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Abstract
Pure crystalline bismuth ferrite BiFeO3 (BFO) thin films have been deposited on the cleaned glass substrate by sol–gel spin-
coating technique with different molar concentrations (from 0.1 to 0.5 M) of the precursor solution. The influence of molar 
concentrations on the structural, magnetic and optical properties has been investigated by different advanced techniques. The 
X-ray diffraction patterns of BFO films revealed that the increase of the molar concentration from 0.1 to 0.5 M induced the 
structural transformation from distorted orthorhombic to single orthorhombic phase. The average crystallite size of BFO thin 
films was calculated using Scherrer formula and found to be in the range of 15–28 nm. The elemental composition of Bi, Fe 
and O was confirmed using energy-dispersive spectroscopy of X-rays. The atomic force microscopic images revealed that 
shape of particles are changing from ellipsoid to nanorods with increasing the molar concentration from 0.3 to 0.5 M. The 
root means square roughness of BFO films was also varying from 6.34 to 29.88 nm. The stripe-like structure of domain was 
explored through magnetic force microscopy. The films prepared from the precursor of molar concentration of 0.5 M revealed 
the microscopic remnant magnetization of 0.19 emu/cm3 and coercivity of 443.06 Oe from the M–H measurements. This 
enhancement of ferromagnetic properties may be due to the formation of nanorods resulted by destroying the cycloid spin 
structure. The optical bandgaps were also tuned from 2.58 to 2.49 eV due to increase of the crystallite size from 15 to 28 nm.

1  Introduction

During the last few decades, multiferroic thin films have 
attracted enormous significant interest in the material sci-
ence research because it simultaneously exhibits ferroelec-
tric and antiferromagnetic properties in the same phase as 
well as strong coupling between the charge and spin ordering 
at room temperature [1–3]. The most interesting properties 
of multiferroic materials are magnetoelectric (ME) effect in 
which the electric polarization can be tuned by the applica-
tion of magnetic field and magnetization can be tuned by 
the application of electric field [4–6]. The bismuth ferrite 
(BiFeO3), being a single-phase material, shows linear mag-
netoelectric effect [7–10] at room temperature. It is the most 
suitable materials for various applications in spintronics, 
microelectronics, magnetic field sensors and multiple-state 

