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Abstract
In this paper, the effect of thickness on the structural, optical, and magnetic properties of the BiFeO3 (BFO) thin films
formed on a glass substrate by the chemical solution deposition has been studied. The sol-gel method combined by the spin-
coating technique is used to fabricate BFO thin films. The XRD analysis indicated that BFO thin films had a rhombohedral
perovskite structure. Polycrystallinity, smooth and compact surface morphology, and uniform size distribution, as well as
average thickness of layers, were observed in FESEM images. UV-vis spectra showed that the absorption coefficient and
energy bandgap increased by increasing the thickness of films. VSM measurements indicated that the thin films showed a
behavior between weak ferromagnetic and anti-ferromagnetism for all samples.
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1 Introduction

Discovery of the coexistence of ferroelectricity and
magnetism in BiFeO3 (BFO) thin film starts a great interest
in the study of multifunctional materials [1, 2]. Multiferroics
are labeled as materials that show simultaneously more than
two ferroic manners, which are ferromagnetic, ferroelectric,
and ferroelastic orders [1–7]. The potential application
of these materials is in the information storage, sensors,
photocatalysts, photovoltaic cells, and spintronic [8–15].
Bismuth ferrite is the only room temperature multiferroic
material (Tc ∼ 1103 K and TN ∼ 64 K) [1, 4] and shows a
direct energy bandgap of ∼2.2 eV [16]. In addition, bismuth
ferrite has a rhombohedrally distorted perovskite structure
with the space group R3C [17].

In the last two decades, BiFeO3 was studied theoretically
and experimentally. These studies were focused on bis-
muth ferrite thin film, ceramics, nanoparticles, and nanorods
[18–24]. In recent years, different preparation methods have
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been successfully developed for fabricating BiFeO3 films such
as molecular beam epitaxy (MBE) [25–28], RF-sputtering
[29–33], pulsed laser deposition (PLD) [14, 33, 34], chemi-
cal vapor deposition (CVD) [35–37], and chemical solution
deposition [38–40]. Among these methods, solution-derived
BiFeO3 thin films (i.e., sol-gel spin coating) have been
implemented as a more practical and more adaptable route
for industry. This is due to many potential advantages for
deposition of thin films including easy operation and low
cost. In addition, high purity, good homogeneity, and lower
processing temperature are some of the benefits. However, it
has less control over thickness and morphology of products
during the procedure.

Here, we study the influence of thickness of thin films on
morphological, structural, optical, and magnetic properties
of bismuth ferrite thin films. Our experiments were carried
out on a series of 135–530-nm-thick BiFeO3 films grown by
the sol-gel route combined with the spin coating method.

2 Experimental Method

2.1 Fabrication of BFO Layers

Bismuth nitrate (99%, Sigma), iron nitrate (99%, Merck), 2-
methoxyethanol (99.5%, Merck), acetic acid (96%, Merck),
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and absolute ethanol (99.9%, Merck) were used in this work.
BiFeO3 (BFO) thin films with average thickness of 135
(BFO5), 270 (BFO10), 400 (BFO15), and 530 (BFO20) nm
have been fabricated using the sol-gel method combined
with the spin coating technique. Suitable stoichiometric
amounts of bismuth nitrate and iron nitrate are dissolved
in 2-methoxyethanol (2-MOE) [42–44]. The whole prepa-
ration process was performed in an air atmosphere at room
temperature (RT). In order for the pH value to reach 1.5,
acetic acid (as the chelating agent) was added dropwise
under constant stirring After stirring at RT for an hour, the
temperature was increased to 70 ◦C. After a few hours,
a clear brownish sol was obtained. The sol was kept at
RT for 2 h and the deposition process was started. The
BFO layer was first spin-coated (at 4000 rpm for 30 s)
on the wellcleaned glass substrate, and dried at 110 ◦C
for 10 min. To achieve the desired thickness of sam-
ples, the process was repeated 5 (BFO5), 10 (BFO10),
15 (BFO15) and 20 (BFO20) times. According to the
cross-section field-emission scanning electron microscopy
(FESEM) observations, the thickness of each layer was
∼ 27 nm.

2.2 Characterization

The structural properties, average particle size, and phase
purity of BFO thin films were characterized by x-ray
diffraction measurements using a powder diffractometer
(Philips) with Cu-Kα radiation (λ = 1.5406 Å). The
morphology and size of products as well as the thickness of
films were determined from the image of BFO thin films
using a MIRA3 TESCAN-XMU field-emission scanning
electron microscope (FE-SEM). To study the optical
properties of samples, room temperature UV-vis diffuse
reflectance spectra were measured using a Lambda900
spectrometer. For the magnetic behavior of thin films, the
hysteresis loops of BFO films were measured up to 20 KG
by using a vibrating sample magnetometer (VSM- Lake
Shore model 7410, SAIF).

3 Results

3.1 Structure of BiFeO3 Thin Films

The structural properties of BFO thin films and particle size
are investigated by using xray diffraction (XRD) patterns
(Fig. 1). Analysis of XRD patterns shows that products
have a perovskite structure with a random orientation. For
the BFO5 sample, an amorphous behavior and secondary
phases with low peak intensity is observed. However, for
BFO10, BFO15, and BFO20, no secondary phases were
found. Furthermore, the average full width at half maxima

Fig. 1 XRD patterns of BiFeO3 thin films with different thicknesses

(FWHM) value increased as the thickness of the layer
increased. The crystallite size of BFO nanocrystals was
calculated from Scherrer’s equation D = Kλ

β cos θ
, where

β is the FWHM, K is the shape factor ∼0.89, λ is the
wavelength of the X-ray source, and θ is the Bragg angle
of each peak [45]. The average crystallite grain of BFO thin
films was calculated to be 28, 38, 47, and 53 nm for BFO5,
BFO10, BFO15, and BFO20 respectively.

