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Bi1-xCaxMnO3 (BCMO) thin films with x = 0, 0.1, 0.2, 0.3 and 0.4 are successfully
deposited on the n-type Si (100) substrate at two different temperatures of 400 ◦C
and 800 ◦C using RF magnetron sputtering. The stoichiometry of the films and
oxidation state of the elements have been described by X-ray photoelectron spectroscopy analysis. Dielectric measurement depicts the insulating property of BCMO
films. Magnetic and ferroelectric studies confirm the significant enhancement in spin
orientation as well as electric polarization at room temperature due to incorporation of Ca2+ ions into BiMnO3 films. The BCMO (x = 0.2) film grown at 400 ◦C
shows better magnetization (Msat) and polarization (Ps) with the measured values of
869 emu / cc and 6.6 µC/ cm2 respectively than the values of the other prepared films.
Thus the realization of room temperature ferromagnetic and ferroelectric ordering
in Ca2+ ions substituted BMO films makes potentially interesting for spintronic
device applications. C 2014 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4901184]

I. INTRODUCTION

Multiferroic materials are in great demand for current technological development towards device
miniaturization and high-density data storage system because of their mutual coupling between electric and magnetic properties. These materials exibit all the potential applications as that of their parent
ferroelectric and ferromagnetic materials. In addition to the existing applications, a wide range of new
applications can be anticipated from these materials in the design of spintronic devices, multiple state
memories, electrical switching, nanoelectronic devices and sensors.1–6 Recently, BiMnO3 (BMO) has
been found to be a supplement to the scarce multiferroic family in which magnetoelectric (ME) effect
has been manifested.7
Bulk BMO is an insulating, multiferroic perovskite and monophasic material which exhibits both
ferroelectricity (below 450 K) and ferromagnetism (below 105 K).7–11 Hill et al. have reported the
simulltaneous occurrence of ferroelectricity and ferromagnetism in BMO because the covalent bonding between the bismuth and oxygen atoms introduces additional orbital interactions which stabilize
the different magnetic and structural phases.12 One of the major bottlenecks in bulk BMO is that it
must be synthesized at a high pressure of 6 GPa and a high temperature of about 1100 K.11,13 The
thin films of BMO have been depicting enormous enhanced properties for device applications.13–16 In
the recent years, researchers have observed simultaneous existence of both ferromagnetic and ferroelectric properties in BMO thin films which are grown by various methods such as spray pyrolysis,
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pulsed laser deposition and sputtering.11,16,17 Hence in the present investigation, the BMO has been
grown as a stable and a high-quality thin film by RF magnetron sputtering.
There are major obstacles such as high leakage current and the existence of weak coupling between ferroelectricity and ferromagnetism at room temperature in the device fabrication using BMO
thin films. In order to enhance the biferroic properties, the BMO thin film is doped with other elements under optimized growth conditions. This doping may also modify the spatially inhomogeneous
spin-modulated structure and intensify the magneto-electric interaction. Many research groups have
substituted transition metals (Fe, Sc, Y, Cr etc.) or rare earth metals (Ca, Sr etc.) or lanthanide (La)
ions in the bismuth (Bi) or manganese (Mn) sites of bulk BMO samples to enhance the properties.
However, only a few studies have been undertaken on doping in thin films of BMO. Troyanchuk
et al. have proposed that bulk Bi1-xCaxMnO3 system has specific features at lower calcium contents
(x < 0.5).18 Further, it has been proved that doping with diamagnetic bivalents (Ca2+, Ba2+ etc) in Bi
site of BMO is an effective way to enhance the magnetism.19–21 No one has experimentally reported
the studies of Bi1-xCaxMnO3 (0 ≤ x ≤ 0.4) thin films and therefore it is of high interest and necessity
to investigate the feasibility of enhanced room temperature magnetic and ferroelectric properties of
BCMO (x < 0.5) films. In the present study, BCMO films have been grown at optimized growth
conditions on n-type Si (100) substrate at two different temperatures and the magnetic, dielectric,
elemental and ferroelectric properties of the BCMO films have been analysed.
II. EXPERIMENTAL