memories devices [11–13] due to its high Curie tempera-
ture TC ∼ 1103 K and low Neel temperature TN ∼ 643 K 
[14]. Besides, there is another class of hexaferrite materi-
als BaFe12−xAlxO19 that are also promising for practical use 
[15–17]. However, good ferromagnetic nature, i.e. large total 
magnetic moment at operating temperature (room tempera-
ture) is also very important. Substituted M-type hexaferrites 
[18–20] are excellent candidate for such magnetic material 
with TC ~ 740 K. This is the simplest type of all ferrites with 
a hexagonal structure. More than 90% of permanent magnets 
are produced all over the world based on this compound. 
This compound is a deep semiconductor (ρ ~ 109 Ohm cm) 
at room temperature with a ferrimagnetic structure and a 
total magnetic moment of 20 µB in the ground state. The 
single-phase BFO thin film exhibits both the rhombohedral/
hexagonal or pseudo-cubic structure with R3c space group, 
where the pseudo-cubic [111]C is equivalent to hexagonal 
[001]h direction. The covalent interaction originates from 
the strong hybridization between Fe-3d orbital and O-2p 
orbital. It causes the tilt of FeO6 octahedra. This tilt of octa-
hedra plays a significant role in the structural distortion of 
the BFO lattice. The shifting of the atoms and rotation of 
FeO6 octahedra allow the induced polarization that may be 
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related to the lattice strain. The magnetic studies revealed 
that BFO has a G-type antiferromagnetic structure with a 
small rotating helical magnetic ordering period of rotation 
∼ 62 nm [21, 22]. The R3c symmetry also permits a cant-
ing of the antiferromagnetic sublattice, resulting in a weak 
ferromagnetism, if the magnetic moment of Fe3+ is oriented 
perpendicular to the [001] direction [11, 23]. Moreover, as 
previously reported, the ferromagnetic properties of BFO 
materials are increasing with decreasing particle size, due 
to the increase of surface to volume ratio [24–26]. Whereas 
the recent theoretical studies using first-principle density 
functional theory also confirmed the existence of a large 
ferroelectric polarization as well as a small magnetization 
in the BFO thin films [27]. Furthermore, large spontaneous 
polarization and multiferroic properties at room tempera-
ture have been recently discovered in barium hexaferrites 
substituted by diamagnetic cations. Herewith the magneto-
electric characteristics of M-type hexaferrites fabricated by 
a modified ceramic technique are more advanced than those 
for the well-known room temperature BiFeO3 orthoferrite 
multiferroic [28–31]. The bismuth ferrite thin films have 
the limit for technological application due to its high leak-
age current density originated possibly from Bi-deficiency, 
(high volatility of Bi), oxygen vacancy and charge fluctua-
tion of (Fe3+/Fe2+) ions. To suppress the leakage current 
density and to improve weak ferromagnetism, many attempts 
have been made such as modifying the surface properties, for 
example, thickness [32, 33] and morphology [34–36] at the 
nanoscale, high magnetic field annealing [37–39] and doping 
of various metal ions [40–55]. Since the synthesis of single-
phase BFO is very difficult due to high volatility of Bi, the 
researchers have used various other techniques, for exam-
ple, spray pyrolysis [56], sol–gel spin coating [57], pulsed 
laser deposition [58], and metal organic deposition [59] for 
the preparation of single-phase BFO thin films. However, 
the substitution of strong ferromagnetic compounds by dia-
magnetic cations [19] has also been adopted for synthesiz-
ing single-phase materials. Besides, for the modification of 
surface structure and multiferroic properties, the films were 
deposited on different substrates such as Pt/TiO2/SiO2/Si/
SrTiO3 [60–65]. There are still few reports [66, 67] on the 
synthesis of BiFeO3 thin films by spin-coating method with 
varying molar concentrations of precursor solution. In view 
of the above facts, sol–gel spin-coating technique, because 
of lower deposition temperature, precise control of composi-
tion and thickness, high purity, and better chemical homo-
geneity over large area, is employed for single-phase BFO 
thin film preparation from varying molar concentrations 
(0.1–0.5 M) of precursor solution in the present investiga-
tion. This method also influences the surface morphology 
and grain/crystallite size distribution and hence it signifi-
cantly enhances the multiferroic properties [68–78]. The 
effect of molar concentrations of the precursor solution on 

the crystal structure, surface morphology, optical and mag-
netic properties of BiFeO3 thin films is herewith reported.

