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Abstract
Very thin and high transparent manganese (Mn) substituted bismuth ferrite  (BiFe1−xMnxO3—BFMO) (x = 0, 0.02, 0.04, 0.06, 
0.08, 0.10) films deposited on the  SnO2:F (FTO)/glass substrate were synthesized by chemical solution deposition technique. 
The effect of Mn substitution on the microstructure, piezoelectric, optical and magnetic properties was systematically inves-
tigated. X-ray diffraction and Raman spectra analysis revealed that the structure transition and lattice distortion of  BiFeO3 
(BFO) thin film occurred with Mn substitution. SEM images demonstrated that the average grain size of Mn substituted 
BFO thin film increased with increase of Mn substitution and EDS results confirmed the element composition with presence 
of Mn in the synthesized thin film. The piezoresponse of BFMO thin film increased with increase of Mn substitution and 
when Mn substitution x = 0.10, the maximum d33,eff reached to 41.81 pm/V, which is almost 125% higher than the pure BFO 
thin film. The transmittance and optical band gap decreased with increase of Mn substitution. The BFO thin film with Mn 
substitution x = 0.10 also showed a lower band gap of 2.64 eV. Furthermore, the Mn substituted BFO thin film show a much 
higher saturated magnetization compared to pure BFO thin film due to enhanced magnetically driven distortion of spiral 
spin cycloid induced by Mn substitution.

1 Introduction

Multiferroic materials, which can couple at least two of fer-
roelectricity, (anti)ferromagnetism and ferroelasticity, have 
drawn lots of attentions due to their promising application 
in nonvolatile ferroelectric random access memory, trans-
ducer and spintronics [1–3]. Among them, bismuth ferrite 
 (BiFeO3, short for BFO) is the rare one exhibiting antifer-
romagnetic and ferroelectric properties at room temperature 
and is considered as the one of the most promising can-
didates for practical application due to its high Curie fer-
roelectric temperature (TC ~850 °C) and Néel temperature 

(TN ~370  °C) [4, 5], and large remnant polarization 
(Pr) ~100 µC/cm2 [6]. However, the well known problem of 
BFO thin film is the high leakage current density, caused by 
the defect (oxygen vacancy) and nonstoichiometry, severely 
limits its practical application. The problem of nonstoichi-
ometry mainly resulted from volatilization of  Bi3+ in the 
annealing process could be avoided by excess addition of 
raw materials and decrease of annealing temperature and 
time, while the oxygen vacancy caused by redox coupling 
of Fe ions is difficult to be controlled [7, 8].

To overcome that obstacle, various attempts such as opti-
mization of preparation method and parameter, site-engi-
neering and scaling effect, have been performed in recent 
years. Among those measures, B-site substitution with earth 
rare elements such as Mn, Ni, Ti, Co, etc, to replace Fe ions 
has been considered as one of the most effective ways to 
decrease the leakage current and improve the ferroelectric 
property of BFO thin film [9–13]. Recently, Naganuma et al. 
reported that Mn substitution could decrease the leakage 
current and increase the ferroelectric property of BFO thin 
film [14]. Dhanalakshmi et al. reported that Mn substitu-
tion could significantly improve the dielectric and magnetic 
property of the BFO nanoceramics [15]. However, there has 
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been limited report focusing on systematical investigation 
of the crystal structure, microstructure, piezoelectric, opti-
cal and magnetic properties of the Mn-substituted BFO thin 
films deposited on FTO substrate. To obtain high quality 
Mn substituted BFO films, chemical solution deposition 
technique is employed due to its several advantages such as 
easy substitution, simplicity of preparation process and high 
deposition rate [16–18], compared to pulsed laser deposition 
[19], magnetron sputtering [20], molecular beam epitaxy 
[21], electrophoretic deposition [22]. Moreover, the trans-
parent FTO/glass substrate has been widely used to deposit 
ferroelectric thin films due to its potential application to syn-
thesize the optoelectronic devices [23, 24].

In our work, the Mn substituted BFO thin film was depos-
ited on the FTO substrate by a chemical solution technique. 
The effect of transition metal ion (Mn) substitution on the 
crystal structure, microstructure, piezoelectric, optical and 
magnetic properties of BFO thin films was systematically 
investigated.