Bi1-xCaxMnO3 (x = 0.0, 0.1, 0.2, 0.3 and 0.4) films are grown on n-type Si (100) substrate by RF
magnetron sputtering. The bismuth rich sputtering targets are prepared by solid state reaction route as
described in our earlier work.22 Before sputtering, the substrate and the chamber are cleaned carefully
by the conventional method. The distance between the target and the substrate is kept at 5 cm and
the substrate temperature is maintained at constant (400 and 800 ◦C) during the deposition. Initially,
the chamber has been evacuated to a base pressure of 1 × 10-6 mbar and then argon (sputtering gas)
is allowed to flow continuously into the chamber to retain a constant pressure of around 0.001 mbar.
The sputtering power is set as 60 W and the deposition is allowed for 45 minutes.
The magnetic properties of the films are analyzed using Lakeshore 7404 Vibrating Sample Magnetometer (VSM) at room temperature. The dielectric constant and dielectric loss of the films are
measured using Agilent 4284A precision LCR meter in the frequency range of 25 KHz to 100 KHz.
The surface chemical analysis of BCMO thin films is investigated by PHOIBOS HSA3500 100 R6
[HWType 30:14] MCD-5 X-ray photoelectron spectrometer (XPS) using Mg-Kα monochromatic
X-ray source. Polarization versus electric field (P-E) hysteresis loops is measured using Radiant
Technologies (RT-66A) ferroelectric tester. The gold and n- type Si substrate act as top and bottom
electrodes respectively for dielectric and ferroelectric measurements.
III. RESULTS AND DISCUSSION
A. Magnetic Studies

A plot of magnetic field versus magnetization of BCMO (x = 0.0, 0.1, 0.2, 0.3 and 0.4) thin films
prepared at two different substrate temperatures 400 and 800◦ C is shown in Fig. 1. From the figure,
it is observed that all the films show hysteresis behaviour indicating the ferromagnetic (FM) nature
at room temperature due to spontaneous magnetization. The values of the saturated magnetization
(Msat), remnant magnetization (Mrem) and coercivity (Hc) of the films are measured and listed in Table I. The observed Msat values for the prepared undoped BMO thin films grown at 400 and 800 ◦C
are 565 and 536 emu/cc respectively, which are comparable to that of fully spin aligned value in bulk
BMO (∼ 4 µB / Mn for high spin 3d4 Mn3+ )6,7 whereas the previous study has reported only lower
Msat value for BMO thin films (375 emu/cm3 corresponds to ∼2.5 µB/Mn at 5 K) than that of bulk
samples due to Bi-deficiency in the films.15,16,23 In the current work, high Bi volatility in BCMO thin
films is rectified by the addition of excess amount of Bi (10 mol %) contents in the BCMO targets
during preparation. Due to the addition of dopant (Ca) into the parent BMO lattice, the saturation
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FIG. 1. Magnetic hysteresis loop of BCMO films grown at (a) 400 and (b) 800 ◦C.

magnetization and the remnant magnetization of BCMO films grown at both the substrate temperatures (400 ◦C and 800 ◦C) are found to be significantly increased. There are many factors which affect
the magnetic properties of the thin films due to the incorporation of Ca ions into the BMO films. They
are: lattice-substrate mismatch which can induce different epitaxial strain states, host lattice distortion, sample inhomogeneities, off stoichiometry and phase separation.24–26 Further, the BCMO films
prepared at the substrate temperature of 400 ◦C shows the higher Msat, Mrem and Hc values than the
films prepared at 800 ◦C. Moreover, these films with progressive Ca doping, Msat reaches maximum
value of 869 emu/cc (x = 0.2), but decrease from 806 emu/ cc (x = 0.3) to 731 emu/cc (x = 0.4). The
variation of Mrem and Hc of prepared films is also in the same manner as that of the variation of Msat
at an applied magnetic field of 6000 Oe, while the coercive field of all the films is in the range of
145–180 Oe. The result indicates that the larger quantity of Ca incorporation introduces lattice distortion leading to the decrease in magnetic properties. Further, this small degradation in the magnetic
behaviour demonstrates the diminishing magnetic anisotropy behavior of BCMO (x ≥ 0.3) films.
This behavior occurs possibly either by electronic phase separation or by oxygen deficiency leading
to strong competition between interactions of magnetic ions.24 Amongst them, the Bi0.8Ca0.2MnO3
film grown at 400 ◦C has better ferromagnetic behavior than that of the other films. This must be
due to the optimum incorporation of Ca2+ (x = 0.2) ions on Bi3+ site of BiMnO3 thin films, which
mediates high crystallinity compared to other concentrations.