2 � Experimental details

The BFO thin films have been deposited on cleaned glass 
substrate by sol–gel spin-coating technique at room tem-
perature. The analytic grade materials of bismuth nitrate 
[Bi(NO3)3·5H2O] and iron nitrate [Fe(NO3)3·9H2O] have 
been used for the preparation of precursor solutions. To 
prepare precursor solutions of 0.1 M, 0.485 gm of bismuth 
nitrate pentahydrate and 0.404 gm of iron nitrate were dis-
solved in 20 ml solution (18 ml of 2-methoxy ethanol + 2 ml 
of acetic acid) and stirred continuously for 2 h. The acetic 
acid acts as a chelating agent and stabilizes the gel solu-
tion. Thereafter prepared precursor solutions of 0.1 M were 
again undergone for constant stirring at 70 °C for 1 h to 
get the homogeneous and transparent brownish colour solu-
tion. Further, for getting the viscous solution, resultant sol 
was aged at room temperature for 24 h. Similarly, the molar 
concentration of precursor solution was tuned to 0.3 M and 
0.5 M. Before deposition, the substrates were cleaned by 
organic solvent such as acetone, isopropyl alcohol and dis-
tilled water to remove any dust or contaminants present on 
the surface of the glass slides. Finally, BFO thin films have 
been deposited with different molar concentration of precur-
sor solution by spin-coating technique at 3500 rpm for 30 s. 
After each deposition, the film was heated to 350 °C for 
30 min to decompose and evaporate the organic compounds 
present in the films. The deposition process was repeated 15 
times to obtained appropriate and desired thickness of the 
films. Finally, the prepared thin films with different molar 
concentrations of precursor solution were annealed at 500 °C 
for 4 h in an open-air atmosphere for crystallization. The 
gross structure and chemical phase purity of BFO thin films 
were examined by powder X-ray diffractometer (PXRD) 
[Rigaku, Ultima-IV] with CuKα radiation (λ = 1.5406 Å). 
The PXRD data were collected for scanning range of 2θ 
from 20°–60° under scanning speed of 0.5°/min and a step 
size of 0.02°. The surface morphology and chemical com-
position of the films were explored through field emission 
scanning electron microscope (FE-SEM) of MIRA II LMH 
from TESCAN attached with energy-dispersive X-ray spec-
troscopy (EDS) detector. Before getting the SEM micro-
graphs, thin films were coated with gold film of 10 nm 
thickness in a high-vacuum turbo pumped sputter coating 
system. The surface topography as well as root mean square 
(RMS) roughness of BFO films were examined by atomic 
force microscopy. The maximum scan area for getting the 
images was 10 × 10 µm2. The magnetic phase images were 
also recorded by magnetic force microscopy (MFM) with 
the multimode SPM (Digital Instrument Nanoscope E) at 
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room temperature. The maximum scan area of MFM phase 
image was also 10 × 10 µm2. The lift height of MFM tip was 
varied from 50 to 150 nm and resonant frequency of the tip 
was maintained approximately at 60–80 kHz. The magneti-
zation versus magnetic field, i.e. (M–H) measurement was 
recorded using vibrating sample magnetometer (Quantum 
Design, Versa lab 3) at room temperature. The optical prop-
erties such as absorption and transmittance spectra of BFO 
thin films have been recorded as the function of wavelengths 
using a Cary 5000 UV–Vis spectro-photometer with spectral 
resolution of 0.05 nm. Thickness of the annealed films pre-
pared from molar concentration of 0.1 M, 0.3 M and 0.5 M 
was determined by an Ambios surface profilometer.

3 � Results and discussion

3.1 � X‑ray diffraction analysis

3.1.1 � Structural phase analysis

The representative powder X-ray diffraction (XRD) pat-
terns of the annealed BFO thin films prepared from differ-
ent molar concentrations are shown in Fig. 1. The observed 
all diffraction peaks of BFO thin films match well with the 

JCPDS (no. 077-8894) and hence confirm the formation of 
orthorhombic crystal structure with Pbnm space group [79]. 
A single peak of impurities (Bi2O3) at 2θ ∼ 27.32° is also 
observed in the XRD pattern. The occurrence of impurity 
phases in BFO films may be due to the instability (slow 
Brownian motion of the molecules) of the sol–gel at lower 
molar concentration of 0.1 M. However, the reflection peak 
of impurities (Bi2O3) disappears in the XRD pattern as the 
molar concentration increases from 0.1 to 0.5 M. Thus, 
increase the molar concentration of precursor solution is 
helpful in suppressing the impurity phases. The character-
istic diffraction peaks due to the planes such as (002), (111), 
(020), (200), (022), (004), (114) and (312) of BiFeO3 have 
been observed. The unit cell parameters are modified as the 
inter-planer spacing increases due to the gradual shift of 
diffraction peaks towards lower angle side with increase of 
the molar concentration. The calculated lattice parameters 
(a, b and c) and unit cell volume of BFO thin films pre-
pared from different molar concentration of 0.1 M, 0.3 M 
and 0.5 M are presented in Table 1. A slight expansion of the 
unit cell observed in the present investigation with increase 
the molar concentration indicates that crystal structure is 
slightly modified. Further, the magnified view of the XRD 
pattern near 2θ = 32.0° depicted in Fig. 1b shows that two 
very close diffraction peaks (020) and (200) are separated 

