-
1S sample shows the formation of abnormally large (above 
microns) grains which appear to be separated from each 
other by cracks rather than by proper grain boundaries. 
In a closer inspection, one can see that these large grains 
are formed by sub-micron grains, merged with each other 
without a well-defined grain boundary between them. The 
cracks between those abnormal grains degrade the insulat-
ing properties of the sample; becoming a path for electric 
current or for the diffusion of deposited electric contacts, 

Fig. 1  X-ray diffraction patterns of the measured samples at room 
temperature. a Target, b BBFT-1S, c BBFT-2S
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causing a local short-circuit in the film. Additionally, cra-
ter-like holes observed on the film can acts as the path for 
the diffusion of deposited electric contacts too.

Figure 3 shows the optical reflection and transmission 
spectra of a single layer BBFT-1S and BBFT-2S films with 
the characteristic interference oscillations in the UV–vis 
region. The film thickness, d, refractive index, n, extinc-
tion coefficient, k, and the energy gap Eg were calculated 
by minimizing the root-mean-square error (RMSE) value 
to fit the experimental data to a three-layer optical model.

The model was considered like a BBFT/ITO/glass sub-
strate heterostructure consisting of a bottom ITO layer, an 
intermediate BBFT layer, and a top layer of BBFT with 
voids. The voids accounted for the film surface roughness 
and were specified as volume fraction. The Bruggeman 
effective medium approximation was employed to describe 
the top layer. The dispersion relation describing the opti-
cal properties of the film, as given by the Lorentz + Drude 
oscillator model for ITO layer and Lorentz oscillator 
model for BBFT layer, were also determined. The calcu-
lated film thickness was 157 for BBFT-1S with a surface 
roughness of 11 nm and 130 nm of thickness for BBFT-2S 
with a surface roughness of 4 nm.

The energy band-gap (Eg) of a semiconductor could 
be inferred from its UV–vis spectra using the following 
equation:

where � corresponds to the absorption coefficient 
(� = 4�K∕�) , h� is the photon energy, A is the proportion-
ality constant related to the material, and n represents the 
index which depends on the electronic transition of the semi-
conductor (for direct-gap semiconductors, n = 2) [16]. The 
Eg is obtained by extrapolating the linear portion of (�h�)2 to 
zero, and the value is determined to be 2.84 eV and 2.82 eV 
for BBFT-1S and BBFT-2S, respectively. These results are 
shown in Fig. 4.

The optical band-gap energy of the films is higher 
than that of reported in [17] for pure BFO (Eg = 2.05 eV) 
or that of the used target, estimated at 2.09  eV by the 
Kubelka–Munk approximation (inset in Fig. 4). It is a well-
known fact that the band-gap increases in thin layers com-
pared to its bulk counterparts [18–20]. With the decrease 
of the system dimension, increase the surface/volume ratio 
and, in correspondence, the number of atoms at the surface 
with an incomplete coordination sphere [19]. Hence, the 

(�h�)n = A(h� − Eg),

Fig. 2  Scanning electron micrographs of BBFT thin films. a, c BBFT-1S. b, d BBFT-2S
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density of states decreases leading to a narrowing of the 
width of bands (valence and conduction) and consequently 
an increase in the gap between them. Notice that the grain 

sizes of our films are sub micrometric and in the bulk [14] 
are over 5 microns.

The XPS narrow scan spectra of Fe 2p and O 1s are pre-
sented in Fig. 5. The 2p1/2 and 2p3/2 splitting of Fe 2p core 
level is presented in Fig. 5a. The coexistence of two valence 
state for Fe  (Fe2+ and  Fe3+) was confirmed from the Gauss-
ian deconvolution of the spectra. To accurately account for 
the two contributions and the contribution of the satellite 
peaks, all the spectra were fitted (dashed and solid lines, only 
shown for BBFT-2S for clarity).  Fe3+ to  Fe2+ ratio of 55/45 
was obtained for both, BBFT-1S and BBFT-2S films, a simi-
lar value to that obtained for the target (reported for García-
Zaldívar et al. [14]). Hence, the growth process, even when 
the synthesis temperature is 200 °C below to those used in 
bulk, has no effect to decrease the  Fe3+ to  Fe2+ formation.

The O 1s XPS spectrum (Fig. 5b) is composed of one 
main narrow peak around 529–529.5  cm−1 that can be 
associated with the of O 1s binding energy. The shoulder 
observed at higher energies in both samples, on the tail of 
the main peak, is related to oxygen defects [21]. The inten-
sity of this shoulder is lower than that observed in the tar-
get [14], an evidence of a lower concentration of oxygen 
defects in the films. The oxygen defects being one of the 
main conduction mechanisms in these systems, a reduction 
in the defects concentration could imply an improvement in 
the electrical performance of these materials in the form of 
thin films.