B. Dielectric Studies

Variation of dielectric constant (ε) and dielectric loss as function of frequencies at ranges of
103 to 105 Hz for the Bi1−xCaxMnO3 (0 ≤ x ≤ 0.4) films are measured at room temperature and

TABLE I. Magnetic and dielectric properties of BCMO films

BCMO Films
x values
0
0.1
0.2
0.3
0.4

Msat (emu/cc)

Mrem (emu/cc)

Hcoer (Oe)

Dielectric Constant
at 30 kHz

Dielectric Loss
At 30 kHz

400 ◦C

800 ◦C

400 ◦C

800 ◦C

400 ◦C

800 ◦C

400 ◦C

800 ◦C

400 ◦C

800 ◦C

565
612
869
806
731

536
603
791
721
644

82
86
127
115
104

69
84
119
106
96

178
168
177
176
173

147
150
152
151
149

372
515
609
514
320

259
289
546
498
344

0.288
0.201
0.148
0.171
0.125

0.344
0.263
0.183
0.183
0.147
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FIG. 2. Frequency dependent dielectric constant and dielectric loss of BCMO thin films grown at (a) 400 and (b) 800◦C.

shown in Fig. 2. In all the BCMO films, the dielectric constant remains fairly constant in the studied frequency range. These results suggest a good degree of composition homogeneity, thickness
uniformity of films and a small concentration of space charges between electrode and film interfaces. Further, it is clearly seen that the dielectric constant of Ca doped BMO films grown at the
temperatures of 400 ◦C and 800 ◦C are greater than that of the undoped BMO films. The result shows
that the insulating property of BMO films increases with the addition of calcium which is due to
the occurrence of charge order transition in Bi1-xCaxMnO3 films. The temperature of charge order
transition depends on the concentration of Ca dopant. This temperature drops from 300 to 200 K
leading to structural distortion when the Ca content increases.27 The values of dielectric constant
and dielectric loss for all the films at the frequency of 30 kHz are measured and are listed in Table I. The measured values of dielectric constants for the BCMO films have been in good agreement
with the result of the earlier study (ε ∼ 700 for x = 0.1).22 It is seen that the dielectric constant of
films increases with the addition of Ca content upto (x = 0.2), but decreases with the addition of
Ca (x ≥ 0.3). It also conveys that the incorporation of Ca atoms at higher percentage leads to structural
distortion in BCMO films because of the high lattice stress. The result indicates that the dielectric
behavior of BCMO films depends mainly on the crystal structure.28 The dielectric loss of BCMO
films grown at the temperatures of 400 ◦C and 800 ◦C varies from 0.1 to 0.2 which is lower than that
of the undoped films. A small increase in the conductivity of the films corresponds to a small increase
in the dielectric loss at the low frequency range.29 From the Table I, it can also be observed that the
BCMO films grown at a substrate temperature of 400 ◦C posses higher values of dielectric constant
and less dielectric loss than those deposited at 800 ◦C. Moreover, the Bi0.8Ca0.2MnO3 film grown
at 400◦C has better dielectric behavior (ε = 609) than the other composition of films which is well
acknowledged with the VSM results.

C. X-ray Photoelectron Spectroscopy (XPS) Studies

Fig. 3(a) and (b) show the XPS survey spectrum for the BMO and BCMO (x = 0.2) films grown
at a substrate temperature of 400 ◦C measured from 0 to 1300 eV. This spectrum shows the lines
originating from Bi, Mn, O, C and Bi, Ca, Mn, O, C ions for BMO and BCMO respectively. The XPS
corelevel spectra [Fig. 4] of BMO and BCMO (x = 0.2) films are recorded to investigate the chemical
states of the elements and their compositions. The values of binding energies among elements are
obtained by fitting Gaussian function to the raw experimental data on the corelevel spectrum. In the
Bi-4d corelevel spectrum, the peaks of Bi − 4d5/2 and Bi − 4d3/2 spin–orbit doublet components are
located at ∼ 442 eV and 466 eV respectively which corresponds to the binding energy of Bi atoms
in bismuth oxide. The result indicates that the top most surface is an oxide layer containing most
of the modified Bi content.30 In Bi-4f corelevel spectrum, the two peaks positioned at ∼159 eV and
∼164 eV corresponding to Bi − 4f7/2 and Bi − 4f5/2 respectively confirm the trivalent oxidation state
of bismuth atoms in both the BMO and BCMO (x = 0.2) films. The other two minor contributions in
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FIG. 3. XPS survey spectrum for Bi1-xCaxMnO3 films grown at 400 ◦C (a) x = 0 and (b) x = 0.2.