Fig. 1   a X-ray diffraction patterns of BFO thin films deposited on glass substrate for precursor solution of molar concentration of 0.1 M, 0.3 M 
and 0.5 M (*the impurity peak of Bi2O3). b Magnified description of the peak around 2θ = 32°



	 R. R. Awasthi et al.

1 3

338  Page 4 of 14

appreciably as the molar concentration of precursor solu-
tions increases from 0.1 to 0.5 M. It forces us to conclude 
that a distorted orthorhombic structure transforms to more 
symmetric orthorhombic structure.

The average crystallite size (D) of the films was calcu-
lated using the Scherer formula:

where K is constant and its value is 0.9 for the spherical 
shape, λ is the wavelength of X-ray, β is the full width at half 
maxima (FWHM) and θ is the Bragg diffraction angle. The 
calculated crystallite size of the BFO films prepared from 
different molar concentrations of 0.1 M, 0.3 M, 0.5 M are 
found to be 15, 23, 28 nm, respectively. This slight expan-
sion of unit cell and the increase of crystallite size from 
15 to 28 nm with the change of molar concentrations may 
be due to the decrease of oxidation state of iron, i.e. from 
Fe3+(0.064 nm) to Fe2+(0.076 nm). It is a well-known fact 
that the complex 3d-metal oxides easily allow the change 
of oxygen stoichiometry (oxygen excess and/or deficit) [80, 
81], in the present investigation, the films were prepared 
and annealed in air (oxygen deficit atmosphere), so oxygen 
deficit can decrease the oxidation state of iron (Fe).

3.1.1.1  Williamson–Hall analysis  The more accurate crys-
tallite size and lattice strain of each thin films were also cal-
culated using Williamson–Hall (W–H) plots between βcosθ 
and 4sinθ, as mathematically represented by

Further, the Bragg diffraction peak width is a combina-
tion of instrumental integral width and the width broadening 
due to the materials. Therefore, the correct broadening of 
the diffraction peak of BFO thin films is estimated using 
the relation:

The instrumental integral width (βinstrumental) was deter-
mined from the collected diffraction data of standard mate-
rials such as silicon. The W–H plots for BFO thin films 

(1)D =
K�

� cos �
,

(2)�Cos� =
k�

D
+ 4�Sin�.

(3)� = [�2
measure

− �2
instrumental

]1∕2.

deposited by spin-coating method from different molar 
concentration are shown in Fig. 2a–c. The values of lat-
tice strain and crystallite size of BFO thin films prepared 
are presented in Table 1 and the variation of crystallite 
size and lattice strain as a function of molar concentra-
tion are shown in Fig. 2d. It is inferred that the lattice 
strain increases gradually and crystallite size increases 
sharply with increasing molar concentration of precursor 
solution. This sharp variation of crystallite size creates 
massive dislocations within the crystal, and strain induces 
structural transformation from distorted orthorhombic 
crystal structure to single orthorhombic phase with Pbnm 
space group [79].

3.1.2 � Texture coefficient analysis

The texture coefficient (TChkl) of the (hkl) plane of as 
annealed films was calculated for the evaluation of the rel-
ative degree of preferred orientation of crystallite planes, 
using the following equation from the X-ray diffraction 
data:

where I(hkl) is the measured peak intensity and I0(hkl) is the 
standard integral peak intensity of (hkl) plane and N is the 
number of diffraction peaks observed from XRD pattern. 
If the texture coefficient is greater than 1, the crystal ori-
entation is preferably oriented in particular direction. The 
TChkl value was calculated for all diffraction peaks present 
in the XRD pattern. Depending on the molar concentration, 
the TChkl values of BFO thin films for (002) peak are pre-
sented in Table 1. It can be seen that TChkl value for (002) 
peak of film prepared from molar concentration of 0.1 M is 
0.924 which is higher than the value for other peaks. While 
increasing the molar concentration from 0.1 to 0.5 M, the 
TChkl value of (002) peak increases from 0.924 to 1.092. 
This small difference may be too small to be significant con-
sidering the quality of the XRD patterns.