Ferroelectric hysteresis loops of the samples are shown 
in Fig. 6a. As can be observed, no saturation tendency 
exists for any of samples, since the values of electric fields 
well above the coercive field for these materials (between 
300 and 500 kV/cm2 for other BFO-based materials [22, 

Fig. 3  The measured and fitted reflection and transmission spectra in 
the UV–vis range for the BBFT thin films a BBFT-1S and b BBT-2S

Fig. 4  UV–visible absorption 
spectra of a BBFT-1S and b 
BBFT-2S samples. Tauc’s plots 
to determine the band-gap of 
the thin films. The inset shows 
the corresponding spectra of 
the BFO target using Kubelka–
Munk approximation. Horizon-
tal dashed line at y-axis = 0 is a 
guide to the eyes
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23]) could not be reached. The shape of the curve is simi-
lar to that reported for other BFO-based systems, or other 
conductive ferroelectric systems, when the applied field 
is below the coercive one and complete domain switching 
does not occur [24, 25].

In order to evaluate the ferroelectric behavior of films 
at the nanoscale, local phase-switching and butterfly loops 
were acquired on the BBFT-1S sample and they are shown 
in Fig. 6b. Phase switching result indicates that the domain 
switching in two directions was successfully achieved. On 
the other hand, butterfly loops allow to determine the coer-
cive bias and the piezoelectric coefficient for both on-field 
and off-field. Piezoelectric coefficient is around 55 and 
30 pm/V for on-field and off-field, respectively. Topog-
raphy, amplitude and phase PFM images after a ± 12 Vdc 
poling process are shown in Fig. 6c. From these images, 
amplitude reveals the boundaries of the oppositely poled 
areas and phase shows a polarization switching phenom-
enon, which confirm the ferroelectric nature of the studied 
film at that scale.

The results of ferroelectric hysteresis presented in 
Fig. 6a are useful to evaluate the electrical performance 
of both systems. The BBFT-1S sample only reaches a 
maximum field of 80  kV/cm before dielectric break-
down. On the other hand, BBFT-2S reaches 370 kV/cm 
without dielectric breakdown. Thus, considering that the 
band-gap of the two films is similar, these results confirm 
that the improvement in morphology and surface quality 
obtained by two-step deposition route becomes crucial in 
the improvement of the electrical performance of the films.

On the other hand, the magnetic properties are not 
strongly affected by the deposition route used. The ferro-
magnetic character of the BBFT-1S and the BBFT-2S thin 
film is evidenced by a well-defined hysteresis loop (Fig. 7) 
at room temperature in which the magnetic field was applied 
parallel or perpendicular direction to the plane of the sub-
strate. Nevertheless, the shape of the loops, in which no 
saturation tendency exists and in which a slight narrowing 
of the loop for the fields close to zero is observed, suggests 
the coexistence of ferro and antiferromagnetic orders in both 
systems.

In Fig. 7 the hysteresis loop corresponding to the measure 
in the parallel direction is shown. Measurements in the per-
pendicular direction (not show here), threw a similar behav-
ior reaffirming the isotropic character of both films. The film 
thickness (determined from optical UV–vis measurements), 
were used to calculate the film magnetization (σ) at the max-
imum applied field of 3 T. Values of σ3T of 60.13 emu/cm3 
and 52.70 emu/cm3 were estimated for BBFT-1S and BBFT-
2S, respectively. In correspondence, coercive fields of 630 
Oe and 850 Oe were determined. The values of both param-
eters (σ3T, coercive field) are higher than those reported in 
other BFO-based systems [9, 23].

4  Conclusions

We present the structural, morphological and magnetic 
results of two thin films obtained both by radio frequency 
sputtering but with different deposition procedures. The 

Fig. 5  XPS narrow scan spectra 
of Fe 2p (a) and O 1s (b) for the 
studied samples
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magnetic properties of the film, typical of a canted spin 
ordered systems, are only slightly affected by the deposi-
tion route used. X-ray diffraction patterns, typical of BFO 
rhombohedral R3c perovskite structure, were observed for 
both films. From this technique, additionally, it may be con-
cluded that there is a contraction of lattice parameters of 
the films compared to the bulk system. SEM micrograph 
reveals an improvement of grain morphology and surface 
quality for the film obtained by two-step deposition route. 
The ferroelectric nature of the studied films was confirmed 
through piezoresponse measurements.

Optical UV–vis experiments confirm a considerable 
increase in the optical band-gap of both films compared to 
its bulk counterpart. While from XPS results, it may be con-
cluded a reduction in oxygen concentration defects in both 
films compared to bulk.

Finally, considering the improvement in morphology 
and surface quality of BBFT-2S, the increase of band-gap 
values, the ferroelectric hysteresis results and the reduc-
tion in oxygen defects compared to bulk systems, the 
selection of the two-step deposition route could become 
fundamental to obtain multiferroic BFO-based thin films 
with improved electrical properties.

Fig. 6  a Ferroelectric hysteresis loops; b amplitude butterfly and phase-switching loops in the on-field and off-field for BBFT-1S; c topography, 
amplitude and phase images obtained through PFM measurements for BBFT-1S
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