2  Experimental

BiFe1−xMnxO3 (BFMO) (x = 0, 0.02, 0.04, 0.06, 0.08, 
0.10) thin films were deposited onto FTO/glass substrates 
by chemical solution deposition method. Bismuth nitrate 
[Bi(NO3)3·5H2O], ferric nitrate [Fe(NO3)3·9H2O] and 
manganese acetate [(C2H3O2)2Mn·4H2O] were dissolved 
into 2-methoxyethanol/acetic acid with the atomic ratio of 
1.05:1–x:x (x = 0, 0.02, 0.04, 0.06, 0.08, 0.10). 5 mol% of 
excess Bi was added to compensate for bismuth loss during 
the annealing process. The volume ratio of 2-methoxyetha-
nol/acetic acid is 3:2. Then the solution was stirred for 3 h 
at 85 °C to obtain a homogeneous precursor. The concentra-
tion of the final solution is 0.3 mol/L. Then the thin film was 
deposited on FTO/glass substrate by spin coating at 3000 rpm 
for 60 s followed by a pyrolysis process on a hot plate at 
250 °C for 10 min to decompose the remaining organic com-
pounds. The spin coating and pyrolysis process was repeated 
five times to get a desired film thickness. Finally, the thin 
films were annealed via a rapid thermal annealing furnace at 
600 °C for 10 min with a heating rate of 100 °C/min in air.

The crystal structure of crystallized thin films was char-
acterized by X-ray diffraction (XRD, D8 Advance, Bruker, 
Germany) with Cu Kα radiation (λ = 0.154056 nm). Detailed 
phase of thin films was analyzed by Raman spectroscopy 
under an excitation wavelength of 532 nm using a YAG as 
a source. The surface morphology and thickness of the thin 
films were performed using field-emission scanning electron 
microscope (FE-SEM, S-4800, Hitachi, Japan). The chemi-
cal composition was confirmed by energy-dispersive X-ray 
spectroscopy (EDS, Oxford, UK). The ferroelectric hyster-
esis loop and piezoelectric characteristics were measured by 

piezoelectric force microscope (Nanoscope V Multimode, 
Bruker, Germany). The driving amplitude was 5 V. The local 
piezoelectric hysteresis loop was measured by applying a dc 
bias ranging from − 10 to + 10 V. The optical transmission 
over the ultraviolet–visible (UV–vis) range was measured by 
UV–vis spectrophotometry (TU1810, Persee, China). The 
magnetic properties were studied by using vibrating sample 
magnetometer (VSM, VSM-300, YP Magnetic Technology 
Development CO. LTD, China).

3  Results and discussion

3.1  Microstructure

Figure 1 shows the XRD patterns of Mn substituted BFO 
thin films annealed at 600 °C in air. It is clear that all 
samples show well-developed crystalline peaks of the 
rhombohedral BFO phase (JCPD: 071-2494) indexed to 

Fig. 1  XRD patterns of Mn substituted BFO thin films annealed at 
600 °C for 10 min
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R3c-161 group. No secondary phase is observed indicating 
that the  Mn2+ has been successfully substituted to replace 
the  Fe3+. Without Mn substitution, it is obvious that (104) 
and (110) peaks are clearly separated and minor peaks of 
(006) and (018) are existed, as shown in the correspond-
ing magnified view of XRD patterns. With increase of Mn 
substitution, the diffraction intensity of (104) decreases; 
peaks of (104) and (110) are merged to a single peak and 
the main peak shits to the higher angle; (006) and (018) 
peaks almost disappear. All of these observations might 
suggest that the Mn substitution induces a lattice distortion 
and structure transition which may be from rhombohedral 
towards to the orthorhombic or tetragonal structure [25, 
26]. Moreover, the merged peak shifts towards to lower 
angle with increase of Mn substitution due to the different 
ion radius of  Mn2+ (0.645 Å) and  Fe3+ (0.782 Å) [27].

In order to further analyze the influence of Mn substitu-
tion on the crystal structure of BFO thin film, the lattice 
parameters and average grain size of Mn substituted BFO 
thin films are calculated and shown in Fig. 2. The c/a ratio 
decreases with increase of Mn substitution while the cell 
volume increases, as can be observed in Fig. 2a, implying 
that the various growth rate of plane which further affects 
the grain shape. It is also obvious that the (012) orientation 
is varied with increase of Mn substitution. The (012)-ori-
entation of the BFMO thin films were calculated by the 
equation as following [28]:

  

where α(012) is the orientation degree of peak (012), I(012), 
I(104) and I(110) are the intensity of the peak (012), (104) and 
(110), respectively. The calculated α(012) according to the 
Eq. (1) is shown in Fig. 2b. Obviously, the Mn substitution 
induces a different grain orientation growth in BFO thin 
film, which is similar with the result reported by Li et al. 
[10]. The average grain size of Mn substituted BFO thin 
films were calculated according to the full width at half max-
imum data in XRD patterns by the Scherrer equation [29]:

where D is the crystallite size (nm), K is the shape factor 
(0.89), λ is the wavelength of the X-rays (λ = 0.15406 nm 
for Cu Kα radiation), β is the width of the diffraction peak 
at half maximum for the diffraction angle 2θ. According to 
Eq. (2), the average grain size of Mn substituted BFO thin 
films is found to be increased from 20 to 45 nm, as shown in 
Fig. 2b, indicating that the Mn substitution could promote 
the grain growth. Similar results have been reported by Liu 
et al. [30] and Huang et al. [31].