(4)TChkl =

N

�
I(hkl)

I0(hkl)

�

∑ I(hkl)

I0(hkl)

,

Table 1   The lattice parameters, strain, cell volume, crystallite size and texture coefficients the BFO thin film deposited from the precursor solu-
tion of various molar concentrations

BiFeO3 thin films deposited from 
various molar concentration (M)

Lattice parameter Lattice strain Cell volume (Å3) Crystallite 
size (nm)

Texture 
coefficient 
(TChkl)

a (Å) b (Å) c (Å)

0.1 5.601 5.622 7.951 0.0019 250.368 15 0.924
0.3 5.606 5.628 7.959 0.0028 251.110 23 0.963
0.5 5.610 5.632 7.968 0.0062 251.753 28 1.092
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3.2 � Surface morphology and topography analyses

The field emission scanning electron micrograph (FE-
SEM) and corresponding energy-dispersive X-ray spectra 
(EDS/EDX) of annealed thin films prepared from precur-
sor solution of molar concentration (0.1 M and 0.5 M) 
are shown in Fig. 3a, b. The SEM images indicate that 
surface of the thin films prepared from molar concentra-
tion of 0.1 M are highly porous. This may be due to the 
destruction of grains by mass transport, and especially 
oxygen vacancy transport [82]. It may also be seen that 
surface contains irregular-shaped nanoparticles, well con-
nected to each other. However, as the molar concentration 
increases from 0.1 to 0.5 M, the surface morphology of 
the films changes from granular to nanorod-like structure. 
The chemical composition of BFO thin films prepared 
from different molar concentration of 0.1 M and 0.5 M has 
been estimated by energy-dispersive X-ray spectroscopy 
(EDS or EDX). The EDS/EDX spectra shown in Fig. 3 
confirms the presence of Bi, Fe and O elements in proper 
stoichiometry.

The surface topography of BFO thin films explored 
through atomic force microscopy (AFM) is shown in 
Fig. 4a–c. The topographic images of BFO film prepared 
from molar concentration of 0.1 M reveal that surface 
is highly porous. However, increasing the molar con-
centration from 0.1 to 0.3 M, the porosity is decreasing 
and hence improving the density of films. Furthermore, 
increasing the molar concentration from 0.3 to 0.5 M, the 
shapes of grain changes from ellipsoid to nanorods fre-
quently observed in AFM image (4-d) of scanning area of 
4 × 4 µm2. The dimension of nanorods is estimated with 
the help of cross-sectional topographic image recorded 
using WSxM software and found to be 58 × 14 nm2. The 
surface roughness of the films also changes with vary-
ing molar concentration of precursor solution. The root 
mean square (RMS) roughness of the films has been 
observed using WSxM 4.0-Beta 8.2 software. The RMS 
roughness has been found to be 13.59, 6.34, 29.88 nm for 
the films prepared from molar concentrations of 0.1 M, 
0.3 M, 0.5 M, respectively. The irregular variation of RMS 
roughness may be due to the destruction or creation of the 

Fig. 2   a–c Williamson–Hall plots of BFO thin films, d crystallite size and strain verses function of molar concentration of 0.1 M, 0.3 M and 
0.5 M
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grains by mass transport, and especially oxygen vacancy 
transport [82].