3.2 FESEM andMorphology Studies

Figure 2a–c shows the images obtained from the field
emitted scanning electron microscopy (FESEM) for BFO10
at different magnifications. In these images, uniform grain
structure is evident and the average grain size of 35–40 nm
is obtained. Some pores were also observed in the sample.
The FESEM image for the cross section of the BFO10 thin
film is also presented in Fig. 2d. The image shows a sharp
interface, flat surface, and the average thickness of 273.92
nm for BFO10.

3.3 Optical Properties of BFO Thin Films

The UV-vis absorption spectra of bismuth ferrite thin films
are shown in Fig. 3. For all samples, the absorbance starts
before the visible region. The absorption coefficient (α)

is increased by increasing the thickness of the BFO layer.
Also, there is a shoulder centered at ∼380 nm which could
correspond to dipole-allowed charge transfer excitations
[46, 47].



J Supercond Nov Magn (2018) 31:3217–3222 3219

Fig. 2 a–c FESEM image of
BFO10 at different
magnifications, d cross-sectional
FESEM image of the BFO10
thin film on glass substrate

Bismuth ferrite has a direct energy bandgap at RT [9].
The bandgap energy of whole thin films was calculated
using Tauc’s equation [48] (αhν)2 = K(hν − Eg), where
K is a constant and hν is the photon energy. The curves
of (αhν)2 versus hν for BFO5, BFO10, BFO15, and
BFO20 are illustrated in Fig. 4. The optical bandgap was
estimated by the linear extrapolation of (αhν)2 versus hν.
The calculated bandgap energies of BFO thin films were
1.63 eV for BFO5, 2.35 eV for BFO10, 2.53 eV for BFO15,
and 2.82 eV for BFO20 samples. Hence, by increasing the
thickness of the BFO layer, the bandgap is increased.

3.4 Hysteresis Loops andMagnetic Properties

Figure 5 shows the magnetic hysteresis loops for bismuth
ferrite thin films with different thicknesses at RT. A completely
saturated magnetization was not observed for thin films at
a maximum applied magnetic field of 20 KG. All sam-
ples show a combination of weak ferromagnetic and anti-
ferromagnetic behavior. According to the literature, in bis-
muth ferrite, the iron ions (Fe3+) have a strong relationship

with magnetization and these ions are responsible for mag-
netic properties of this matter. Surrounding each (Fe3+) ion

Fig. 3 UV-vis spectrum of BiFeO3 thin films with different thicknesses
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Fig. 4 (αhν)2 versus hν plots of
BFO5, BFO10, BFO15, and
BFO20

with a certain spin, there are six other ions with nonparallel
spins. These spins are not completely nonparallel; however,
they are organized in a spiral manner with a period of 62
nm, which leads to a magnetization value of zero. Breaking

Fig. 5 Room temperature magnetic hysteresis loops of BiFeO3 thin
films with different thicknesses

the spiral organization of the spin is due to nanoparticle
size reduction to less than 62 nm and the rise of uncom-
pensated spins on the surface of nanocrystals (because of a
rise of area relative to volume). This can be a justification
for the increase in magnetic properties and the decline in
ferromagnetic properties of bismuth ferrite [9].

By increasing the thickness of layers, saturated mag-
netization (Ms) decreases. On the other hand, remanent
magnetization (Mr) and coercive force (Hc) increase.
Table 1 shows the information from magnetic characteri-
zation tests for the prepared BFO thin films with different
thicknesses.

Table 1 Information from magnetic characterization for BFO thin
films

Sample Ms×10−6(emu/g) Mr×10−6(emu/g) Hc(G)

BFO5 247.6 3.3 92.4

BFO10 201.5 3.6 38.6

BFO15 151.2 9.5 717.2

BFO20 104.7 895.2 1643.5
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4 Conclusions

In summary, BiFeO3 thin films with different thicknesses
were successfully fabricated on glass substrate by the sol-
gel spin coating process. The influence of thickness of
films on the structural, optical, and magnetic properties of
the films was studied. X-ray diffraction showed that all
thin films had a single BiFeO3 phase with rhombohedral
perovskite structure and space group R3C. The degree
of crystallinity and crystallite size increased with the
increasing of the thickness of the BFO layer. The FESEM
micrographs revealed the formation of particles with
average size of 35–40 nm for the BFO10 sample. The
thickness of each coated layer is obtained ∼27 nm. The UV-
vis absorption spectra of bismuth ferrite thin films indicated
that the energy bandgap increases by the increasing of the
thickness of thin films and changes from 1.63 eV for BFO5
to 2.82 eV for BFO20. A mixture of weak ferromagnetic
and anti-ferromagnetic behavior is observed for bismuth
ferrite thin films. Moreover, an increasing in Hc is obtained
by increasing the thickness of the BFO layer. Considering
the results from VSM, one can see that as the thickness of
the BFO layer is increased, the saturation magnetizations
decrease.
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