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CoFe,04(CFO)/BaTiO3;(BTO)/CoFe;O4CFO) multilayered thin films were deposited on Pt/Ti0,/SiO,/Si sub-
strates by the pulsed laser deposition (PLD) system with KrF excimer laser (A =248 nm). BTO, CFO, BTO/
CFO and CFO/BTO/CFO structured thin films were prepared and their crystal structures and microstruc-
tures, as well as their magnetic and magneto-electrical properties, were studied. The C-V characteristics of
these multilayered thin films with different capacitor structures were obtained to confirm the change in their
capacitances under a magnetic field. Finally, the capacitance of the CFO/BTO/CFO thin film as a function of
bias voltage under an in-plane magnetic field of 1,000 Oe increased to 951.04 pF at 1 MHz, from 831.90 pF
measured under no magnetic field, indicating 14.3% increase in magnetocapacitance.
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1. Introduction

Recently, capacitors with ferroelectric materials have
been used in many applications such as electrical devices
and information storage devices [1-5]. However, their
typical applications have been limited by factors such as
charge or spin control only under an electric or a magnetic
field.

A multiferroic material, which provides a medium with
four states (0, 0, 0, 0), not two states (0, 0), by switching
between the ferroelectric and magnetic domains, is ex-
pected to overcome such limitations. This implies that
magnetic domains can be controlled with an electric field
rather than a magnetic field; this type of magnetic domain
control has been of high interest for read/write devices
[6].

The coupling between a magnetic field and an electric
field (ME coupling) is relatively low in a single - phase
multiferroic material but it can be increased dramatically
in a two - phase ferroelectric and ferromagnetic composite
[7]. An ME coupling occurs when an applied magnetic
field creates a change in the electric properties of a thin
film via interface elastic coupling [7-9].
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Ferroelectric and ferromagnetic thin films deposited on
the same substrate can have multiferroic properties. These
artificial multiferroic films have ferroelectric and ferromag-
netic phases, and exhibit a strain-mediated ME coupling
which is several times higher than that of single - layer
thin films [10, 11].

In this study, we have prepared BTO, CFO, BTO/CFO
and CFO/BTO/CFO thin films on Pt/TiO,/SiO,/Si sub-
strates and investigated their crystallographic, microstruc-
tural, and magnetic properties as well as their magneto-
capacitance properties.

2. Experiments

The thin films were deposited on Pt/TiO,/SiO,/Si sub-
strates of 12 x 12 mm? size by using a PLD system. The 2
- inch targets of BTO and CFO were fabricated by the
conventional solid state method. The base pressure of the
chamber was 5.0 x 107 torr, and a substrate was located
at a distance of 3 cm from the target. We used a KrF
excimer laser with 30 ns pulse duration. The BTO thin
film was deposited at 9 Hz at pulse energy of 210 mJ, and
the CFO thin film at 5 Hz at pulse energy of 190 mJ,
while both the target and substrate were rotating at 600
°C. The fabricated BTO, CFO, BTO/CFO and CFO/BTO/
CFO thin films were studied for their crystal, surface, and
interface microstructural, as well as magnetic and electrical
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properties. The crystal structures of thin films were chara-
cterized by the X-ray diffractometer with Cu-Ko (A=
1.540562 A) radiation. The surface morphologies and
interface microstructures of the thin films were charac-
terized by using an atomic force microscope (AFM) and
field-emission scanning electron microscopy (FE-SEM),
respectively. The compositions of the multilayer thin films
were identified by energy dispersive x-ray spectroscopy
(EDS). Magnetic properties were measured by a vibrating
sample magnetometer (VSM). For the measurement of
the C-V characteristics, platinum electrodes were pattern-
ed and deposited on the tops of these films by DC
magnetron sputtering. The C-V characteristics of these
multilayered thin films with different capacitor structures
were measured with the LCR meter to investigate the
change in their capacitances under an external magnetic
field.