3.3 � Magnetic domain and M–H measurement 
analysis

The microscopic local magnetic domain structure of BFO 
thin films have been studied using high-resolution magnetic 
force microscopy (MFM). Figure 5a–f shows the MFM 
phase image and their corresponding cross-sectional phase 
analysis of annealed BFO thin films prepared from differ-
ent molar concentrations of 0.1 M, 0.3 M and 0.5 M. The 
bright–dark dipole contrast appearing in the MFM phase 
image clearly shows the presence of the strip-like magnetic 
domain with a regular and periodic arrangement. This peri-
odic uniformity and width of the magnetic domain shown 
in Fig. 5a–c also increase with increase in the precursor 
concentration. The width enhancement of periodic domain, 
which is changing with the local symmetry at the domain 
wall, may significantly affect the magnetic properties. Such 
magnetic behaviour is generally observed [83] when the 
size of the particles is lesser than the size of spiral order-
ing (about 62 nm). This improved ferromagnetism may be 
attributed by destroying the cycloid spin ordering. Also, 
the bright-dark dipole contrast changed into the partially 
dark contrast with the variation of molar concentration 

from 0.1 to 0.5 M. It may be due to rotation of magneti-
zation axis and it is consistent with the earlier report [84] 
in which the change in width and directions of the domain 
had been observed. The cross-sectional phase contrast of the 
films deposited from the different molar concentrations of 
0.1 M, 0.3 M and 0.5 M shown in Fig. 5d–f, changes from 
+ 0.4° to − 0.4°, + 0.55° to − 0.55° and + 0.8° to − 0.9°, 
respectively. Interestingly, the increased phase contrast from 
+ 0.8° to − 0.9° shown in Fig. 5f may be attributed due to the 
attractive forces acting on the magnetic tip by the nanorods 
(58 × 14 nm2).

Further, the microscopic analysis of magnetic proper-
ties of thin films, the measurement of magnetization (M) 
as a function of magnetic field (H) was further carried 
out at room temperature. The exaggerated hysteresis loops 
of the films deposited from different molar concentration, 
i.e. 0.1 M, 0.3 M and 0.5 M, clearly demonstrate that the 
BFO thin films have a weak ferromagnetic behaviour. As 
already discussed in Sect. 3.1, oxygen deficit can decrease 
the oxidation state of iron from Fe3+ to Fe2+ [80, 81]. The 
change of valence state of Fe as a consequence of oxy-
gen deficit changes the magnetic parameters such as total 
magnetic moment and Curie point. Moreover, oxygen 
vacancies also effect the exchange interactions. Intensity 
of exchange interactions decreases with oxygen vacancy 
concentration increase. In complex oxides, there is only 

Fig. 3   Scanning electron micrographs and EDS spectra of BFO thin films prepared from molar concentrations of a 0.1 M, b 0.5 M
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indirect exchange. Exchange near the oxygen vacancies 
is negative according to Goodenough–Kanamori empiri-
cal rules. So oxygen vacancies should lead to the forma-
tion of a weak magnetic state such as spin glass, which 
we observe from Fig. 6 by the magnitude of the residual 
moment of < 0.2 emu/cm3. Thus, one can conclude that 
oxygen-deficit and the mixed-valence state of Fe (+ 2 and 
+ 3) are likely responsible for weak ferromagnetism in 
BFO samples. Further, the spin glass state may arise as 
a consequence of either a very small crystallite sizes of 
15–28 nm or an inhomogeneous distribution of cationic 

composition [85, 86]. However, in our case, it is due to 
the increase of small crystallite size from 15 to 28 nm 
with increase of molar concentration. This enhancement 
of crystallite size increases the thickness of the films from 
398 to 430 nm as we observed in the present investiga-
tion. Thus, the enhancement of thickness (increase of crys-
tallite size) of the films is responsible for the spin glass 
behaviour as it is reported [87]. Further, the observed rem-
nant magnetization (Mr) and coercivity (Hc) of the films 
deposited from the different molar concentration of 0.1 M, 
0.3 M, 0.5 M were found to be 0.10, 0.16, 0.19 emu/cm3 