(1)�(102) =
I(102)

I(102) + I(104) + I(110)

(2)D =
K�

�cos�

In order to derive more detailed crystal structure informa-
tion of epitaxial Mn substituted BFO thin films, the Raman 
spectra of as prepared thin films was performed, as shown 
in Fig. 3. Each peak observed in the Raman spectrum was 
applied the Gauss-fitting. According to the group theory, 
the rhombohedral structure BFO thin film with R3c space 
group has 13 (Γ = 4A1 + 9E) Raman active modes [32, 33]. 
As can be observed in Fig. 3, without Mn substitution, the 
BFO thin film clearly shows four  A1 modes at 141, 172, 
219 and 437 cm−1, and four E modes at 265, 341, 524 and 
607 cm−1, indicating that the obtained pure BFO thin film 
grows with rhombohedral structure [34]. With increase of 
Mn substitution, (i)  A1-1 and  A1-2 modes corresponding to 
the Bi–O vibration are gradually suppressed and promoted, 
respectively, which may be due to the change of dispersion 
or number of Bi–O bond length resulted from the Mn sub-
stitution, indicating that the structure transition occurs [35]; 
(ii)  A1-1 mode gradually shift towards to lower wave num-
ber (141.5–138.3 cm−1); (iii) the intensity of  A1-4 and E-9 
modes corresponding to Fe–O bonds significantly increase 
due to the Jahn–Teller distortion, which may be resulted 
from the symmetric and asymmetric stretching vibrations of 

Fig. 2  a Calculated lattice parameters of c/a ratio and unit cell vol-
ume; b orientation degree of peak (102) and average grain size of Mn 
substituted BFO thin films
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Fe–O bonds in (Fe,Mn)O6 octahedra [36, 37]. All of these 
observations become more and more evident with increase 
of Mn substitution. Hence, it can be confirmed that a struc-
ture transition from rhombohedral to coexistence of rhom-
bohedral and tetragonal occurs due to the Mn substitution 
[38]. It is well known that morphotropic phase boundary 
(MPB) plays an important role in enhancement of piezoelec-
tric property of ferroelectric materials. The as-synthesized 
Mn substituted BFO thin film with structure transition which 
is similar to MPB effect existed in Pb(Zr,Ti)O3 (PZT) based 
ceramics is expected to show a much better piezoelectric 
property.

Figure 4 shows the surface morphology and cross-sec-
tional SEM images of Mn substituted BFO thin films. The 
thickness of BFO thin film is almost 150 nm as observed 
from the inset figure of Fig. 4a. It is obvious that all obtained 
BFMO thin films show dense and crack-free structure with 
well-shaped grains. With increase of Mn substitution, 
the average grain size firstly decreases and subsequently 
increases, indicating that small amount (x ≤ 0.04) of Mn 
substitution could restrain the grain growth rate while large 
amount Mn substitution could promote the grain growth. 
Moreover, it is observed that when the Mn content x ≥ 0.06, 

the grain seems to merge together to form a large grain with 
recognized grain boundary and when x = 0.10, some voles 
appear. The average grain size of each Mn substituted BFO 
thin film was estimated to be 66.56, 58.19, 54.31, 100.52, 
186.27 and 200.74 nm through the linear intercept method. 
Since the grains merge together, it is acceptable that a toler-
ance of ± 5 nm is existed in average grain size when x ≥ 0.06. 
Obviously, the change trend of average grain size is consist-
ent with the result calculated by the Scherrer equation (as 
shown in Fig. 2b) but much larger than that. This is due to 
the stress existed in BFO thin film which can not be con-
sidered in Scherrer equation. It is well known that the grain 
boundary density and surface morphology greatly affect the 
electrical and optical properties of BFO thin film.

The chemical composition of 10% Mn substituted BFO 
thin film was confirmed by EDS technique, and the result 
is shown in Fig. 5. The results clearly confirm the presence 
of essential (Bi, Fe, O) and substituted (Mn) elements. The 
inset element mapping shows that the Bi (green), Fe (red), 
Mn (blue) and O (purple) elements are uniformly distributed 
in the synthesized sample. These results clearly indicate that 
Mn has been uniformly substituted in BFO thin film, which 
is in good agreement with XRD results.