3. Results and Discussion

Fig. 1 shows the XRD patterns of the BTO, CFO, BTO/
CFO and CFO/BTO/CFO thin films. The XRD patterns
confirmed that the prepared films are single-phase without
second peaks. The crystal structure of the BTO thin film,
as shown in Fig. 1(a), was tetragonal of P4mm with lattice
constants a, = 4.030 A and ¢, = 4.033 A. The crystal
structure of the CFO thin film, as shown Fig. 1(b), was
cubic inverse spinel of Fd-3m, with lattice constant ay =
8.361 A. The XRD results in Fig. 1(c) confirmed that the
lattice constants of the BTO thin film with CFO under-
neath changed to ay = 4.049 A and ¢, = 4.021 A, and the
lattice constant of the CFO thin film underneath changed
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Fig. 1. X-ray diffraction patterns of thin films of (a) BaTiOs;,
(b) CoFe, Oy, (c) BaTiO;/CoFe,O4 and (d) CoFe,O,/BaTiOs/
CoFe,0, on Pt/Ti0,/S10,/S1 substrates.
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Table 1. Lattice constants of BaTiO; in thin films of (a)
BaTiO;, (b) BaTiO3/CoFe,0, and (c) CoFe,04/BaTiOs/CoFe,0,
on Pt/Ti0,/Si0,/Si substrates.

Lattice constants ao (A) co (A) c/a ratio
(a) BTO 4.030 4.033 1.001
(b) BTO/CFO 4.049 4.021 0.993
(c) CFO/BTO/CFO 4.009 4.044 1.009

to ap = 8.312 A. Also we confirmed that the BTO film
between the top and bottom CFO layers had Ilattice
constants of a; = 4.009 A and ¢, = 4.044 A and the lattice
constant of both the top and bottom CFO thin films
changed to ay = 8.407 A. The c/a ratios of the BTO thin
films of three multilayered capacitor structures are shown
in Table 1.

The lattice mismatch [12] between the BTO and the
simple cubic platinum substrate with @y = 3.920 A was
2.81% with compressive strain, which is a rather small
value. However, the lattice mismatch between the BTO
and the CFO in the BTO/CFO structure was 2.65% and
that in the CFO/BTO/CFO structure was 4.85%. Consider-
ing the fact that the lattice mismatch between the CFO
and the Pt substrate is 6.65% with compressive strain, the
experimentally observed values are in good agreement
with c/a ratios of the BTO thin films, and we expect that
the c/a ratios of the BTO thin films will increase with
increasing compressive force due to the lattice mismatch
between the BTO and the CFO.

From the cross-sectional FE-SEM images (Fig. 2), the
thicknesses of the BTO and CFO thin films deposited on
the Pt/TiO,/Si0O,/Si substrates were about 320 and 200

Fig. 2. Cross-sectional FE-SEM images of thin films of (a)
BaTiOs, (b) CoFe,0,, (c) BaTiOs/CoFe O, and (d) CoFe, O/
BaTiO;/CoFe,O,4 on Pt/TiO,/Si10,/Si substrates.
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Table 2. Element analysis results of top, middle and bottom
layers of CoFe,0,/BaTiOs;/CoFe,0, multilayered thin film by
EDS.

Element analysis (Atomic %)

Ba Ti Co Fe O
Top layer - - 25.08 29.45 4547
Middle layer  11.57 10.53 - - 77.89
Bottom layer - - 18.73 17.49 63.78

wn

Fig. 3. (Color online) AFM images of surface morphologies
of thin films of (a) BaTiO;, (b) CoFe,0,, (¢) BaTiO;/CoFe,O4
and (d) CoFe,O4/BaTiOs/CoFe,O4 on Pt/TiO,/SiO,/Si sub-
strates.

nm, respectively. Also, from the EDS analysis shown
Table 2, all the elements precipitated during the deposition
process, indicating the formation of the top and bottom
layers of the CFO/BTO/CFO thin film.