Fig. 4   a–c AFM topographic images of BFO thin films prepared from molar concentrations of 0.1 M, 0.3 M and 0.5 M. d Magnified image of 
nanorods
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Fig. 5   a–c MFM phase image. d–f The corresponding MFM cross-sectional phase image of BFO thin films, prepared from molar concentration 
of 0.1 M, 0.3 M, and 0.5 M
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and 186.24, 270.43, 443.06 Oe, respectively. The gradual 
increment of both the remnant magnetization (Mr) from 
0.10 to 0.19 emu/cm3 and saturation magnetization (Ms) 
from 2.8 to 3.6 emu/cm3 with increase of the molar con-
centration from 0.1 to 0.5 M may be attributed due to the 

formation of nanorods on the surface [88]. The enhance-
ment of Mr and Ms of BFO thin films can be explained due 
to suppression of the cycloid spin structure. The variation 
of remnant magnetization (Mr) and coercivity (HC) with 
different molar concentration is shown in Fig. 7. Thus, the 
precursor concentration plays a vital role in the formation 
of nanorods which consequently influence the magnetic 
properties.

3.4 � Electrical properties

The electrical properties of BFO thin films deposited from 
different molar concentration of 0.1 M, 0.3 M and 0.5 M 
have been measured using Hall switching card employing 
van der Pauw geometry. The calculated carrier concentra-
tion and magnetoresistance value have been summarized 
in Table 2. Here the magnetoresistance increases from 
2.83 × 108 Ω to 4.06 × 109 Ω with increase of the molar 
concentration of precursor solution from 0.1 to 0.5 M may 
indirectly improve the local magnetoelectric effect which 
plays a vital role in the domain switching behaviour of 
BFO materials [89].

Fig. 6   a M–H hysteresis loop, b 
the magnified view of M–H hys-
teresis loop of BFO thin films 
prepared from molar concentra-
tion of 0.1 M, 0.3 M and 0.5 M

Fig. 7   The variation of magnetic remnant magnetization (Mr) and 
coercivity (Hr) versus function of molar concentrations 0.1 M, 0.3 M 
and 0.5 M

Table 2   The optical, electrical, 
surface and magnetic 
parameters for BiFeO3 thin 
films prepared from precursor 
solution of various molar 
concentrations

BiFeO3 thin 
films (M)

Optical 
bandgap 
(eV)

Carrier concen-
tration (cm−3)

RMS 
roughness 
(nm)

Coercivity 
(HC) Oe

Remanent magneti-
zation (Mr) emu/cm3

Magnetore-
sistance 
(Ω)

0.1 2.58 1.89 × 1012 13.59 186.24 0.10 2.83 × 108

0.3 2.53 7.84 × 1011 6.34 270.43 0.16 7.85 × 108

0.5 2.49 2.34 × 1011 29.88 443.06 0.19 4.06 × 109
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3.5 � Optical properties

The absorption spectra of BFO thin films deposited on glass 
substrates with different molar concentration of precursor 
solution from 0.1 to 0.5 M are shown in Fig. 8a. The absorp-
tion spectrum of BFO thin films exhibits a sharp absorption 
edge at ∼ 487 nm. Figure 8b shows transmittance spectra 
for BFO films deposited on glass substrates with different 
molar concentration of precursor solution as a function of 
wavelength. The thickness values were found to be of 398, 
405 and 430 nm for BFO films prepared from the molar con-
centration of 0.1 M, 0.3 M and 0.5 M, respectively. The BFO 
films prepared from 0.1 M are showing 33% transmittance 
due to good structural homogeneity and lower thickness. 
The transmittance decreases from 33 to 29% as the molar 
concentration of precursor increases from 0.1 to 0.3 M, 

whereas transmittance increases from 29 to 48% as the molar 
concentration of precursor solution increases from 0.3 to 
0.5 M. This may be associated with the surface roughness of 
the films. The BFO is natural n-type materials as confirmed 
from Hall measurement and the occupancy of the states near 
the bottom of the conduction band by the donor electrons. 
The optical energy gap in the oxide materials for direct tran-
sitions is defined in terms of the unperturbed energy bands: 

where Eg is the bandgap, Eo
v
(kF) is unperturbed valence band 

and Eo
c
(kF) is unperturbed conduction bands, as well as kF is 

Fermi wave vector, kF = (3�2
n)1∕3,

Neglecting the electron–electron interactions the optical 
bandgap is

where n is the carrier concentration and m*
vc

 the effective 
mass of electron and holes.