Fig. 3  Raman spectrum of Mn substituted BFO thin films
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3.2  Properties of thin film

3.2.1  Piezoelectric properties

Figure 6 demonstrates the local piezoresponse and phase 
curves of Mn substituted BFO thin films under a dc bias 
ranged from − 10 to 10  V. According to Fig.  6a, it is 
noted that all samples exhibit well-shaped butterfly loops 
corresponding to the representative strain–electric field 

(S–E) curve of piezoelectric materials. It is obvious that 
the obtained amplitude of Mn substituted BFO thin film 
increases with increase of Mn substitution, indicating that 
a higher piezoresponse. The corresponding piezoelectric 
coefficient (d33,eff) was calculated by the known equation as 
shown following [39]:

  

where σ is the deflection sensitivity, A is the amplitude and 
Vac is the driving ac voltage. The calculated d33,eff of each 
Mn substituted BFO thin film is shown in Table 1. It is clear 
that the d33,eff of Mn substituted BFO thin film significantly 
increases with increase of Mn substitution. When Mn sub-
stitution x = 0.10, the d33,eff of BFMO thin film reaches 
the maximum value of 41.81 pm/V, which is almost 125% 
higher than the pure BFO thin film. This may be attributed 
to two reasons: (i) the structure transition induced by Mn 
substitution; (ii) the significantly increased grain size. It is 
well known that MPB plays an important role in the sig-
nificantly enhanced piezoelectric property of representative 
piezoelectric materials such as PZT. The Mn substitution 
results in a structure transition so that a significant enhance-
ment of piezoelectric coefficient is obtained. Secondly, the 
increased grain size leads to a decrease of grain boundary 
density so that the domain wall mobility increases due to less 
restriction by grain boundaries [40, 41].

Figure 6b shows the corresponding piezoresponse phase 
curves of Mn substituted BFO thin films. It is clear that the 
coercive field increases with increase of Mn substitution. 

(3)d33,eff =
� × A

Vac

Fig. 4  Top and cross-sectional SEM images of Mn substituted BFO thin films

Fig. 5  EDS spectroscopy pattern of 10% Mn substituted BFO thin 
film. Inset figures are the element mapping of Bi, Fe, Mn and O and 
magnified view in the vicinity of energy around 6 keV. (Color figure 
online)
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The average coercive filed [Vc = 1/2(Vc
+ − Vc

−)] was esti-
mated from the curves and the normalized result is shown 
in Table 1. It is found that the coercive field of Mn substi-
tuted BFO thin film increases with increase of Mn substi-
tution, indicating that a higher electric field is needed to 

switch the domain which is mainly due to the significantly 
increased grain size. Moreover, the hard doping effect due 
to Mn substitution and existence of defects such as oxygen 
vacancy is helpful to pin the domain wall so that prevent 
the domain switching leading to an increase of coercive 

Fig. 6  Piezoresponse a ampli-
tude and b phase curves of Mn 
substituted BFO thin films

Table 1  Normalized coercive 
field, piezoelectric coefficient 
and difference in PR phase of 
Mn substituted BFO thin films

Mn substitution (x) 0 0.02 0.04 0.06 0.08 0.10

Normalized Vc 1.00 1.04 1.49 1.55 1.75 1.83
d33,eff (pm/V) 18.53 23.02 24.45 33.34 36.73 41.81
ΔΦ (°) 174.75 179.51 174.05 176.89 178.51 175.43
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filed, which is similar to the reported Mn substituted pie-
zoelectric materials [31, 42, 43]. The difference of piezo-
electric phase [Δ� = 1∕2(�+ −�−)] was estimated as 
shown in Table 1. It is clear that all samples show similar 
value in range of 174°–180°, indicating that a 180° domain 
switching occurs under the same dc bias.