Bi-4f corelevel spectrum have been assigned to the chemical shift31,32 the lowest contribution presumably originates from the Bi-O rich region. The spectral lines for Mn-2p3/2 and Mn-2p1/2 peaks are
observed around the binding energies of 642 eV and 653.5 eV, respectively, due to the splitting effect
of spin–orbit interactions and represent +3 valence state of Mn ions. The metastable Mn3+ ions are

FIG. 4. XPS corelevel spectra for films grown at 400 ◦C (a), (b), (c) and (g) High Resolution Bi-4d, Bi-4f, Mn-2p and O-1s
spectra of BMO film, respectively. (d), (e), (f), (h) and (i) High resolution Bi-4d, Bi-4f, Mn-2p, O-1s and Ca-2p spectra of
BCMO film, respectively.
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Jahn–Teller ions that distort the unit cell to larger sizes, which is responsible for the magnetic properties of the BMO and the BCMO films.33 The atomic fraction of the surface elements (Xi) has been
calculated from the following empirical equation [eqn (1)]
Xi =

Ai/Si
.
n

Aj/Sj

(1)

j=1

where A and S represent the peak area and the atomic sensitivity factor, respectively. The atomic fraction of elements in the Bi1−xCaxMnO3 (x = 0, 0.2) films are mentioned in Table II. The result reveals
the absence of highly volatile Bi deficiency in both the films in contrast to the normal BiMnO3 system
due to the addition of excess bismuth (10 mol. %) atoms in target preparation. However, Mn deficiency is observed in both (x = 0, 0.2) the films. The Ca-2p corelevel spectra of the Bi0.8Ca0.2MnO3
film shows peaks around 346.73 eV and 350.22 eV which correspond to Ca -2p3/2 and Ca - 2p1/2,
respectively. The presence of peaks at these binding energies depicts that Ca ions are found to be
in the valence state of +2 in the BCMO films. The result confirms the substitution of Ca2+ ions on
Bi3+ site of BiMnO3 films. The O–1s1/2 peak observed at ∼ 530 eV in BMO and BCMO films, which
originates from the oxygen atom of perovskite lattice and the corresponding oxidation state is -2.
Moreover, one should take into account the chemical shift caused by the oxygen ions placed in a
different coordination number; either by interstitial O ions or oxygen accompanied by Mn ions.34
D. Ferroelectric studies

The ferroelectric properties of materials are related to the content stoichiometry, grain size, orientation and crystallanity. The ferroelectric behavior of Au/BCMO/n-type Si capacitors are studied by
measuring the polarization as a function of applied electric field (P-E) at room temperature. Fig. 5
shows the ferroelectric hysteresis loops of Bi1-xCaxMnO3 (x = 0.0, 0.1, 0.2 and 0.4) films grown at
the substrate temperature of 400 ◦C and the P-E loop is measured at different electric fields (2, 4, 6,
8 and 10 V). It is interesting to analyse the ferroelectric property of BCMO films grown at 400 ◦C as
they contain better dielectric property than the films developed at 800 ◦C. The saturation polarization
(Ps), remnant polarization (Pr) and coercive field (Ec) values of BCMO films are measured at 10V
and are listed in Table III. Grizalez et al. have reported the ferroelectric behavior of pure BMO films
at room temperature and the values of Ps, Pr and Ec are found to be 0.7 µC/cm2, 0.5 µC/cm2 and
4.2 kV/cm, respectively.17 The P-E hysteresis loops for prepared BMO thin film reveals the ferroelectric nature, which depicts the good degree of crystallization and the measured values of Ps, Pr,
and Ec are 5.7 µC/cm2, 0.7 µC/cm2 and 32.0 kV/cm, respectively. These results clearly show the
improved ferroelectric behavior of the prepared BMO films than the results of the earlier.17 Further,
a significant improvement in the ferroelectric hysteresis loop is also observed for the BCMO (x
= 0.1 and 0.2) films with the 2Pr values of about 2.4 and 9.2 µC/cm2 and the coercive fields of 73
and 84 kV/ cm for both the films respectively. The coercive electric fields depend on the measurement frequency, which increase with the increment in the measurement frequency.35 The substituted
Ca may induce Bi-O covalent bond variation and development of the stereo chemical activity in Bi
lone electron pairs which may be considered to be the possible reason for the enhanced polarization.
Interestingly, further increment in the concentration of calcium (x > 0.2) into BMO films degrades
the ferroelectric behaviour which indicates that the calcium incorporation exceeds the optimum level.
This decrease in behavior is caused by the distortion in crystal structure and increase in the surface
roughness and leakage current density. Eventhough the BCMO (x − 0.2) film has better ferroelectric
TABLE II. Atomic fraction of elements in the BCMO films grown at 400 ◦C
BCMO