The experimental value of the carrier concentration of 
BFO thin films deposited with different precursor concen-
tration was already determined from the Hall measurement 
and presented in Table 2. The optical bandgap Eg of BFO 
thin films can be determined from the spectral dependence 
of the absorption coefficient by the application of existing 
theories. It is well known that the absorption coefficient (α) 
depends on the transition of carriers from valence to conduc-
tion band via the absorption of photons. Since the absorption 
spectra of BFO thin films are reported to be endorsed to the 
direct transition, so the absorption coefficient (α) obeys the 
Tauc relation:

where hν is photon energy, Eg is the optical bandgap and A is 
a correction coefficient which depends on different values of 
n. The significance of n is correlated with different types of 
electronic transitions and the values of n are 1/2 and 2/3 for 
direct bandgap-forbidden and -allowed transitions, respec-
tively, while for indirect bandgap-forbidden and -allowed 
transition, n = 2 and 3, respectively. The variation of (αhν)2 
with (hν) is shown in Fig. 9 and the optical bandgap (Eg) was 
estimated by extrapolation of the linear part of the curves. 

(5)Eg = E
o
c
(kF) − E

o
v
(kF),

(6)E
o
v
(kF) =

|
|
|
|
|

ℏ2
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2
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|
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,
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,

Fig. 8   a The absorption spectra, b transmittance spectra of BFO thin 
films as a function of the molar concentration from 0.1 M, 0.3 M and 
0.5 M
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The optical bandgaps of BFO thin films prepared from molar 
concentration of 0.1 M, 0.3 M and 0.5 M were found to be 
2.58, 2.53 and 2.49 eV, respectively. The change of carrier 
concentration and optical bandgap with precursor molar con-
centration is shown in Fig. 10. It is clearly evidenced from 
curves that both carrier concentration and optical bandgap 
decreases with increase of the precursor molar concentra-
tion due to the electron–electron interactions. This is well 
consistent with Eq. (8). The variation of optical bandgap 
may also be correlated with the change in crystallite size.

4 � Conclusions

In the present paper, BFO thin films are deposited on 
glass substrates with different molar concentrations by the 
spin-coating technique. The XRD analysis shows a phase 
transformation from distorted orthorhombic to single 
orthorhombic phase with increase of the molar concen-
tration from 0.1 to 0.5 M. The SEM/AFM image reveals 
the formation of nanorods on the surface of BFO thin 
films deposited from the molar concentration of 0.5 M. 
The RMS roughness value of the BFO films was observed 
to be 13.59, 6.34 and 29.88 nm, respectively. The MFM 
phase images revealed the periodic and strip-like structure 
of magnetic domain. The bright and dark contrasts of mag-
netic domains indicate the electric-field-induced rotation 
of magnetization axis, i.e. indirect magnetoelectric cou-
pling exists at room temperature. The optical bandgap of 
BFO thin films was found to decrease from 2.58 to 2.49 eV 
with increasing molar concentration from 0.1 to 0.5 M. 
This decrement in optical bandgap may be due to the 
increment of crystallite size from 15 to 28 nm. From M–H 
measurements, the remnant magnetization (Mr) and coer-
civity (HC) of BFO thin films deposited from molar con-
centration of 0.1 M, 0.3 M, 0.5 M were found to be 0.10, 
0.16, 0.19 emu/cm3 and 186.24, 270.43 and 443.06 Oe, 
respectively. The suppression of the cycloid spin ordering 
due to formation of nanorods in the films prepared from 
molar concentration of 0.5 M may be responsible for the 
improvement of magnetic properties of BiFeO3 thin films.
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