3.2.2  Optical properties

Figure 7 shows the UV–vis transmittance spectra and (αhv)2 
versus hv curves of Mn substituted BFO thin films annealed 
at 600 °C in air. As can be seen from Fig. 7a, all samples 
show interference fringes and high transparency ranged from 

60–90% in visible and near infrared region. Moreover, an obvi-
ous transition occurred in 450–550 nm range, which corre-
sponds to electronic transitions involving charge transfer from 
valence-band O 2p states to conduction-band Fe 3d states, 
shifts to the higher wavelength due to the increase of grain 
size resulted from Mn substitution [44]. It is obvious that Mn 
substitution can decrease the transmittance of BFO thin film. 
Normally, the increase of grain size leads to a decrease of grain 
boundary density so that less scattering occurs [10]. Therefore, 
the decrease of transmittance in this work indicates the higher 
absorption of visible light and ultraviolet light of BFO thin 
film resulted from effect of Mn substitution. The optical band 
gap Eg of each thin films was estimated by classical Tauc rela-
tion as shown following:

  

where A is a constant, hv is the photon energy, Eg is the band 
gap and α is the absorption coefficient calculated from the 
expression a = (1/d) ln[(1 − R)2/T], n is 2 as for a direct 
band gap. Figure 7b shows the curve extrapolated from the 
linear portion of (αhv)2 versus photon energy (hv). As can 
be seen from Fig. 7b, it is clear that Mn substitution is help-
ful to narrow the band gap of BFO thin film. The estimated 
band gap of each Mn substituted BFO thin film is shown in 
Table 2. Obviously, with increase of Mn substitution, the 
band gap firstly decreases to 2.57 eV when x = 0.08 and then 
increases to 2.64 eV when x = 0.10. The decrease of band 
gap is mainly due to the significant increase of grain size and 
intrinsic density of free electrons [10, 26]. Moreover, the 
decrease of band gap can be attributed to the rearrangement 
of molecular orbitals and distortion induced by the Fe–O 
octahedral [45, 46].

3.2.3  Magnetic properties

Figure 8 shows room temperature magnetic hysteresis loops 
of Mn substituted BFO thin films measured under a maxi-
mum magnetic field of 5 kOe. All films exhibit weak ferro-
magnetic behaviors with a saturation magnetization in high 
magnetic filed. It is noted that saturated magnetization of BFO 
thin films is significantly influenced by Mn substitution and 
increases with increase of Mn content. When Mn substitu-
tion x is increased to 0.10, the saturated magnetization of 
Mn substituted BFO thin film is increased to 0.3258 emu/g, 
which is almost three times higher than the pure BFO thin 
film (0.0913 emu/g). The magnetization enhancement of Mn 

(3)�hv = A
(

hv − Eg

)n

Fig. 7  a Optical transmittance and b (αhv)2 versus hv curves of Mn 
substituted BFO thin films

Table 2  Optical band gap (Eg) 
of Mn substituted BFO thin 
films

Mn substitution (x) 0 0.02 0.04 0.06 0.08 0.10

Eg (eV) 2.70 2.65 2.66 2.63 2.57 2.64
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substituted BFO thin film is mainly attributed to two aspects. 
Firstly, it has been reported that structure transition can induce 
the partial spin rearrangement by influencing the cationic inter-
action [47]. And according to the Raman result, E-9 mode 
shifting to higher frequency indicates that the change of Fe–O 
bond which leads to change of G-type antiferromagnetic order-
ing and the  Fe3+–O–Fe2+ bond angle. Hence, the magnetic 
property of Mn substituted BFO thin film is enhanced and 
the higher structure transition due to higher Mn substitution 
leads to a higher magnetization. Secondly, Mn substitution can 
induce the spin cycloid ordering distortion by suppressing  Fe2+ 
influence on canting of  Fe3+ spin resulting in magnetization 
enhancement [48]. Moreover, it has been widely reported that 
the magnetic property of BFO thin film can be influenced by 
the grain size, especially when the grain size is less than anti-
ferromagnetic spiral wavelength of 62 nm [49]. It means that 
with decrease of grain size, the BFO thin film should show 
higher magnetization value. However, in present study, the 
effect of grain size on the magnetic property of Mn substituted 
BFO thin films seem not obey that rule because the abnormal 
grain growth observed from SEM image may lead to a differ-
ent magnetic property. Similar result has also been reported 
by elsewhere [50].

4  Conclusions

In summary,  BiFe1−xMnxO3 (x = 0.00, 0.02, 0.04, 0.06, 
0.08, 0.10) thin films deposited on FTO/glass substrate 
were successfully obtained by using a chemical solution 
method. Structure analyses reveal that Mn substitution can 
induce a structure transition by the coexistence of rhombo-
hedral and tetragonal phases and promote the grain growth. 
With the crystal structure transition and increased grain 
size, the piezoelectric, optical and magnetic properties of 

BFO thin film are effectively enhanced. Among these films 
studied, the 10% Mn substituted BFO thin film exhibits 
better piezoelectric coefficient, better saturated magneti-
zation and lower band gap. All above results demonstrate 
the promising application of 10% Mn substituted BFO 
thin film in piezoelectric, optoelectronic and spintronic 
devices.
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