Fig. 3 shows AFM images of the surface topographies
of the BTO, CFO, BTO/CFO and CFO/BTO/CFO thin
films. The root-mean squared (RMS) values of roughness
of the BTO and CFO thin film surfaces were about 3.34
and 5.61 nm, respectively. The interfacial layers are smooth
and dense. However, the RMS roughness of the thin films
increased with additional layers. The change in the RMS
roughness was due to the deposited CFO thin film having
a columnar structure, as shown in Fig. 2.

The M-H hysteresis of the thin films was measured by
VSM under an applied field of 10 kOe at room temper-
ature. From Fig. 4, the saturated magnetization (M) and
coercivity (H.) of the CFO thin film on the Pt substrate
are 87.1 emu/cm® and 1067.2 Oe, respectively. For the
BTO/CFO thin film, these values are 61.8 emu/cm’ and
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Fig. 4. M-H hysteresis of CoFe,O4, BaTiO;/CoFe,O4 and
CoFe,04/BaTiOs/CoFe,0, thin films on Pt/Ti0,/Si0,/Si sub-
strates at room temperature.

1131.9 Oe. The magnetization and coercivity of the multi-
layered thin film with top and bottom layers is 129.6
emu/cm’ and 1023.6 Oe, respectively. The Hc of BTO/
CFO is larger than those of CFO and CFO/BTO/CFO.

The C-V curves showed the capacitances of the BTO,
CFO, BTO/CFO and CFO/BTO/CFO thin films (Fig. 5).
The C-V curves were measured as a function of bias volt-
age at 1 MHz under an in-plane magnetic field of 1000
Oe. The capacitances of the BTO and CFO thin films did
not change under the applied magnetic field. However,
the capacitances of the BTO/CFO and CFO/BTO/CFO
multilayered thin films increased by as much as 3.42 and
119.14 pF, respectively, indicating that the magnetocapaci-
tances [13] of the BTO/CFO and CFO/BTO/CFO multi-
layered thin films increased by 0.4 and 14.3%, respec-
tively.

The multilayered thin films of BTO and CFO studied
here combined the ferroelectricity of BTO and the ferromag-
netism of CFO to produce a magnetoelectric coupling
effect under interfacial stress. When a magnetic field was
applied to these thin films, stress was generated by the
CFO due to its magnetostriction [7, 14-16]. Such a stress
can create an electric field in the BTO in turn due to its
piezoelectricity. We confirmed that the capacitance of
BTO was affected by the stress because the CFO layer
experienced a compressive stress due to magnetostriction
effect and that crystal deformation was generated at the
interfaces between the BTO and the top and bottom layers
of CFO.

4. Conclusion

BTO, CFO, BTO/CFO and CFO/BTO/CFO thin films
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Fig. 5. (Color online) C-V curves of (a) BaTiO;, (b) CoFe,0,, (¢c) BaTiO3/CoFe,0, and (d) CoFe,0,/BaTiOs/CoFe,0, thin films on

Pt/Ti0,/Si0,/Si substrates under applied magnetic field.

were deposited on Pt/TiO,/SiO,/Si substrates by PLD.
The XRD patterns confirmed that the prepared thin films
were single-phase with cubic inverse spinel (CFO) and
tetragonal (BTO) structures. The thicknesses of the BTO
and CFO thin films deposited on the Pt/TiO,/Si0,/Si sub-
strates were about 320 nm and 200 nm, respectively. By
adding CFO multilayers, the capacitances of BTO/CFO
and CFO/BTO/CFO multilayered thin films were increased
by 3.42 and 119.14 pF, indicating that magnetocapaci-
tances of the BTO/CFO and CFO/BTO/CFO multilayered
thin films were increased by 0.4 and 14.3%, respectively.
This result is due to the change in the c/a ratio in the BTO
thin film, which can be explained by the lattice mismatch
between BTO and CFO. Our study suggests that the
capacitance of a multilayered CFO/BTO/CFO thin film
can be tuned by applying a magnetic field.
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