Bi (at. %)

Mn (at. %)

O (at. %)

Ca (at. %)

x=0
x = 0.2

23.837
19.075

9.837
8.977

66.348
67.422

–
4.526
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FIG. 5. Ferroelectric hysteresis loops of the Au/Bi1-xCaxMnO3/n-type Si capacitors grown at 400 ◦C (a) x = 0 (b) x = 0.1
(c) x = 0.2 and (d) x=0.4.

behavior than the other composition of films, it is observed that there is a minor distortion in the
hysteresis loop along the horizontal axis. In general, the hysteresis curves of ferroelectric thin films
often exhibit horizontal shifts along the field axis due to built-in bias fields or along the vertical axis
due to asymmetric electrodes or space charge accumulation at the electrode interfaces.36,37 The charge
accumulation is caused by the oxygen vacancy concentration near the electrodes. The results reveal
that the Bi0.8Ca0.2MnO3 film grown at 400 ◦C has better ferroelectric property than the other films
and 20 at.% is the optimal concentration for the substitution of Ca2+ ions on Bi3+ site of BMO films.

IV. CONCLUSION

In summary, Bi1-xCaxMnO3 (0 ≤ x ≤ 0.4) thin films are successfully grown by RF magnetron
sputtering on conductive n- type Si (100) substrates at two temperatures of 400 ◦C and 800 ◦C.
Addition of Ca ions into BMO lattice enhances both the ferromagnetic and ferroelectric properties
considerably at room temperature. On increasing the concentration of Ca ions, magnetization and
polarization of BCMO films grown at 400 and 800 ◦C are found to increase upto x = 0.2 and then
to decrease gradually. Amongst them, the Bi0.8Ca0.2MnO3 film grown at 400 ◦C has better Msat and
TABLE III. Ferroelectric properties of BCMO films grown at 400 ◦C
Au/ BCMO/ n-Si
Ps (µC/
Pr (µC/ cm2)
Ec (kV/ cm)

cm2)

x=0

x = 0.1

x = 0.2

x = 0.4

5.7
0.7
32.0

2.3
1.2
73.0

6.6
4.6
84.0

0.19
0.15
151.0
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Psat of 869 emu/cc and 6.6 µC/ cm2 respectively. This must be due to the optimum incorporation of
Ca2+ (x = 0.2) ions on Bi3+ site, which mediates high crystallinity compared to the other concentrations. Epitaxial strain states, host lattice distortion, sample inhomogeneities, off stoichiometry and
phase separation are responsible for the enhancement of magnetic properties in BCMO films. Bi-O
covalent bond variation and development of the stereo chemical activity in Bi lone electron pairs might
be the possible reason for the enhancement of polarization in Ca doped BMO films. The dielectric
constant increases with an addition of calcium ions, which conveys the occurrence of charge order
transition in BCMO films and the maximum value of dielectric constant is 609 for BCMO (x = 0.2)
film grown at 400 ◦C. XPS measurements confirm the oxidation states of elements, Mn deficiency in
the BCMO (x = 0, 0.2) films and the occupancy of calcium ions in the Bi site of BMO films. The magnetic, dielectric, XPS and ferroelectric studies have clearly shown that Bi0.8Ca0.2MnO3 film grown at
the substrate temperature of 400 ◦C has better magnetic and electrical properties at room temperature
compared to the other temperature compositions, which is very much suitable for spintronic devices.
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